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Foreword

This work represents a cumulative dissertation and includes several recently published
research articles originating from the author’s doctoral project. For purposes of a consis-
tent embodiment and a consecutive classification, the reference citation style, the figure
and table captions as well as the equation numberings were adapted to the format of the
entire document. The references cited in the particular articles are integrated in a collec-
tive reference section.
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Abstract

Atmospheric Pressure Plasma-Assisted
Laser Ablation of Optical Glasses

In the present work, two different approaches for atmospheric pressure plasma-assisted
ablation of optical glasses were investigated. For sequential plasma-assisted ablation,
the glasses were plasma pre-treated prior to laser ablation. Here, a hydrogenous process
gas was applied in order to initiate a plasma-chemical surface modification. It was
shown that relevant optical properties and in particular the transmission characteristics
of the investigated glasses were modified as a result of such pre-treatment. Several un-
derlying mechanisms were determined: (i) the formation of suboxide layers close to the
glass surface, (ii) the implantation of hydrogen into deeper regions of the glass bulk
material and (iii) surface roughening due to the plasma pre-treatment. As a result, an
enhanced coupling of incoming laser irradiation during subsequent ablation was
achieved. This effect allowed a significant reduction of the laser ablation threshold as
well as an improved machining quality, i.e. a higher contour accuracy and a reduced
surface roughness of the ablated area. For simultaneous plasma-assisted ablation, the
laser beam was guided coaxially to an argon plasma beam in order to benefit from
plasma-physical interactions. Due to an additional energy transfer by the plasma during
ablation, the ablation rate was notably increased. It was further shown that the plasma
beam used for this simultaneous process effects the smoothing of rough optical glass
surfaces. The combination of the investigated approaches thus allows providing a novel
integrated plasma-assisted ablation process for the micro structuring of optical devices
of high quality.

keywords:
atmospheric pressure plasmas, optical glasses, hybrid laser ablation
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Kurzzusammenfassung

Atmospharendruckplasma-unterstitzte
Laserablation optischer Glaser

In der vorliegenden Arbeit wurden zwei unterschiedliche Ansatze zur Atmospharen-
druckplasma-unterstiitzten Laserablation optischer Glaser untersucht. Zur sequentiellen
plasmaunterstiitzten Ablation wurden die Glaser vor der Laserablation plasmabehandelt.
Dabei kam ein wasserstoffhaltiges Prozessgas zum Einsatz, um eine plasmachemische
Oberflachenmodifikation zu initiieren. Es wurde gezeigt, dass relevante optische Eigen-
schaften und insbesondere das Transmissionsverhalten der untersuchten Gléser durch
eine solche Plasmavorbehandlung modifiziert wurden. Mehrere dem zugrunde liegende
Wirkmechanismen wurden bestimmt: (i) die Bildung von Suboxidschichten nahe der
Glasoberflache, (ii) die Implantation von Wasserstoff in tiefere Bereiche des VVolumen-
materials des Glases und (iii) eine Oberflachenaufrauhung durch die Plasmavorbehand-
lung. Als Folge davon konnte eine verbesserte Einkopplung einfallender Laserstrahlung
wahrend der anschlieBenden Laserablation erreicht werden. Dieser Effekt ermdglichte
sowohl eine signifikante Verringerung der Laserablationsschwelle als auch eine Verbes-
serung der Bearbeitungsqualitét, d.h. eine erhohte Formtreue und eine Verringerung der
Oberflachenrauheit der ablatierten Flache. Zur simultanen plasmaunterstiitzten Ablation
wurde der Laserstrahl koaxial zu einem Argonplasmastrahl gefiihrt, um plasmaphysika-
lische Einwirkungen auszunutzen. Als Folge eines zusétzlichen Energieeintrags durch
das Plasma wahrend des Ablationsprozesses wurde die Ablationsrate betréchtlich ge-
steigert. Es wurde zudem gezeigt, dass der fur diesen simultanen Prozess verwendete
Plasmastrahl eine Glattung rauer optischer Glasoberflachen ermdglicht. Die Kombinati-
on der untersuchten Ansatze erlaubt somit die Bereitstellung eines neuartigen geschlos-
senen plasmaunterstiitzten Ablationsprozesses zur Mikrostrukturierung hochqualitativer
optischer Komponenten.

Schlagworte:
Atmosphéarendruckplasmen, optische Gléser, Hybrid-Laserablation
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Introduction and Motivation

Nowadays, optical micro components and systems represent key devices for a number
of daily-used convenience goods and apparatuses such as multimedia terminals, safety
devices and medical equipment. For instance, micro lenses and optical systems are re-
quired for fibre couplers in telecommunication applications, CD and DVD players, mi-
cro cameras for safety monitoring or park assistance assemblies as well as endoscopes
and fibrescopes in medical engineering. Besides, such devices have outstanding rele-
vance for research and industry and contribute to the development of novel techniques
and processes. In this context, micro lens arrays for laser beam shaping by optical ho-
mogenisers or micro optical monitoring systems for industrial vision, logistics planning
and traffic management shall be mentioned exemplarily amongst a number of micro-
optical, optoelectronic and opto-mechanical components and systems.

In this context, fused silica has become one of the most important materials in modern
optical technology. This medium stands out due to a number of advantageous properties
such as a low coefficient of thermal expansion, a high chemical resistance, a low disper-
sion and a high transmission in the ultraviolet (UV) wavelength range. However, the use
of further optical glasses with differing indices of refraction and dispersion characteris-
tics becomes crucial for the realisation of optical systems with high image quality and
colour fidelity. As an example, the combination of both crown and flint glasses allows
the correction of chromatic aberrations. The simplest example for such a combined op-
tical system is an achromatic lens where chromatic correction is realised for two se-
lected wavelengths.

For structuring and patterning optical glasses with structures in the range of some mi-
crons to some tens of microns, different techniques such as lithography or reactive ion
etching can be applied. However, referring to complexly-shaped required surface forms,
laser micro structuring is the preferable method. Here, UV lasers are usually used in
order to overcome the high transmission and to benefit from the short laser wavelength
for the realisation of (sub)micro structures. However, such techniques are partially lim-
ited due to the high required fluence for initialising ablation. In order to increase the
coupling of laser energy into the highly-transmittive glass surface, hybrid laser ablation
methods can be used. Here, absorbing layers are applied to the surface. Such techniques
thus allow a significant decrease in the laser ablation threshold. However, the use of
chemicals as well as time-consuming final cleaning procedures can become necessary in
order to remove residues of the particularly used absorbing substance. In addition, com-
paratively low ablation rates are obtained by some of the existing techniques, resulting
in poor process efficiency.
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Introduction and Motivation

Against this background, novel hybrid laser ablation techniques for machining optical
glasses are presented in the present work. These hybrid techniques are based on atmos-
pheric pressure plasmas, which were introduced to classic laser ablation processes. This
combination was chosen due to the fact that atmospheric pressure plasma sources fea-
ture a high efficiency, stability and reliability. Depending on the used process gas, a
number of technically usable plasma properties such as a certain defined chemical,
physical and electrical activity can furthermore be generated. Two different strategies,
sequential and simultaneous plasma-assisted ablation, were investigated. Regarding
sequential plasma-assisted ablation, the glass surfaces are pre-treated by chemically
reactive hydrogenous atmospheric pressure plasmas before laser ablation. Such pre-
treatment allows a significant modification of the optical properties, giving rise to an
increase in absorption. In contrast to existing hybrid ablation techniques, the absorbing
layer is thus generated directly within the bulk material to be ablated. This effect is util-
ised in order to improve the energy coupling of incoming laser irradiation into the pre-
treated glass surface. In addition to this sequential process, a simultaneous plasma-
assisted ablation method, based on a chemically inert process gas, is presented and dis-
cussed. Here, the laser ablation process is assisted by plasma-physical interactions. With
respect to pure laser ablation, both investigated hybrid techniques allow a significant
improvement of laser machining results and a considerable saving of laser energy. Ow-
ing to the adaptivity of the used plasma sources, the presented plasma-assisted ablation
methods can easily be adapted to almost any existing industrial laser source by flanging
the particular plasma nozzle.

Enhanced laser-based structuring of optical glasses is of notable interest for manufac-
turers of optical components and systems, laser micro machining facilities and users of
such systems. The aim of the present work is thus to provide a description of novel ap-
proaches as well as an understanding of the underlying mechanisms for highly-efficient
and versatile laser ablation methods for micro structuring of transparent silicon dioxide-
based optical media.
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State of the Art and Research

In this chapter, basic interactions and mechanisms of both atmospheric pressure plasmas
and laser irradiation with glasses are described. First, an overview on established and
lab-scale methods for atmospheric pressure plasma-induced etching, cleaning and acti-
vation as well as the particularly underlying mechanisms and effects is given. Second,
the principles of laser interaction with glassy bulk material, laser ablation and the influ-
ence of the laser pulse duration on the ablation process are introduced. Finally, the most
common hybrid methods for laser ablation of transparent media are presented.

2.1 Interactions of atmospheric pressure plasmas with glasses

Atmospheric pressure plasmas (APP) have achieved significant importance in a number
of different fields of application. As the main advantage, no cost-intensive vacuum
chamber and equipment, which would limit the dimension of work pieces, are required.
This enables the integration of APP into large-scale industrial processes such as hybrid
APP-assisted welding or joining. Owing to the low gas temperature of dielectric barrier
discharge (DBD) plasmas, temperature-sensitive materials such as plastic sheets and
lumbers [ben04] can be processed by this special type of APP. It is also suitable for the
treatment of human tissue [mar12] for medical applications such as wound healing, dis-
infection [emm13] and microbial decontamination [ehl11]. Due to a comparatively low
effective depth of action of approximately some tens to hundreds of nanometres, plasma
processes are generally near-surface impacting. Depending on the plasma parameters,
i.e. for example the plasma power, the process gas and, as the case may be, precursors, a
number of different surface effects can be realised. Besides surface reduction, activation
by the plasma-induced formation of functional groups [kog04] and wrinkling, surface
oxidation and passivation [dah12] shall be mentioned. Such effects can be used in order
to increase the surface adhesion of different substrates such as polymers [bel12] and
glasses [shul2].

