5 Laser surface texturing on different target materials

Abstract i Examples of grface patteringby means otargetscanning modeaiming at using fs laser
irradiation to add functional response to the sarappresentedin the previouschapterstheexperiments
were carried out osilicon, which offes a crystalline substrate;hereas hermetallic thin films and wide

bandgap semiconductwamplesare used as targefhe first example concernarge aredaserscanned
surfaces of coppahowinginteresting capability of controllinpewettingbehaviorThe secondne makes
useof thin gold films over a silicon sulstrate to fabricate patternedamples asuitable candidageas

metasurfacegor THz radiation The third one, CdZnTe, showke presence ofracls as well as the

formation ofbothLSFL and HSFLandcan be interesting for optoelectronaplications

5.1 Introduction

This thesis is principally focused on irradiation of solid surfaces fsithser pulsesSo far, the
previouschaptersiealt withthe effects of laserirradiation of siliconand formatiorof LSFL. This
lastchaptereports few examples pfeliminarywork carried out in the frame of the present thesis

on surface structuringith laser beam scanning approaches to pattern vataogst materials

such as purenetal andthin films, with aglance towards applicationBirect fs laser structuring

can offeradvantage for industres being non-contact, applicable to a wide range of materials
(metals, semiconductors, polymers, etc.) and without processing environment limitation, like high
vacuumor clean room facilitiesApplications can be found in the possibility of changing surface
roughness or even surface topography that can impart or modify the functional response of the

samples.

In the firstexample(Section 52), pure copper plate is cddsred as targefThe investigation
regardsa study of the relationship betwesmrface structureésduced by changing tHaser beam
fluence and the wetting response towater of the produced surface#t is shownthat the
combination of themicroscale trenches, written by laser line scanning, ripples and random
nanoparticles decoration, formed on the surface, allow developing highly hydrophobic copper

samples with contact angles reaching values around 160°.
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In the secon@ase(Section5.3), agold thin film deposited oasilicon substratés used as target.
An array ofperiodic patternss fabricated by means of directleserablationand their response
in the THzspectral ranges analyzed with the aim to clarify if the approach can bimisla for the
fabrication of THz metasurface$he unit cells of thespatterns are composed of throtigbles

or metallic islandsn this proof of principle experiment$he response of the resulting structures
is characterized usinbHZ Time-Domain Spectrometrin the frequency rang®.3-1.5) THz.

In the thirdcase(Section 5.4, a wide banejapsemiconductomamelyCdZnTe, wasonsidered

The preliminanjinvestigationnvolvesthe static laser irradiation with a sequence of fs laser pulses
and the observation of the surface modifications inducedrd@dts showed different types of
surface structuredependingon theexperimental conditionulse number and fluencelhese

structures can be cracks, LSFL and HSFL.

5.2 Copper and wettability

The control ofsurface roughness is a useful methmdegulate the degree of wetting. Depending
on the applicationghesurface responsmn vary from hydrophobic to hydrophilic, when water is
used as a measuring liquibDirect interaction oflinearly polarizedlaser beam witta metallic
surface generallleads to formationof subwavelengthipples anddecoration witthanopatrticles

[17 4]. Larger scales ordering can be also addeddpyapriate laser beam scanning procedures.

Here, Brge area surface pattercemposed by micHrenches were generatet copper foils
(thickness Inm) by means of bidirection#éserscanning The line width ofeach micretrench is
°50 umand the depth isariedby usingdifferent laser peak fluenc&he laserrradiation also
causeghe formation of subwavelength ripples anthe redeposition of ablatetanoparticles.
Measurement®f the contact angle of water droplet carried out to higlight the correlation

between thevetting degree anthe morphologcal features of the treated copper surfaces.

Linearly polarized pulses with a pulse durati
operating at central wavelength of 800 and epetition rate of 1 kHzZI'he laser beamasfocused

by a planeconvex lens with a focal length of 75 mm. The target was positioned at the laser beam
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focal planeand heldon a highprecision XYZ translation stage (P28, Micronix USA)allowing
its scanning The resulting focal spot diametett 1/& of the maximum laser pulse fluenaeas
estimated to b® v TE mThe copper platewerefirst polished by micrayrit finishing papers

with a mechanical polishing machine and then made rHikeby means ofanultrbi ne 0. 5 ¢ n

Qo

diamond powder. AFM analysis of the target surfackcateda R MS r oughness of

The large area scanned sués were prepardyy bidirectional continuous line scanning at scan

speed of 1 mm/sn air. The vertical step between liness selectetb be comparable to the laser

beam diameteD, i.e.w w UL TE n{see inset in Figre5.1(a)). The number obverlapping pulses

was0 v TtSeveral samplewserefabricated for differenvalues of thdaser beanenergyQ

in the range (101 0 0 ) e J, with correspondd ngO @O ues of
ranging frZam & 80rhkEucrdexpenimet[5]is designeadat only to evaluate

the wettability of the structured substrates but sdssiudydecoration ofedeposited nanoparticles

and features of rippleswhich are kown to be conditioned by the target properties, laser
characteristics and scanning spg@iB]. Instead,it is seen that the period of ripplEsmed on

copper targetioesnot changesignificantly as the number of pulses and laser fluence changes

our experimental conditior{9].