Atmospheric pressure plasma etching of glasses

In a number of applications such as micro-structuring of semiconductors, scribing inte-
grated electric circuits by mask projection techniques and correction of micro-optics,
reactive ion etching (RIE) techniques [lee99, nus97] are well-established production
methods. For this dry etching process, the particular work pieces are placed within a
vacuum chamber and exposed to a high-energy ion beam. However, direct plasma etch-
ing of glasses and glassy materials can also be achieved at atmospheric pressure by the
use of reactive process gases and gas mixtures. Such methods are usually referred to as
reactive atomic plasma technology (RAPT®) and have recently gained in importance for
precision machining applications such as etching of micro channels and structures or
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space-resolved aspherisation and polishing of optically operative surfaces. In general,
such techniques require the use of fluorochemical compounds (MFy) as process gas as
shown schematically in figure 2.1.

0, - SiF,

Sio,
Fig. 2.1: Functional principle of reactive plasma etching

Here, etching is accomplished by chemical reactions of both fluorine (F) and silicon
dioxide (SiOy) to gaseous silicon tetrafluoride (SiF4) and gaseous dioxygen (O;) accord-
ing to

SiO, +4F — SiF, +0,. (2.1)

In 1998, Jeong et al. reported on etching of fused silica using an atmospheric pressure
plasma jet at room temperature (293 K). This rotation-symmetric jet source was driven
by 13.56 MHz radio frequency (RF) at a power of 500 W. The used process gas was a
mixture of helium (He [97%]), oxygen (O, [1%]) and tetrafluoromethane, a.k.a. carbon
tetrafluoride (CF4 [2%]), where the helium flow rate was 51 litres/minute (slm). The
distance between the plasma jet nozzle outlet and the fused silica samples was 5 mm.
Using this configuration, fused silica was etched at an etch rate Regn Of 1.5 um/minute
[je098].

Smoothing and precision correction of optical surfaces made of fused silica by an at-
mospheric pressure plasma jet source was introduced by Schindler et al. in 2005. Here,
the plasma was microwave-excited with a microwave power of some hundreds of watts.
In this case, reactive species were generated from the process gas, a composition of ar-
gon (Ar), sulfur hexafluoride (SFg) and nitrogen (N2). As a result, material removal was
achieved by fluorine-induced reactions with fused silica and the formation of gaseous
silicon tetrafluoride (SiF4). Volume etch rates up to some 10 mms3/minute were obtained
[sch05a].

Another etching process for fused silica applying an atmospheric-pressure pulsed re-
mote plasma jet built up of two plane-plate electrodes was presented by Iwasaki et al. in
2006. The samples were placed 5 mm below the plasma jet nozzle outlet. As process
gas, a mixture of Ar and CF, was used where the flow rates amounted to 0.24 slm for
Ar and 0.06 slm in the case of CF,4. Experiments were performed for different plasma
pulse repetition rates frep in the range from 5 to 20 kHz. It was shown that the etch rate
was strongly depending on the pulse frequency where higher pulse frequencies resulted
in higher etch rates with a maximum value of approximately 130 nm/minute at
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frep = 20 kHz. When adding O, to the process gas, this value was increased up to
400 nm/minute whereas the addition of water vapour (H,O) resulted in an even higher
etch rate of 8 um/minute. Based on the characterisation of the plasma volume that was
performed by the use of ion attachment mass spectrometry (IAMS), this water-induced
significant increase in ablation rate was considered to be due to the generation of hy-
drogen fluoride (HF) from CF4 and H,O [iwa06].

The dependency of the etch rate on the process gas composition during atmospheric
pressure plasma etching of fused silica was also observed by Oh et al. in 2010. Experi-
ments were performed using a remote plasma jet source based on a DBD. Here, the
electrode configuration was a multiple pin-to-plate setup, driven by a frequency of 20 to
40 kHz at a plasma power of 4 kW. The considerations were mainly focussed on the
influence of the process gas mixture, consisting of nitrogen (N [30 to 80 sIim]) and ni-
trogen trifluoride (NF;3 [0.2 to 1 sIm]), on the resulting etch rate. Further, the impact of
different additives, i.e. helium (He), Ar and O,, each at a flow rate of 0.2 to 1 sIm, was
investigated. For this purpose, fused silica samples were placed on a motorised linear
stage at a distance of 2 mm from the plasma source outlet. During the experiments, the
sample traverse speed was 0.25 metres/minute. It was shown that the maximum etch
rate was obtained for a medium flow rate of N, (60 sim) and a high NF; flow rate
(1 slm) which was explained by the resulting high fluorine atomic density caused by the
high plasma density within this given process gas composition. The addition of He and
Ar effected a further increase in etch rate by an additional increase of the fluorine den-
sity as a consequence of Penning ionisation and dissociation processes®. Further, the
etching process was amplified for higher pulse repetition rates. The maximum etch rate
was found to amount to approximately 323 nm/scan at a traverse speed of 0.25 metres/
minute [oh10].

Apart from fused silica, plasma etching at atmospheric pressure can also be achieved in
the case of other glasses. Etching of Ultra Low Expansion (ULE®) glass from Corning,
Inc. by applying an inductively coupled plasma (ICP) jet at atmospheric pressure with
an effective area of approx. 314 mm2 was presented in 2006 by Fanara et al. The
plasma source was run at powers ranging from 1250 to 1500 W. The process carrier gas
was Ar, which was nourished by NF; (10 to 20%). Here, a volume etch rate up to
0.55 mm?®/second was achieved. It was shown that the reactive gas concentration is
rather of importance than the applied plasma power. Further, the etch rate is not influ-
enced by thermo-chemical effects [fan06a].

A further interesting application of atmospheric pressure plasma sources in terms of the
machining of glassy materials was presented by Al-Shamma’a et al. in 2002. Here, cut-
ting of fibre glass mats with a thickness of 2 mm was achieved using an atmospheric
microwave plasma jet. The microwave frequency was 2.45 GHz and the microwave
power amounted to 3 kW. As process gas, Ar at a flow rate of 10 sIm was applied. After
cutting the samples at a traverse speed of 10 mm/second, no singeing of the cutting
edges was observed [als02].

! Basically, Penning ionisation describes an ionisation process resulting from the interaction of excited
atoms or molecules and neutral molecules and atoms [pen27].
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Atmospheric pressure plasma etching is also applied for other silicon-based materials
that are commonly used in the manufacture of optical components of high precision. As
an example, figuring and polishing of silicon carbide (SiC) with atmospheric pressure
plasma jets using a process gas mixture containing CF, was reported by Wang et al. in
2006 [wan06] and Arnold and Béhm in 2012 [arn12]. Such technique was also applied
in order to polish optical components made of pure silicon (Si) as presented by Zhang et
al. in 2008 [zha08a,zha08b].

Atmospheric pressure plasma cleaning of glasses

Atmospheric pressure plasma has a high potential for cleaning glass surfaces by the
removal of organic contaminations, which are adsorbed due to common environmental
conditions [lan18]. Here, the main contaminations are hydrocarbons (CyHy, where
X <y). A number of different mechanisms can be utilised for plasma-induced cleaning
since generally plasma provides radicals, ozone (O3), negative and positive ions, free
electrons and a certain amount of ultraviolet irradiation and thermal impact. As an ex-
ample, hydrocarbons can be removed chemically when applying O, as plasma process
gas. By the plasma discharge, O, is dissociated to excited, radical oxygen atoms (O)
and subsequently reacting with surface-adherent hydrocarbons according to

(-CH, —-CH,-)+60" — 2CO, + 2H,0. (2.2)

Beyond chemical cleaning, physical cleaning can be achieved using inert process gases
due to ion bombardment and electron sputtering. Such cleaning is of specific interest for
medical and biological applications as for example for preparing object holders for mi-
croscopic analysis or for plasma-sterilisation of injection needles or surgery devices
[chel0].

The removal of carbonic contaminations from glass surfaces by atmospheric pressure
plasma cleaning was presented by Shun’ko and Belkin in 2007. According to the ex-
perimental setup as described by the authors, the plasma source was a capacitively cou-
pled DBD plasma jet, driven at 13.56 MHz radio frequency and a power of 300 W. As
process gas, O, (2%) was admixed to the carrier gas, Ar (98%), where the gas flow ve-
locity was approximately 6 m/s. By such treatment of glass substrates, which were
placed about 10 mm below the plasma source nozzle outlet, efficient cleaning as con-
firmed by a rapid increase in the sample wettability by a factor of approximately 8 was
achieved after a plasma treatment duration tyasma Of merely one second [shuQ7].

Comparable results were reported by Iwasaki et al. in 2008 applying a multiple nozzle
jet atmospheric pressure plasma source based on a glow discharge. This plasma source
was operated at a voltage of 10 kV and a frequency of 60 Hz. Using a gas mixture of Ar
(99%) and O, (1%) at a flow rate of 15 slm, the contact angle on glass substrates was
reduced from approximately 50° to approximately 8° after a plasma treatment duration
of 23 ms [iwa08a]. This reduction in contact angle was stated to be due to the removal
of organic contaminants from the sample surfaces. In further work, the authors
confirmed this assumption by X-ray photoelectron spectroscopic (XPS) analysis of
plasma cleaned glasses. For this purpose, plasma treatment was performed using a pla-
nar DBD jet, driven at a frequency of 40 kHz and a power of 300 W. As process gas, a
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mixture of N, and O, was applied, where the particular flow rates were 40 sIm (N,) and
0-0.08 slm (O,), respectively. The working distance from the plasma source outlet to the
glass sample surface was 5 mm. The presented change in chemical composition of the
sample surface as determined by XPS showed a high correlation with the measured con-
tact angles, where a decrease in the percentage of carbon implicated a decrease in con-
tact angle. Based on these findings, the authors showed that oxygen-based species such
as ozone or radicals have a remarkably higher impact on the glass cleaning efficiency
than nitrogen species [iwa08b]. The maximum cleaning efficiency was found for an O,
admixture of 0.03% to the carrier gas, N,. Here, carbon was reduced by a factor of ap-
proximately 1.6; the contact angle was 8-times lower with respect to untreated glass.

In 2008, Bucek et al. reported on atmospheric pressure plasma cleaning of glass using a
diffuse coplanar surface barrier discharge (DCSBD) source. Here, a thin plasma sheet
with a thickness of approximately 500 um was ignited on the dielectric surface. Since
the distance of the glass sample to the dielectric was 300 um, the plasma was in direct
contact with the investigated glass surface. Experiments were performed in a discharge
power range from 300 to 525 W, applying ambient air, pure N, and pure O, as process
gases. For all three gases, the contact angle was reduced by a factor of approximately
3.5 after a plasma treatment duration of five seconds. Successful cleaning was further
confirmed by secondary ion mass spectroscopy (SIMS) and XPS, where a considerable
decrease (max. 13-times) in characteristic peak intensities of relevant organic fragments
was observed [buc08].

To summarise it can be stated that atmospheric pressure plasma methods are suitable for
removing organic contaminations from glass surfaces. Depending on the applied plasma
parameters, either hydrophilic or hydrophobic surfaces can be realised since plasma
cleaning usually involves a change in contact angle and surface energy, respectively, as
presented in more detail in the following sub-section. Plasma surface cleaning and an
accompanying hydrophilisation have thus gained importance in the production of flat
display-panels or coating processes of facade windowpanes. Atmospheric pressure
plasma can moreover be applied in order to remove lacquer coats such as graffiti and
acrylic resin from glass surfaces as for example in restoration [mai07] or urban renewal.

Atmospheric pressure plasma activation of glasses

In contrast to plasma-induced cleaning, the aim of plasma activation is a chemical
modification of the treated surface. Besides chemical reduction and oxidation, attaching
functional groups and/or molecular chains onto the surface by plasma polymerisation is
a common application. As an example, oxygen plasmas are used for generating surface-
adherent polymerised hydroxyl groups (-OH) or carboxyl groups (-COOH) in order to
graft pharmaceuticals as reported by Cheruthazhekatt et al. in 2010 [chel0]. Another
widespread application of plasma activation is the modification in wettability [cer09].
As already discussed above, the contact angle of both a sample surface and test liquids
is one of the most commonly-used indication value for successful cleaning. Since the
contact angle is directly related to the surface energy and its polar and disperse frac-
tions, respectively, it is also suitable for describing activation effects such as a change in
surface polarity [hom13].
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In 2004, Yamamoto et al. reported on atmospheric pressure plasma-induced hydrophili-
sation and hydrophobisation of sodium silicate glass where the intended application was
to substitute windscreen wipers. As plasma source, a DBD reactor was used, driven at a
voltage of 20 kV and a frequency of 60 Hz. Three process gasses, dry air, pure Ny, and
He, were applied at different flow rates. The distance from the high-voltage electrode to
the glass sample surface was kept constant at 3 mm. It was shown that using this setup,
the contact angle was decreased from 45° to 10° after a plasma treatment duration of 10
seconds, reaching its saturation value of 4° after 60 seconds. Further, dry air was identi-
fied to represent the most appropriate process gas whereas the flow rate did not influ-
ence the resulting contact angle. However, the obtained decrease in contact angle
showed a poor durability. After mechanical attrition tests for 5 days, the hydrophilic
effect was completely lost. The same behaviour was observed for hydrophobised sam-
ples [yam04].

A long-term stable increase in hydrophobicity of glass surfaces using a coplanar DBD
setup was presented by Fang et al. in 2006. Here, the dielectric separation of both elec-
trodes was realised by the glass sample itself where the discharge gap was 1.5 mm. In
addition to the process gas, ambient air, a polydimethyl siloxane fluid was applied to the
glass surfaces. In this way, a hydrophobic layer was generated by plasma activation and
the interaction of the involved molecules of both the glass surface and the adherent
fluid. Experiments were performed at a voltage of 10 kV, resulting in an increase in
contact angle from 53° to maximum 122° after a treatment duration of 11 minutes. By
applying Fourier transform infrared (FTIR) spectroscopy it was ascertained that a new
material, consisting of -CHs-containing groups, was chemically bonded to the glass sur-
face, resulting in long-term stable hydrophobic properties [fan06b].
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2.2 Interactions of laser irradiation with glasses

Generally, material evaporation due to pulsed laser irradiation at adequate fluence is
referred to as laser ablation. Due to the rapid laser-induced heating of the material sur-
face, a plasma plume is formed during laser ablation, whereas no plasma occurs during
laser desorption. The ablation behaviour of any medium and glasses in particular is
strongly dependent on both the wavelength 4 and the pulse duration z of the incoming
laser irradiation.

Glasses typically feature a high transmission T in the visible (VIS) and near infrared
(NIR) wavelength range (T > 80% from approx. 170 to approx. 2000 nm in the case of
fused silica). An appropriate approach for pure laser ablation at low fluence is thus to
employ far ultraviolet (FUV) or mid infrared (MIR) laser irradiation. Against this back-
ground, fluorine (F,) excimer lasers (FUV, A =157 nm) are suitable for micro structur-
ing of fused silica as reported by Ihlemann et al. in 2003 and 2007 [ihl03, ihl07]. Here
the ablation threshold amounts to approximately 1 J/cm2. Material removal of fused
silica using carbon dioxide (CO) lasers (MIR, 4 = 10.6 um) is a photo-thermal ablation
process, based on fracturing of the glass surface by laser-induced thermal stress, melting
and evaporation [bue90]. However, the formation of stress-produced micro cracks can
be avoided by heating the glass work piece to be machined as presented by Yen et al. in
2006 [yen06]. In addition to material removal for micro structuring, controlled localised
CO, laser-induced melting and material flow can be used for smoothing and repairing
damages on glass surfaces as shown by Mendez et al. in 2006 [men06]. Regarding the
ablation of fused silica, the authors reported an ablation threshold intensity of
100 kW/cm? at a pulse duration of 300 pus.

Besides the choice of highly-absorbed laser wavelengths, the use of laser pulses of ul-
tra-short duration is an appropriate way for improving laser ablation of dielectric, trans-
parent media. Here, nanosecond pulses provoke heating of a thin near-surface layer
within the pulse duration, resulting in sudden evaporation and the formation of an ion-
ised ablation plasma plume. As a consequence of such heating, disturbing effects such
as the formation of re-deposited debris, micro cracks (see above) and burrs can develop.
Further, the incoming laser irradiation is usually attenuated by the laser-induced plasma
plume due to absorption and scattering at debris particles as well as plasma shielding in
the case of high electron densities, consequently resulting in a decrease in ablation rate.
The disturbing effects arising during nanosecond ablation can be overcome by applying
laser pulses in the picosecond [ger08] and femtosecond [utell] range. Here, material
removal occurs much faster than heating of deeper regions within the bulk material due
to the short pulse duration. Relating to ultra short pulse laser ablation, the interaction of
both the solid and the incoming laser irradiation can be described by a two-temperature
model: First, the energy of the photons is absorbed by electrons. Second, the absorbed
energy is transferred to the network, initiating material removal [lad02]. Such material
removal is due to ionisation processes within the network and subsequent Coulomb ex-
plosion?. As a result, the network temperature remains constant during absorption of the
incoming ultra short laser pulse [gib96]. The improved coupling of energy during ultra
short pulse ablation is visualised by the pulse duration-dependent damage threshold
fluence of fused silica as reported by Perry et al. in 1999 [per99] in figure 2.2.

2 Coulomb explosion describes the desorption of electron-depleted atoms due to repulsion forces.
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Fig. 2.2: Damage threshold fluence vs. laser pulse duration at a wavelength of 1053 nm,
data taken from [per99]

However, in comparison to picosecond and femtosecond laser sources, nanosecond la-
sers stand out due to a high efficiency as well as low acquisition and maintenance costs.
Owing to these advantages, several hybrid ablation methods based on such laser sources
were developed in the last decades in order to improve nanosecond laser ablation of
transparent media as presented hereafter.

Laser-induced plasma-assisted ablation (LIPAA)

Laser-induced plasma-assisted ablation (LIPAA) is achieved by several plasma interac-
tions at the rear side of the glass sample to be ablated. For this purpose, a laser beam is
focussed onto a metallic target surface in order to ignite a plasma-induced ablation
plume. As shown in figure 2.3, the glass sample is placed below the metallic target.

-~— laser beam

| y
’ \ | e glass sample

é' = laser-induced plasma plume

. metallic target

Fig. 2.3: Functional principle of laser-induced plasma-assisted ablation (LIPPA)

LIPPA was first reported by Zhang et al. in 1998. Here, a 4™-harmonic Nd:YAG laser at
a wavelength of 266 nm and a pulse duration of 6 ns was applied. Experiments were
performed in a vacuum chamber (10™*-107 Pa) on 0.6 mm-thick fused silica samples;
the metallic target was made of stainless steel. The authors observed a strong depend-
ency of the ablation threshold fluence and the etch rate on the distance between both the
metallic target and the sample’s rear side. At the lowest investigated distance of 20 um,
the ablation threshold fluence was 0.5 J/cm? whereas the etch rate was determined to
amount to approximately 35 nm/pulse. In further work it was moreover shown that
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LIPPA is suitable for scribing micro gratings in fused silica [zha98a,sug01]. Such en-
hanced ablation of fused silica at low fluence was explained by three possible interact-
ing mechanisms:

— direct plasma interactions, i.e. a charge exchange amongst ions and electrons of
the plasma plume and the sample surface as well as a transfer of kinetic/potential
energy, provided by radicals and ions, to the sample surface,

— aplasma heating of the sample surface, and

— the successive deposition of a metallic thin layer on the sample surface and an
accompanying increase in absorption at this interface during the process.

Anyhow, the authors suggested the direct plasma interaction to be the dominant mecha-
nism for LIPPA [zha98b]. This was also confirmed by the work of Hanada et al., who
verified fluence-dependent transient absorption effects within glass substrates due to
electron excitation during LIPAA. Here, the absorption decreased linearly when in-
creasing the working distance [han06].