The topographic measurements were registered by AFM and profiloroegrythe full areaf
structured copper sampldsgure 5.1 reports a typical example of a miesoale surface pattern

for a sample elaborated at a laser peak fluenc®of ¢& J/cn? asregistered by an optical
microscope (panel (a)) and by AF{ganel (b), respectively Horizontal parallel lines with a
period of about 50 em are clearly visible. The
over several AFM lines are registered along the dotted line of panel (b). The AFM and profilometry
analyses confirm that the lomgnge height variation appximately follows a sinusoidal
dependencés]. Panel (c) of Figre 5.1 displaysthe dependence of the mieror e n belglet® 6

on the laser peak fluend. At each laser fluenc&)s estimated by averaging values of the peak
to-valley distance of successive midrenches registered faprofilometer over a length of about
500 @necan observe that the height of the micemch"Qshows a double logahimic
dependencef the typeQ "Qa €0OF'0;,  with two different regimes, similarly to that typically
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observed for ablation depth variation on pulse fluence of copper samples in static irradiation
conditions[10i 12].
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Figure5.1 Panel (a) reports a typical optical microscope image ottppersample surface showing the parallel
micro-trenches inscribed on the target surface by the bidirectional scanning of the laser beam, as depicted-in the right
corner inset. Panel (b) repoas example of AFM image of the sample surface. The déndreed arrow in panel (b)
indicates the laser beam polarization. Panel (¢) showsatfaion of the micrarenches height (full dots) as a function

of the laser peak fluen¢® as registered by profilometer. The solid curves are logarithmic dependences of the type

"Q Qo €010y addressing the two different ablation regimes of fs laser ablation of a metallic target. The triangles
are estimates of the mictoenches heights obtained byrK analysis. The AFM height profile registered along the
dotted line in panel (a).

Figure 5.2reportsanexemplificativeSEM image othesampleobtainedat a laser peak fluence of

"O ¢8 Jicnt. Panel (ashowsthe substratsurface withmicro-trenchesAn image athigher
magnificationis shownin panel (b)with zoomed views otwo regionsjnside(panels (c) and (e)),
andoutside(panels (d) and (flhe trent. The two regionhave thicknessesfd 24 em and a2
e m, respectivel y. I n b o twhvelengthgripples £an belearly pr es
recognized.Inside the trenchesare covered by ripples witta period of ¢ ¢ X %t nm and
nanoparticles with diametein the range of couple of hundreas. Theripplesformedoutside of

the trencheseem to be mainly composed by assemblies of nanoparticles organized along a
direction normal to the laser polarization. This is likely due to the effect of the Gaussian beam
wings that are not intense enoughinduce ablation but are capable of influencing the spatial
arrangement of the nanoparticles deposited out of the main ablated region during the laser scanning

process.



Chapter 5 Laser surface texturing on different target materials 78

Figure5.2 SEM images of the surface for the sample elaborated at a laser peak fluéceqd J/cn?. Panel (a)

reports a SEM image of the sample surface addressing the parallettraiecbes pattern. The doudleaded arrow

in panel (a) indicates the laser bepolarization. Panel (b) is a zoomed view registered at higher magnification. Panels
(c) and (d) show SEM images of the surface structure inside and outside drerictowritten by the laser patterning
process, respectively. Panels (e) and (f) are zdorigavs of the SEM images of panels (c) and (d), respectively.

The degree of wettingrasevaluated by standardethod ofstatic contact angle (CAf awater

drop. Figure5.3 (a)shows two examples of photographs of water droplets on surfaces patterned
at theminimumandmaximumvalues of peak fluenagsed CA measurements are carried out for
both the parallel and orthogonal views of the droplets, as sketched ure B@ (b). The
corresponding CA values as a functiori@fare reported in Figre5.3 (c). The dotted horizontal

line in Figure 5.3 (c) represents the CA measured on the copper sample surface without laser
texturing, which is{100°), in fairly good agreement withpaevious measurement of CA on bare
copper of 101.7713]. One can observe a step increase of the CA, with respect to-treated

copper surface, already for the smaller valu&of @ J/cnt.

As the fluence increases, the surface progressively changes to the more complekitadr
topography illustrated above. Consequently, a rise of the CA with the fluence is generally
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observed, both in the orthogonal and parallel imaging configurations (see Figure 5.3 (c)),
eventually reaching values of the order of 160Qat 1 J/cn? [5]. This suggests a clear effect of

the progressive changes induced by surface texturing on the wetting response of the copper
samples. The increase sxirface hydrophobicity is likely due to concurrent contributions to the
surface morphology occurring over different length scales, like rierches deepening, ripples

formation and nanoparticles decoration.