In addition to the distance between the target and the sample surface, the particularly
applied laser wavelength has a strong influence on LIPPA characteristics. In this regard,
Zhang et al. presented a comparative study in 1999 [zha99a]. Here, LIPPA was per-
formed at three different Nd:YAG laser wavelengths, 266 nm, 532 nm and 1064 nm, on
fused silica and Pyrex glass at a distance of 1.5-2 mm. An increase in ablation threshold
fluence was observed when increasing the laser wavelength, which is generally de-
scribed by an exponential interrelationship. Simultaneously, the etch rate showed an
inverse behaviour. This fact is easily explained by the wavelength-dependent penetra-
tion depth of an incoming laser beam into a transparent medium.

Laser-induced backside wet etching (LIBWE)

Another hybrid technique for improving the coupling of laser irradiation into glassy
materials is the so-called laser-induced backside wet etching (LIBWE). Here, the rear
side of the particular glass sample is brought in contact with an absorbing liquid. As
shown in figure 2.4, etching is thus achieved due to the increase in absorption A and the
accompanying deposition of laser energy within the liquid close to the sample’s rear
side, giving rise to photothermal ablation.

1
1
]
1
1
: . ' \ |
1 L
' ' \ -— laser beam
i ]
i i
1

¥ o———— (glass sample
|

e
.....

absorbing liquid

*g-I: interface glass-liquid
Fig. 2.4: Functional principle of laser-induced backside wet etching (LIBWE)
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This technique was introduced by Wang et al. in 1999 where a solution of acetone
((CH3),CO) and pyrene (CisH1o, 0.4 mole/dm3) was applied as absorbing liquid
[wan99]. Ablation was performed on 0.5 mm-thick fused silica samples (Suprasil 2
from Heraeus GmbH & Co. KG) using a krypton fluoride (KrF) excimer laser at a
wavelength of 248 nm and a pulse duration of 30 ns. By this configuration, ablation was
achieved at 0.24 J/cm2 whereas the ablation threshold fluence was approximately
10 J/cm? in the case of pure laser ablation in air. Exemplary, etch rates of 5 nm/pulse at
0.4 J/cm2 and 25 nm/pulse at 1.3 J/cm? were achieved.

Ding et al. presented LIBWE of fused silica samples using an aqueous solution of naph-
thalene-1,3,6-trisulfonic acid trisodium salt (Np(SO3sNa)s3) as absorbing liquid in 2002.
Experiments were performed for different molar concentrations c(Np(SOsNa)s) in the
range from 0.4 to 1.0 mole/l, applying a KrF excimer laser with a pulse duration of
30 ns as light source. Ablation was achieved at a threshold fluence of 0.5 J/cm?
(c(Np(SOsNa)3) = 1.0 mole/l). For this concentration, etch rates up to approximately
3 nm/pulse at a fluence of 1.6 J/cm?2 were observed [din02].

In 2003, Zimmer et al. reported on LIBWE of five different glasses - Pyrex and 7059
from Corning, Inc., D263 and AF45from Schott AG and fused silica - using a xenon
fluoride (XeF) excimer laser with a wavelength of 351 nm and a pulse duration of 30 ns.
Further, the authors investigated the influence of various absorbing solutions consisting
of a pyrene admixture with different concentrations in acetone, tetrachloroetthylene
(C,Cly) and toluene (C;Hs). It was shown that both the ablation threshold fluence and
the etch rate are mainly dependent on the used liquid whereas the glass type, and thus
the particular absorption, has a marginal impact on these ablation parameters. Gener-
ally, ablation started at 0.45 J/cm? and the etch rate was 6-10 nm/pulse at 1 J/cm?
[zimO3].

The influence of the absorbance of the used liquid was further demonstrated by Zimmer
et al. in 2006. By introducing liquid gallium (Ga) to a LIBWE process, where the laser
source was a KrF excimer laser with a wavelength of 248 nm and a pulse duration of
25 ns, a relatively high ablation threshold fluence of 1.3 J/cm?2 was required as a result
of the high reflectivity of gallium. However, etch rates up to approximately 1 um/pulse
were achieved for fused silica due to enhanced heating processes on the sample’s rear
side [zimO6a].

Laser-induced backside wet etching was successfully applied for the manufacture of
high-precise micro structures on quartz glasses. As an example, Huang et al. presented
LIBWE scribing of microfluidic channels including bifurcated junctions in quartz glass
surfaces in 2007 [hua07]. Such scribing was performed using a 3"-harmonic Nd:YAG
laser (A = 355 nm) in combination with a galvanometer laser scanner at a scan speed of
100 mm/s. As absorbing liquid, both pure toluene and pyrenated toluene were applied.
In 2010, Sato et al. reported on LIBWE micro structuring of complex slanted micro-
structures in high-purity fused silica from Tosoh Corp., principally based on the primal
LIBWE setup according to Wang et al. (see above). Such 3D-like scribing was realised
by a dynamic positioning of the glass sample along three axes, resulting in inclinations
of maximum 30 degrees [sat10].
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Laser etching at a surface adsorbed layer (LESAL)

Essentially, laser etching at a surface adsorbed layer (LESAL) is connatural to LIBWE.
Here, a near-surface increase in absorption A at the glass sample rear side is achieved by
the adsorption of absorbing substances. Such substances are initially available as liquid
phase and vaporised by a heating device inside an open topped vessel as shown in figure
2.5. The glass sample to be ablated is placed above the resulting gaseous phase, thus
acting as adsorptive surface. The incoming laser irradiation is then absorbed at the inter-
face of both the glass and the adsorbed absorbing layer.

laser beam

glass sample
adsorbed absorbing layer

absorbing substance (g) + air

absorbing substance (I)

heating device

*g-al: interface glass-adsorbed layer

Fig. 2.5: Functional principle of laser etching at a surface adsorbed layer (LESAL)

LESAL was first presented by Bohme and Zimmer as well as Zimmer et al. in 2004. In
these works, LESAL was performed at fused silica samples using a krypton fluoride
(KrF) excimer laser at a wavelength of 248 nm and a pulse duration of 30 ns. The ab-
sorbing substance, pure toluene, was evaporated at a temperature of 75°C, which is con-
siderably below its temperature of ebullition (i.e. 110°C). Etching was achieved at an
ablation threshold fluence of 0.7 J/cm?, representing a reduction of required laser energy
for ablation by one order of magnitude. At this fluence, the etch rate was 1 nm/pulse
[b6h04, zim04]. In further work, an even lower ablation threshold fluence of 0.5 J/cm?
was reported [zim06b]. As underlying mechanism for LESAL, the authors suggested a
number of interacting effects such as

— a fast heating of the adsorbed layer and the near-surface region of the glass sam-
ple due to the local absorption of the incoming laser beam and the resulting
structural change of the glass,

— the initialisation of shock waves at the glass-layer interface, and

— the desorption/decomposition of the toluene layer.
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Laser-induced backside dry etching (LIBDE)

For laser-induced backside dry etching (LIBDE), enhanced absorption at the glass sam-
ple’s rear side is achieved by the deposition of metallic coatings. Ablation is thus initi-
ated by the coupling of incoming laser irradiation at the glass-coating interface due to
the formation of an absorbing laser-induced plasma [zimQ9]. This method was intro-
duced by Hopp et al. in 2006, where a silver layer with a thickness of 100 nm was vac-
uum evaporated on fused silica. Subsequent backside ablation was performed applying
a KrF excimer laser (1 = 248 nm, = 30 ns). Due to the high absorption of silver at this
laser wavelength, a low ablation threshold fluence of 0.19 J/cm? was obtained. In com-
parison to LIBWE, the LIBDE etch rate was 5 to 6 times higher [hop06].

Investigations regarding the dependency of the LIBDE process parameters on the par-
ticularly applied laser wavelength were also performed by Hopp et al. in 2008. For tin-
coated fused silica with a coating thickness of 125 nm, nanosecond-LIBDE was carried
out at three different excimer laser wavelengths, 193 nm, 248 nm and 308 nm, respec-
tively. Table 2.1 shows the reported ablation threshold fluences for LIBDE Finigog)
and, as a comparison, pure laser ablation Fipurey ON polished fused silica rear sides as
well as the ratio of both.

Table 2.1: Wavelength A- and pulse duration z-dependent ablation threshold fluences Fy, for LIBDE and pure
laser ablation including ratio of both

Ainnm Tinns Fth(LIBDE) in J/cm? Fth(pure) in J/cm2 Fth(pure)/Fth(LIBDE)
[hop0g] [ihl92a]
193 20 0.23 3 13
248 18 0.26 11 40
308 22 0.42 7 17

Generally, lower ablation thresholds and higher etch rates were observed when decreas-
ing the particular laser wavelength due to the absorption characteristics of the applied
thin film [hop08]. However, LIBDE can also be realised in the visible wavelength range
as shown by Hopp et al. in 2007. Here, a dye laser (A = 500 nm, z = 11 ns) was used for
etching of fused silica where the absorbing medium was an aluminium coating with a
thickness of 100 nm. At this configuration, ablation started at a threshold fluence of
0.76 J/cm?, resulting in an etch rate of 10 nm/pulse. At a fluence F of 3 J/cm?, an etch
rate of 160 nm/pulse was observed [hop07].

The efficiency of LIBDE is strongly dependent on the applied coating and its particular
absorption characteristics. Recently, the use of silicon oxides as absorbing solid coating
was investigated. Ihlemann presented ArF excimer laser ablation of fused silica induced
by absorption of a 28 nm-thick silicon monoxide (SiO) layer in 2008. The threshold
fluence for substrate ablation was 1.1 J/cm2. For the maximum fluence applied, the etch
rate was approximately 200 nm/pulse for front side ablation and approximately
800 nm/pulse for rear side ablation, respectively [ihl08]. In 2006, Klein-Wiele et al. re-
ported on laser micro structuring of silicon suboxide (SiOy, where 1 <x < 2) films for
scribing phase grating patterns onto SiO-coated fused silica. Using an ArF excimer
laser with a pulse duration of 20 ns, single-pulse rear side ablation of the 28 nm-thick
coating was achieved at a fluence of 540 mJ/cmz? [kle06]. Finally, the SiOx micro struc-
tures on the fused silica substrates were oxidised to SiO, by a tempering process in or-
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der to create a monolithic device with almost homogenous optical properties. A further
study on front side and rear side ablation of SiOy was performed by Jahn et al. in 2010,
where the influence of different coating thicknesses (20 to 600 nm) and excimer laser
wavelengths (ArF and KrF) were investigated. The main results are summarised in table
2.2.

Table 2.2: Wavelength 4 -dependent threshold fluences Fy, and etch rates Rep, for front side and rear side
ablation of silicon suboxide layers as presented by [jah10]

front side ablation rear side ablation
Ainnm 193 248 193 248
Ft, iIn mJ/cm2 (approx.) 260 500 175 290
Retch IN NM/pulse 100-110 70 230 -
@ 1.3 J/cm? (approx.)

To centralise, nanosecond LIBDE using silicon dioxide as absorbing solid is not only
strongly dependent on the used laser wavelength and the fluence but also on the thick-
ness and the stoichiometry factor x = O/Si of the applied SiOx coating. In any case it
represents a suitable medium for laser-induced front side and rear side dry etching.
Against this background, direct atmospheric pressure plasma-induced generation of sili-
con suboxide layers on fused silica by a modification of the bulk material and related
effects and mechanisms are presented in this work.
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3

Experimental Setup, Materials and Methods

In this chapter, the basic experimental setups and procedures used in the present work,
i.e. both sequential and simultaneous plasma assisted laser ablation, are introduced. Fur-
ther, a comparison of the investigated glasses in terms of optical properties and chemi-
cal composition is given. The measurement methods applied for evaluation of the ex-
perimental results are specified.

3.1 Experimental setup for sequential plasma-assisted laser ablation

For sequential plasma-assisted laser ablation, the investigated glass samples were pre-
treated by remote plasmas at atmospheric pressure. The goal was to initiate a modifica-
tion of the glass composition and optical properties, respectively, in order to enhance
the coupling of incoming irradiation during subsequent laser ablation. For this purpose,
forming gas 90/10, i.e. 90% nitrogen (N;) and 10% hydrogen (H) was applied as proc-
ess gas, resulting in the formation of excited molecules and atomic nitrogen (N) and
hydrogen (H) by collision and dissociation within the plasma discharge. The plasma
pre-treatment was performed using different atmospheric pressure plasma sources:
plasma jets based on dielectric barrier discharge (DBD), a radio frequency-excited
plasma jet and a DBD-based surface discharge plasma source. After such plasma pre-
treatment, the modified glass samples were laser ablated. This sequential procedure is
schematically shown in figure 3.1.

laser source

focussing

«—
optics

plasma ~<|:

» raw glass ‘

Fig. 3.1: Schematic of the sequential plasma-assisted laser ablation procedure

2

For ablation, two UV-lasers were employed, an argon fluoride (ArF) excimer laser
(2 =193 nm) and a 3"-harmonic Nd:YAG solid state laser (1 =355 nm). These laser
wavelengths are close to the absorption edge of the particularly ablated glass (compare
figure 3.3 in section 3.3) and thus preferentially affected by plasma-induced modifica-
tions of optical properties. The particularly used plasma and laser sources as well as the
optical setups for focussing are specified and described in more detail in the embedded
articles in section 4.1 and chapter 5.
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3.2 Experimental setup for simultaneous plasma-assisted laser ablation

In contrast to sequential plasma-assisted alation, no modification of optical properties of
the glass samples to be ablated was intended for simultaneous plasma-assited ablation.
The aim was rather to enhance the laser ablation process by benefiting from plasma-
physical phenomena such as the formation of a plasma sheath® or the de-excitation of
plasma-generated metastables and the accompanying energy transfer during the laser
ablation process. Simultaneous plasma-assisted laser ablation was carried out employ-
ing a DBD-based plasma source with an inner concentric aperture, providing a cylindri-
cal plasma beam with a diameter of approx. 200 um. The used process gas was argon
(Ar). The focussed laser beam was guided coaxially to the formed plasma beam as
shown schematically in figure 3.2.

laser source

focussing
optics

plasma
source
plasma {

’ raw glass ’

Fig. 3.2: Schematic of the simultaneous plasma-assisted laser ablation procedure

Since in this setup, the ground electrode was placed on the back of the glass sample, a
direct plasma discharge was deployed in contrast to the sequential process described in
section 3.1, where the plasma pre-treatment was performed by indirect remote plasmas.
In addition to the simultaneous ablation process, the impact of the direct plasma treat-
ment on optical glasses and media was investigated without applying any laser irradia-
tion. The results as well as the used plasma and laser source are presented and described
more closely in the embedded articles in section 4.2 and chapter 6.

® The plasma sheath, a.k.a. Debye sheath, is defined as the edge layer between a bulk plasma and its limit-
ing walls. Here, the condition of quasi-neutrality is not given, resulting in an acceleration of ions towards
the walls.
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3.3 Investigated glasses

In this work, plasma-assisted laser ablation of three different glasses was investigated:
fused silica (Suprasil 2B and Spectrosil® 2000, both from Heraeus Quarzglas GmbH &
Co), heavy flint glass (SF5 from Schott AG) and barite crown glass (N-BaK4 from
Schott AG). These glasses represent standard materials in optical manufacturing and
where chosen due to the significant differences in the particular optical properties. The
most common and important parameters for describing the optical properties of any
optical glass are the non-dimensional values index of refraction, dispersion and absorp-
tion. Physically, the wavelength-dependent index of refraction n represents a propor-
tionality factor, relating the light’s phase velocity v, within an optical medium to vy in
vacuum.

The dispersion characteristics of optical glasses are commonly described by the Abbe
number vy, i.e. the relationship of the index of refraction ny and the main dispersion, ny-
n,, according to

1
L Sy (3.1)
n,—n,

Here, the subscripts x, y and z represent element-specific Fraunhofer lines and thus dis-
crete wavelengths. In practice, the Abbe number is specified for two different Fraun-
hofer lines, e and d, as listed in table 3.1.

Table 3.1: Fraunhofer lines and corresponding wavelength/element for the calculation of the Abbe number v,
and vg, respectively. The letter given in brackets represents the particular subscript as introduced in Eq. 3.1

Abbe number Fraunhofer line wavelength in nm element

Ve e (X) 546.1 mercury (HQ)
F’(y) 479.9 cadmium (Cd)
C’(2) 643.9 cadmium (Cd)

Vd d (x) 587.6 helium (He)
F(y) 486.1 hydrogen (H)
C(® 656.3 hydrogen (H)

By definition, optical glasses with an Abbe number <50 are referred to as flint glasses
whereas crown glasses feature an Abbe number > 50.

Disregarding surface and bulk scattering effects, the wavelength-dependent absorption
A is given by 1-(T;+R), where T; is the pure internal transmission and R the reflexion.
One has to consider that A depends on the thickness of an optical medium. Its local de-
pendency at any depth within an optical medium is usually described by the propagation
direction-dependent Bouguer-Lambert law, a.k.a. Beer-Lambert law, according to

I =1,-e7%7, (3.2)

where I, is the transmitted and Iy the initial intensity, k is the material-specific absorp-
tion coefficient and z represents the position within the optical medium in direction of
propagation [bou29].
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The differing optical properties of the investigated glasses are due to the chemical com-
position and the manufacturing process as described hereafter. To give an overview, ne,
ve, and A of the particular glasses are listed in table 3.2 and shown in figure 3.3.

Table 3.2: Comparison of the index of refraction n, and the Abbe number v, of the investigated optical glasses,
data taken from [her11, sch14]

ne Ve
fused silica 1.46013 67.56
heavy flint glass (type SF5) 1.67764 31.97
barite crown glass (type N-BaK4) 1.57125 55.7
) X .
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Fig. 3.3: Absorption A of fused silica, heavy flint glass SF5 and barite crown glass N-BaK4 with a thickness of
10 mm vs. wavelength 4, data taken from [her11, sch14]. The laser wavelengths used in the present work are
indicated additionally.

Owing to its very low dispersion and high UV-transmission, fused silica is one of the
most important materials used in modern optical system technology. As an idealised
description, fused silica purely consists of silicon dioxide (SiO;). Apart from boron tri-
oxide (B,0s3) and phosphorus pentoxide (P20s), SiO; is one of the most important net-
work formers that are used in glass chemistry. Synthetic fused silica of highest purity is
produced by a flame hydrolysis process where gaseous silicon tetrachloride (SiCly) is
pyrolised. From the gasified silicon, pure solid silicon dioxide is obtained by oxidation
and subsequent smelting and cooling. The fused silica network consists of SiOy tetrahe-
drons where each oxygen atom appertains to two silicon atoms. By definition, glasses
and amorphous media in general have no long-range order. However, the SiO, tetrahe-
drons represent a short-range order with a mean bond angle @,, of 145° and a theoreti-
cal averaged interatomic distance ri.oy of 0.163 nm [sch88]. Due to the mixed bond
condition consisting of covalent, ionogenic and double bonds within fused silica, rsio
can vary in the range from 0.157 to 0.172 nm [pau80]. In addition to SiO, tetrahedrons,
further tetrahedrons of different chemical composition (SixOy, where 0 <y <4), and
thus differing bond angles and interatomic distances, can occur in silicon dioxide net-
works. Systems of that kind are referred to as silicon suboxide (SiOy).
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Heavy flint glasses stand out due to a high index of refraction (e.g. ne = 1.93322 in the
case of N-SF66 from Schott AG) which is crucial for a number of applications in optical
technology. In contrast to fused silica, heavy flint glass represents a multi-component
glass, produced by classical glass making. Here, the involved compounds are mixed to a
batch in powder form which is subsequently molten in a furnace, followed by plaining
and cooling. In addition to the network former SiO,, heavy flint glass contains a rela-
tively high amount of lead(ll) oxide (PbO) and a certain portion of potassium oxide
(K20) and sodium oxide (NayO), acting as network modifiers and fluxing agents, re-
spectively, for obtaining a high index of refraction. Further, aluminium oxide (Al,O3) is
added as stabilisation agent. As a result, heavy flint glasses feature a very dense net-
work in comparison to fused silica. The typical composition of this glass family is listed
in table 3.3.