0.81J/cm? 8.1J/cm? 180 prerrrrr e

. O

— @® paraview

R Pristine Cu surface
P TP P PP PP PP PP PP P

0 1 2 3 4506 7 8 9
Fp(J/cmz)

Figure5.3 (a) Photographs of water droplets on the copper surfaces for samples fabricated at two different values of
the peak fluencéD: 0.8 J/crd1 CA°115° ; 8.1 J/crh i CA°160°. (b) Sketch of the orthogonal and parallel views
used in the water droplet image analysis. (c) Variation of the CA with the laser peak flDéoicerthogonal (orto)

and parallel (para) views. The dotted horizontal line represents the CA measutieel pristine Copper samples
surface. The solid line shows a best fit to a linear dependence

Our experimental findings show that the formation of micemches decorated with finer
morphological features intrinsic to the fs laser surface texturingpearsefully exploited for the
modification of the wetting properties of copper samples. More investigations are anyway
necessary to further clarify the role of the different lerggthles, going from nanoparticle to sub
wavelength ripples to regular patte of micretrenches with pitches of several tensmof, on the

different factors affecting the wetting response of a hierarchically structured metallic surface.
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5.3 Gold thin-film and THz metasurfaces

In this section, w present a preliminaipvestigation aiming at producing metasurfaces active in

the THz electromagnetic (EM) spectral range by means of fs laser surface patterning. Metasurfaces
are a class of etamaterialsi.e. artificial materials with features thato not exist in nature
displayingdifferent optical response compared tott@smissiotheoreticamodelg14,15] This

is due to the fact thatmetamaterial gains i8M properties from its structure rather than inheriting
them directly from the materials it is composed [06,17] In the visible spectral range,
metamaterialsare composed of metdielectric elements with micro or nanescale sizethat

during the passage of EMaveswith relatively larger wavelength actasarray of artificial atoms
showingunusualEM propertied15,18] The geometryof metamaterials can hegther volumetric

(3D) or twadimensional (2D)the latter being callethetasurfaces (or flat optics). Metasurfaces
(MS) consists of a structured dielectric, semiconducting or conducting layer deposited on a low
loss irsulating substratélfhe MSare madéy individual elementsamed unit celldn the limit of

large wavelengths, a MS behaves as a homogeneous material with engineered electrodynamic
properties. Thus, a MS can be designed to manipulate the impingingdigéalize, for instance,
elements showing selective absorption, beam steesnger focusing propertiegolarization

converters, or to control the overall dielectric function of a safiSie24].

As for the fabrication techniques MS for visible light generallyUV [25], soft lithography[26],
etc.are employed-However fs laser ablatiortan be used asmaskfreemanufacturingechnique
of one and two dimensiahMS [27i 30] for long wavelength EM radiation, e.g. THz, thanks to

the possibility of selective patterning of thieginal target

Here we investigatethe production of THz M®y means of féaser surface patterningsing as
target a thin metallic film over a dielectric substrawwo approachewereconsidered fabricating
an array of subwavelength holéstatic irradiation modedf substrate dielectriandgenerating
metallic islandghroughremoval ofchannels othe metal (dynamic irradiation moddB1]. The
fabrication processascarried out byising a Ti: Sapphire system delivering pulses witaratibn
of 435 fs at .gebeamvas used withIGauss@n spatial intensity distribution
to test the feasibility of the approach
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The sample usedas a thin gold film over a 400 um thick silicon (100, intrinsic) substrate. The
thickness ofthe gold filmwas around 180 nm. Between the Au film and the Si substrate an
intermediate sacrificial layer of CrNi with thickness 20 mmas presentn order to improve

adhesion of gold ovehesilicon substrate (see Fi§.4(a)).

Figure5.4 Panel (a) displays a schematic cross section of th8iAomposite sample used as target for the fabrication

of the structures. The@mensional schematic view of the procedure used to fabricate the metasurfaces are:shown in
panel (b) step scan laseethod and (c) upper panel is continuous laser scanning fabrication mode. Lower panel (c)
displays a schematBdimensional view of a regular array of the gold. Panel (d) shows images of optical microscopy
of the patterned surfaces in static and dynamédiation. The red dashed square in panel (b) identifies a basic unit
cell.

The samplewas mounted on a high precision thiads stage, electronically controlled by a
custom software, andas irradiated at normal incidence. In te&tic irradiation modésee i.e.
Figure5.4 (b)) the laser repetition rateasset at 100 Hayhereasn thedynamic irradiation mode
(seei.e. Figre5.4 (c))the repetition ratevas500 Hz. In thestaticmode, circular polarizatiowas

used in order to avoid any deformation in the circularity of the hole formed in the metallic film.

Instead Jinear polarized laser pulses are employed ford§reamicmode.In panel (d) of Figre