Table 3.3: Typical composition of heavy flint (SF) glass incl. the content of the involved oxides in mass-% as
reported by [vog65, pfo93]

compound chemical formula content in mass-%
silicon dioxide SiO; 25-50
lead(Il) oxide PbO 50-70
potassium oxide K,0 <5
sodium oxide Na,O <5
aluminium oxide Al,O3 <5

Barite crown glasses feature moderate indices of refraction and dispersion characteris-
tics and are used for a number of standard optical components. In the same manner as
heavy flint glass, barite crown glass is made by classical glass making. As listed in table
3.4, its network is formed by SiO, and B,Og3, replenished with the network modifiers
and fluxing agents barium oxide (BaO), zinc oxide (ZnO), K,0 and Na,O.

Table 3.4: Typical composition of barite crown (BaK) glass incl. the content of the involved oxides in mass-%
as reported by [vog65, pfo93]

compound chemical formula content in mass-%
silicon dioxide SiO, 40-60
barium oxide BaO 15-30

zinc oxide ZnO 5-15
potassium oxide K,O 5-10
sodium oxide Na,O 5-10

boron trioxide B,0O3 <5

In addition to these three optical glasses, the impact of the plasma treatment as de-
scribed in section 3.2 was investigated for other optical media of interest: boron crown
glass, glass ceramic and sapphire.
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3.4 Measurement methods

For the evaluation of plasma treated and laser ablated optical glasses, several micro-
scopic, imaging and spectroscopic measurement methods and apparatuses were applied
as described in the following subsections.

3.4.1 Microscopic and imaging measurement methods

For the visual inspection of laser ablated areas and spots, the measurement of ablation
depths and spot diameters, the determination of form errors (as defined in more detail in
[gerl13a] in chapter 5) as well as the measurement of surface roughness parameters, sev-
eral microscopic methods were used.

The evaluation of the ablation spot geometry was mainly performed by a scanning elec-
tron microscope (SEM) [ard38] “PSEM eXpress” from Aspex Corp. Here, the measur-
ing electron beam is generated by a tungsten wire as electron source. This beam is then
accelerated by an electric field, where the acceleration voltage can be adjusted from 5 to
20 keV, and focussed onto the sample surface. The sample is placed within a vacuum
chamber at a pressure of approx. 7x10™ Pa. The SEM image is obtained from the de-
tected primary electrons which are backscattered by the sample. According to the manu-
facturer’s data sheet, the lateral imaging resolution of the used SEM amounts to 30 nm.
This instrument was also applied for the detection of surface-adherent debris after laser
ablation. Further, the ablation depths and spot diameters and surface roughnesses were
partially measured by a confocal scanning microscope (CSM) “PLu2300” from Senso-
far Corp. with a lateral imaging resolution of 5 nm and a depth resolution of 1 nm. This
comparatively high depth resolution is achieved by the measurement principle as fol-
lows: The incident light is focussed onto the sample surface. The reflected signal then
forms a confocal intermediate image, where a pinhole is placed at the intermediate im-
age plane. Thus, out-of-focus planes are not considered by further imaging onto the de-
tector via an object lens [ham82]. The lateral scanning is performed by an assembly of
pivot-mounted mirrors. Beyond SEM and CSM, a classical light microscope “Axioskop
2 MAT” from Zeiss was used for depths measurements.

The determination of roughness parameters was carried out with an atomic force micro-
scope (AFM) “easyScan 2” from Nanosurf GmbH. This AFM features a maximum lat-
eral scan range of 150x150 um? and a depth resolution of 0.34 nm. In principle, an
AFM setup is comparable to a tactile profilometer since the sample surface is scanned
by a flat spring with a cone-shaped measuring tip, a.k.a. cantilever. The back side of this
cantilver acts as reflecting surface for a measuring laser beam. The surface profile is
then calculated from the deflection of this laser beam during the scanning procedure,
caused by atomic forces between both the surface and the measuring tip [bin86].

In addition to the above-mentioned geometric parameters, the impact of the applied
plasma treatments on the surface energy was determined. For this purpose, a “Contact
Angle Measurement System G10” from Kriiss GmbH was used, where the contact angle
of different lest liquids on the sample surfaces is detected by a camera and an objective
lens with appropriate magnification. From the measured contact angles and the known
surface tensions of the used test liquids, the surface energy can be calculated according
to Young’s equation [owe69].
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3.4.2 Spectroscopic measurement methods

The impact of the particularly applied plasma treatment on optical characteristics and
the chemical composition of the investigated glasses was evaluated by spectroscopic
methods.

The transmission (T) and reflexion (R) characteristics in the ultraviolet and visible
wavelength range of the investigated glasses before and after plasma treatment were
detected by two spectrometers, “Lambda 19” and “Lambda 6507, both from Perkin
Elmer Inc. These grating-based spectrometers are operated with a tungsten-halogen
visible lamp and a deuterium ultraviolet lamp as light sources and have a spectral reso-
lution of 1 nm. This resolution is achived by tilting the diffraction gratings and scanning
T and R, respectively, for single diffracted wavelengths.

In order to obtain depth-resolved information on the plasma-induced change in stoichi-
ometry as a result of the pre-treatment as introduced in section 3.1, two measurement
methods were combined: First, the near-surface stoichiometry was determined using a
secondary ion mass spectrometer (SIMS) “Quadrupol 4550” from Cameca SAS. Gener-
ally, SIMS analysis is performed by sputtering the sample surface by a primary ion
beam. The emitted secondary ions are then identified by a mass spectrometer on the
basis of the particular mass/charge ratios (m/g-ratios) of the investigated elements. For
the present work, SIMS analysis was performed in cooperation with the Fraunhofer In-
stitute for Surface Engineering and Thin Films IST. Second, the depth of the crater sput-
tered by the ion beam was measured in cooperation with the Laser Laboratorium Got-
tingen e.V. Here, a Dektak Stylus Surface Profiler from Bruker Corp. with a depth reso-
lution of 0.1 nm was used. For such profile measurements, the sample surface is
scanned by a diamond stylus in contact mode, where the deflection values of the stylus
is detected by a fluxgate. From these values, the surface topography is calculated. The
combination of both techniques thus allows the depth-resolved determination of the
plasma-induced change in stoichiometry of the elements of interest, i.e. silicon (Si),
oxygen (O), nitrogen (N) and hydrogen (H). For this purpose, the SIMS apparatus was
calibrated at IST using standards with well-defined concentrations of the involved ele-
ments of interest, see table 4.1 in [gerl2a], section 4.1. The applied acceleration voltag-
es U,c of the primary ion beam (here: a caesium [Cs] ion beam) were 1 kV and 5 kV,
respectively.

Further, the built-in energy dispersive X-ray spectroscopy (EDX) device of the above-
described SEM instrument was applied for material analysis. The EDX resolution of
this device amounts to 133 eV. As a result of the excitation by the incident electron
beam, characteristical X-ray signals are emited by the involved elements, where the
signal energy is directly related to the particular element. However, one has to consider
that due to the comparatively high penetration depth of the incoming electron beam into
the investigated glass samples, a high information depth of approx. 1 um is resulting.
EDX thus allows rather semi-quantitaive and qualitative material analysis than a quanti-
tative determination of the chemical composition.
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A

Plasma Treatment of Optical Glasses

In this chapter, the impact of the plasma treatments which were applied for both sequen-
tial and simultaneous plasma-assisted laser ablation on optical media is presented. It is
shown that in the first case, i.e. the plasma pre-treatment using chemically reactive
process gas, a decrease in transmsission due to a modification of the glass composition
as well as a roughening of the surface is resulting. In contrast, the plasma treatment ap-
plied during simultaneous ablation mainly effects a surface smoothing.

4.1 Plasma pre-treatment for sequential ablation

The plasma pre-treatment as introduced in section 3.1 has a considerable impact on op-
tical and chemical properties of the investigated glasses as discussed in more detail
hereafter [gerl2a, gerl3b]. Regarding optical properties, two main effects were ob-
served by UV/VIS spectroscopy: a decrease in transmission T and an (unsteady) in-
crease in reflexion R in the ultraviolet wavelength range. The transmission T is directly
related to the absorption A and the extinction coefficient x, respectively. Further, ne-
glecting scattering due to surface roughness phenomena, R is attributed to the index of
refraction n. It can thus be stated that the plasma pre-treatment causes a change in the
complex index of refraction N, given by

N =n-+ix. (4.1)

This declaration was also confirmed by supplementary, non-published ellipsometric
measurements. As a secondary effect, the dispersion characteristics, represented by the
Abbe number, are modified. These changes of relevant optical parameters can be ex-
plained by a plasma-induced modification of chemical properties as determined by
SIMS. First, substoichiometric silicon oxide (SiOx) was generated within the glass sur-
face layer. Generally, SiO features a high UV-absorption. Second, hydrogen was im-
planted into deeper regions of the glass bulk material by the plasma pre-treatment. Such
implantation of hydrogen was further confirmed by supplementary Fourier transform
infrared spectroscopic investigations. It was also shown that the hydrogen from the used
forming gas is of essential importance for the above-described modifications. When
applying pure nitrogen as process gas, the resulting increase in absorption was much
lower. As the main reason for the above-described modifications of optical properties,
hydrogen-based fracturing of cross-linking oxygen,

=Si—-0-Si=, 4.2)
and the resulting formation of terminal non-bridging oxygen (NBO),
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=Si—-0° (4.3)

within the network forming SiO, tetrahedral can thus be assumed. Consequently, the
index of refraction and extinction coefficient are increased. In glass chemistry, this frac-
turing effect, and the accompanying modification of the index of refraction and disper-
sion characteristics, is usually accomplished by adding selected cations, so-called net-
work modifiers such as monovalent natrium (Na*) or divalent calcium (Ca®"), to the
glass melt [fri05]. The hydrogen-induced formation of fractures within the SiO, net-
work is a further common effect in glass melting where water vapour is provided by the
ambient atmosphere inside the melting furnace. It is known as hydrolytic scission which
is due to hydrogen ions (H") and gaseous or liquid water (H,O) [ped87]. In this case,
bridging oxygen is attacked by hydrogen ions, resulting in an intermediate,

=Si—-0O-Si=+H" - (=Si—OH -Si 2", (4.4)
and a subsequent hydrolysis of this intermediate according to
(=Si—OH-Si=)"+H,0 > 2(=Si—OH)+H". (4.5)

As a result, both hydrogen and hydroxyl groups are implanted into the glass bulk mate-
rial as shown by Boksay and Bouquet [bok80] and Charles [cha58a,cha58b]. Such im-
plantation of hydrogen strongly affects the optical properties and in particular the
transmission characteristics [atk92,nog85].

Apart from an increase in N, the observed unsteady behaviour of R indicates surface
roughening, giving rise to both constructive and destructive interference effects of the
reflected light. Such roughening was confirmed by AFM measurements. As a result,
incoming light is reflected diffusely and scattered, leading to an increased coupling into
the surface by multiple reflexions as shown schematically in figure 4.1.

1 1 1
Y Y A\ 4
S— incoming irradiation

B :l— 1rst(regular) reflexion

_____ > 1rst(regular) coupling
— 2nd reflexion (interreflexion)
CECTRITED: = 2nd coupling (due to interreflexion)

Fig. 4.1: Reflexion and coupling of incoming light at directionally reflective (left)
and diffusively reflective (right) surfaces

The surface roughening can be explained by different plasma-induced reduction effi-
ciencies for surface-adherent contaminations such as aluminium and carbon on the one
hand and the clean glass surface areas on the other hand. This is also indicated by the
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fact that both the contamination clusters and the roughness peaks, observed by SEM and
AFM, respectively, have comparable lateral sizes (some microns to tens of microns) as
shown in figure 4.2.

SEM: AFM:

Fig. 4.2: Comparison of contamination cluster sizes, detected by SEM (left) and roughness peaks
as measured by AFM (right)

These findings are of essential importance for understanding the underlying mecha-
nisms for improved sequential plasma-assisted laser ablation as presented in chapter 5.
To summarise, the plasma pre-treatment allows an enhanced coupling of incoming laser
irradiation by

— the formation of an UV-absorbing near-surface SiOy layer,
— the implantation of hydrogen into deeper regions of the glass bulk material, and
— the appearance of multiple reflexions due to surface roughening.

The above-presented and -discussed results were published in the following articles.
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Near-surface modification of optical properties of fused silica by low-temperature
hydrogenous atmospheric pressure plasma

by C. Gerhard, D. Tasche, S. Briickner, S. Wieneke, and W. Vidl,
published in Optics Letters 37 (2012) 4, 566-568"

In this Letter, we report on the near-surface modification of fused silica by applying a
hydrogenous atmospheric pressure plasma jet at ambient temperature. A significant de-
crease in UV-transmission due to this plasma treatment was observed. By the use of
secondary ion mass spectroscopy, the composition of the plasma-modified glass surface
was investigated. It was found that the plasma treatment led to a reduction of a 100 nm
thick SiO, layer to SiOy of gradual depth-dependent composition. For this plasma-
induced layer, depth-resolved characteristic optical parameters, such as index of refrac-
tion and dispersion, were determined. Further, a significant plasma-induced increase of
the concentration of hydrogen in the bulk material was measured. The decrease in
transmission is explained by the plasma-induced near-surface formation of SiO on the
one hand and the diffusion of hydrogen into the bulk material on the other hand.

The application of absorbing layers on glass surfaces allows significant enhancements
of laser machining results due to an improved laser energy deposition. In this context, a
number of different techniques have been developed. For example, UV-absorbing films
of toluene [zim04] or carbon [b&hO6a] are used for laser induced etching. Indirect laser
processing is also performed by a combination of vacuum deposition and structuring of
a silicon suboxide (SiOy, where 1 <x < 2) layer and its terminal oxidation to silicon
dioxide (SiO,) [schO5b]. Further, the use of hydrogenous gases at high temperatures
allows a direct reduction of SiO,-surfaces to SiOy or silicon monoxide (SiO) [ts082].
SiOy can also be produced by evaporating powdered SiO in a vacuum [sha83, nak84] or
by various physical vapor deposition (PVD) methods, such as plasma ion sputtering, by
inserting silicon (Si) into an argon-oxygen gas mixture [sch82]. Such SiOy features a
multiplicity of different realizable optical and electrical properties [sch82, joh66, phi71,
hiib80] and is for this account of great interest for the production of optical and opto-
electrical micro devices.

In this Letter, we present the generation of near-surface SiOy on fused silica surfaces
using an atmospheric pressure plasma jet (APPJ) at ambient temperature. The plasma
provides reactive atomic hydrogen H™ and smaller amounts of reactive nitrogen species
such as N, which reduce the SiO, boundary layer, resulting in the formation of a UV-
absorbing suboxidial layer.

For the plasma treatment of fused silica samples, a coaxial dielectric barrier discharge
(DBD)-based low-potential APPJ was used [fér05]. This plasma source consists of a
grounded cylindrical inner electrode and an outer high-voltage ring electrode. The di-
electric separation of both electrodes is performed by a glass tube.

The plasma jet features a ring-shaped profile with an outer diameter @, of 7 mm and an
inner diameter &; of 5 mm. Thus, the samples were placed on a motor-driven xy-linear
stage in order to realize a uniform plasma treatment. The area of homogeneous treat-

* Reproduced with kind permission from the Optical Society of America.
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ment was 165 mm?; the overall treatment duration was 12 minutes. Plasma treatment
was performed at 5 mm thick fused silica samples made of Spectrosil 2000 from Her-
aeus. The distance d from the plasma jet outlet to the glass surface was 1 mm.

In order to initialize a chemical reduction and modification of the near-surface glass
layer, forming gas 90/10, consisting of 90% nitrogen (N;) and 10% hydrogen (H>), was
used as working gas for operating the APPJ. The APPJ was driven using a pulsed power
supply at a peak-to-peak voltage U,., of 22 kV with a voltage pulse duration tpyse Of
0.8 ms and a pulse repetition rate fyuse 0Of 400 Hz. The plasma power was determined to
be 720 mW by applying the Lissajous figure method [man43, hel09]. The gas tempera-
ture Tgas Was identified to amount to 300 K, i.e. approximate ambient temperature.

In order to verify the effect of the above-described plasma treatment, the UV-
transmission (including reflection losses) of both pure and plasma-treated fused silica
samples was measured using a UV/VIS-spectrometer Lambda 650 from Perkin Elmer.
As shown in Fig. 4.3, the plasma treatment led to a significant decrease in transmission
in the UV spectral range, reaching a maximum value of approximately 4.3% at a wave-
length of 200 nm.
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Fig. 4.3: Transmission of both pure and plasma-treated fused silica and resulting
change of the absorption coefficient 4a

Here, the continuous line represents the change of the absorption coefficient Aa of the
plasma-treated sample with respect to the untreated one, calculated by applying the
Beer-Lambert law. For lower wavelengths than 200 nm, interference effects get relevant
additionally.

The increase of absorption can partially be explained by a plasma-induced near-surface
reduction of SiO; to UV-absorbant SiOy. For characterizing this reduction regarding its
stoichiometry and depth of penetration, the samples were investigated using a secondary
ion mass spectrometer (SIMS) [ben73, ben94] Quadrupol 4550 from Cameca. The rela-
tive sensitivity factor (RSF) was calibrated by applying three standards - silicon dioxide

® The Lissajous algorithm for calculating the plasma power via its voltage and capacitance is based on the
determination of the area of a voltage/charge Lissajous figure resulting from plotting the applied voltage
and the integrated discharge current.
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(Si0,), hydrogenous amorphous silicon (a-Si:H), and hydrogenous nitrogen doped sili-
con carbide (SiNC:H) - with well-defined concentrations C as listed in table 4.1.

Table 4.1: Concentrations in % of the used standards for calibrating the SIMS-measurements

standard Csilicon Coxygen Chydrogen Ccarbon Cnitrogen
SiO, 33 66 - - -
a-Si:H - - 14 - -
SINC:H 26.6 - - 64 8.3

The acceleration voltage of primary ions was 1 kV. The area A of the sputtered crater
was 1 mm? with a depth d of 58 nm, measured by the use of a Dektak Stylus Surface
Profiler from Bruker. On the basis of the concentrations that were measured in this vein,
the stoichiometric ratio of both oxygen (O) and silicon (Si) O/Si of a plasma-treated
fused silica surface was calculated with respect to a pure fused silica sample. Figure 4.4
shows the dependency of this O/Si-ratio on the depth of penetration.

21

205

o’si
LA

kA

%,

195 —* !

1.85

0 10 20 30 40 50 60 70 80 90 100
depth in nm

Fig. 4.4: Depth-dependent O/Si-ratio of plasma-treated fused silica with respect to untreated fused silica

The behavior of the 10 nm thick surface layer is due to a transient effect after starting
the measurement during the formation of a sputter equilibrium between all components
of the sample. At a depth of approximately 10 nm, the secondary ion yield of each spe-
cies is proportional to its concentration in the sample with respect to its particular bond-
ing conditions.

The action depth of the plasma treatment is approximately 100 nm, where O/Si amounts
to 2. By applying the corresponding O/Si-ratio x; of the plasma-treated reduced layer, its
depth-resolved permittivity esiox in the range of 1.8 <x <2 can then be estimated ac-
cording to the Philipp’s interpolation formula

2
Esio, z(l—%j ‘&g +(%)-35i02, (4.6)
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where &si and esio, are the particular permittivities of amorphous silicon and pure silicon
dioxide [phi71]. By including the approximation for the interrelationship of both the
permittivity ¢ and the index of refraction n in transparent media, n=~ e, the depth-
resolved, wavelength-dependent index of refraction n(4)siox can be written as

(2se, zJ[l—%} -n(z)Si{%]-nu)sio, @)

Figure 4.5 shows a comparison of the spectral index of refraction n(A)siox at different
depths according to Eq. (4.7). For this calculation, the theoretical values for pure amor-
phous silicon [pal85] and Spectrosil 2000 from Heraeus [her10] were used.
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Fig. 4.5: Calculated indices of refraction of the SiO,-layer in the UV-range at different depths of penetration

Applying Eq. (4.7) further allows determining the depth-resolved dispersion of the
SiO-layer that can be calculated using the particular Abbe-numbers v4 according to

n, -1
Vg=—" - (4.8)
Ne — N

Here, ng, N, and nc are the respective indices of refraction at the Fraunhofer-lines d
(587.6 nm), F (486.1), and C (656.3 nm), as listed in table 4.2.

Table 4.2: Indices of refraction of silicon and Spectrosil 2000 at the Fraunhofer-lines d, F, and C

Si [pal85] Si0O;, (Spectrosil 2000) [her10]
Ng 3.97600 1.45846
Nk 4.37944 1.46313
Nc 3.84164 1.45637

Figure 4.6 shows the resulting nq-v4-diagram. Here, the italic numbers indicate the par-
ticular depth in nanometers inside the reduced layer.
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Fig. 4.6: Depth-resolved ng-v4-diagram of the plasma-treated near-surface layer of fused silica

The dependency of the depth-dependent Abbe-number from the index of refraction (and
the depth of penetration, respectively) can be described by a parabolic function.

In addition to the formation of SiOy, further near-surface effects result from the pre-
sented APPJ treatment. It is well known that in principle, hydrogen has a strong influ-
ence on the characteristic parameters of glasses [hic60, bol83, kit62]. For example, a
marginal change of 10 ppm in the mass concentration of hydroxyl groups causes a
change in index of refraction by 1-10°°, and it was shown that such hydrogen-induced
effects can also occur at a depth of several millimeters inside the bulk material [lev85].

In order to obtain further information on the penetration of hydrogen into the fused sil-
ica bulk material of the plasma-treated samples, its depth-dependent concentration Cy
was measured using SIMS at an acceleration voltage of primary ions of 5 kV. The re-
sulting crater size was A = 0.0625 mm? and d = 660 nm. For the measured depth, Cy
was constantly increased by 34% in comparison to pure fused silica. Since hydrogen
features a high diffusivity, its penetration depth can be assumed to reach up to several
tens of microns. This magnitude is also confirmed when applying a first-order exponen-
tial fit to the measured concentrations. The initially presented measured reduction in
transmission after plasma treatment can then be explained by the superposition of both
the formation of a 100 mm layer of UV-absorbant SiOx on the one hand and hydrogen
diffusion into the bulk material and related effects on the other hand.

The presented plasma treatment using a cost-efficient and reliable APPJ allows a direct
near-surface modification of SiO,-bulk material at atmospheric pressure and ambient
temperature. For example, the resulting decrease in transmission can be applied for im-
proving laser machining processes by the formation of a UV-absorbant SiOx film in
combination with an increased percentage of hydrogen in deeper regions of the bulk
material. Such machining experiments were already carried out and will be presented in
forthcoming work. Beyond, the near-surface layer features a gradient-like behavior in
terms of both index of refraction and dispersion. This effect could, for instance, be ap-
plied for generating gradient index (GRIN) micro-optics.
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Atmospheric pressure plasma treatment of fused silica, related surface and near-
surface effects and applications

by C. Gerhard, T. Weihs, D. Tasche, S. Briickner, S. Wieneke, and W. Vidl,
published in Plasma Chemistry and Plasma Processing 33 (2013) 5, 895-905°

Abstract

We report on an atmospheric pressure plasma (APP) treatment of fused silica and its
related surface and near-surface effects. Such treatment was performed in order to im-
prove laser micro-structuring of fused silica by a plasma-induced modification of the
glass boundary layer. In this context, an APP jet applying a hydrogenous process gas
was used. By the plasma treatment, the transmission of the investigated glass samples
was significantly decreased. Further, a decrease in the superficial index of refraction of
approx. 3.66% at a wavelength of 636.7 nm was detected ellipsometrically. By surface
energy measurements, a decrease of the surface polarity of 30.23% was identified.
These determined modifications confirm a reduction of silicon dioxide to UV-absorbing
silicon suboxide as already reported in previous work. Further, a change in reflexion by
maximum 0.26% was detected which is explained by the superposition of constructive
and destructive interferences due to a surface wrinkling. With the aid of atomic force
microscopy, an increase of the surface root mean squared roughness by a factor of
approx. 19 was determined. It was found that both the surface energy and the strength of
the fused silica surface were reduced by the plasma treatment. Even though such treat-
ment led to a clustering of carbonaceous contaminants, a surface-cleaning effect was
confirmed by secondary ion mass spectroscopy and energy-dispersive X-ray spectros-
copy. The increase in UV-absorption allows enhanced laser ablation results as shown in
previous work.

Keywords
Atmospheric pressure plasma, glass, optical properties, surface modification

Introduction

Atmospheric pressure plasma (APP) has become a versatile and reliable tool for a num-
ber of surface treatment applications such as cleaning, etching or activation [bel08,
ten06]. For example, applying APP-treatment allows a hydrophilisation due to the re-
moval of carbonaceous contaminants in the case of soda-lime glass and borosilicate
glass [sai05]. Such plasma-induced hydrophilisation of glasses facilitates improving the
adhesion of coatings as for example polydimethylsiloxane (PDMS) [hon06]. On the
other hand, APP can also be used for a hydrophobisation of glasses, for example for
realising water-repellent windscreens [yamO04]. Another application is the improvement
of the efficiency of dye-sensitised solar cells (DSSC) by APP-generated functional
groups on fluorine doped tin oxide (FTO) glass surfaces [kim11]. Dielectric barrier dis-
charge (DBD) plasmas at atmospheric pressure and ambient temperature were already
used for the modification of tin-doped indium oxide (ITO) on liquid crystal display
(LCD)-glasses. In this context, an atmospheric pressure glow discharge was further used

® Reproduced with kind permission from Springer Science+Business Media.
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in order to remove organic contaminants from the ITO-coating [kim05]. High-
frequency-APP can be applied for both sterilisation and decontamination of glasses that
are used for medical engineering [sel01]. Further, the suitability of reactive APP for
polishing silicon [wan06, zha08a] and glass [fan06a] surfaces was already shown.

Another widespread range of use of APP is the reduction of near-surface oxides to
suboxides. In this context, silicon suboxide (SiOy, where 1 < x < 2) is of great interest
for a number of applications due to its wide range of different possible optical and elec-
trical properties [joh66, phi71, sch82]. Recently, the use of APP for generating UV-
absorbing SiO-layers on fused silica (SiO) bulk material by chemical reduction was
reported [gerl2a]. The chemical reduction was achieved by applying a hydrogenous
APP jet (APPJ) at ambient temperature. In the present paper, related surface and near-
surface effects that are involved in such a plasma treatment are presented.

Experimental setup and experimentation

In this work, 5-mm thick fused silica samples made of Spectrosil 2000 from Heraeus
were investigated. For the plasma treatment of the samples, a coaxial DBD-based low-
potential APPJ was used [for05]. As shown in Fig. 4.7, this APPJ consists of a grounded
cylindrical inner electrode and an outer high-voltage ring electrode.

gas supply

K

{enD

inner electrode —
—{ v ]

glass tube —

ring electrode —

plasma

Fig. 4.7 Scheme of the used APPJ and plasma treatment

The dielectric separation of both electrodes is performed by a glass tube. Due to this
setup, the source provides a ring-shaped plasma jet with an outer diameter &, of 7 mm
and an inner diameter @&; of 5 mm. In order to realise a uniform plasma treatment, the
glass samples were placed on a motor-driven xy-linear stage. The resulting area of ho-
mogeneous treatment was 165 mm? with an overall treatment duration of 12 and 24
min, respectively. The distance d from the plasma jet outlet to the glass surface was
1 mm. For initialising the above-mentioned chemical reduction of the near-surface
fused silica layer, forming gas 90/10 (90% nitrogen, 10% hydrogen) with a purity of
99.8% was used as process gas. During the experiments, the APPJ source was driven at
a peak-to-peak voltage U, of 22 kV with a voltage pulse duration tyus of 0.8 ms and a
pulse repetition rate fyuse 0f 400 Hz. By applying the Lissajous figure method [man43,
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hel09], the plasma power can thus be determined to amount to 720 mW. Taking the
effective ring-shaped plasma area into account the plasma intensity amounts to

3.8 W/cm?.

Results and discussion
Transmission, reflexion and index of refraction

Both the transmission and the reflexion of the investigated fused silica samples were
measured before and after plasma treatment using an UV/VIS-spectrometer Lambda
650 from Perkin Elmer. As shown in Fig. 4.8, the plasma treatment led to a significant
absolute change of transmission A7 in the wavelength range of 190-410 nm.
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Fig. 4.8 Absolute change in transmission 4T and reflexion AR after 12 min of plasma treatment

This decrease in transmission indicates a generation of UV-absorbing SiOy due to the
plasma treatment which was also confirmed in previous work by secondary ion mass
spectroscopy (SIMS) measurements [gerl2a]. The maximum change of -4.28% is found
at approx. 200 nm. At this wavelength, the absolute change of reflexion 4R amounts to -
0.23%. In contrast to AT, the change of reflexion shows no continuous progression. Its
most significant changes are found at approx. 200 and 220 nm respectively. In the
measured wavelength range, the reflexion changes periodically with a maximum peak-
to-peak value of 0.26%. Thus, the main fraction of decrease in transmission which is
shown in Fig. 4.8 is not due to reflexion losses.

In previous work, the plasma-induced near-surface change in index of refraction 4n of
fused silica was estimated by determining the depth-dependent stoichiometric ratio
x = ColCs; of the concentrations C of both oxygen (O) and silicon (Si) and applying the
resulting ratio x to the Philipp’s interpolation formula [phi71]. With the aid of n’ =~ ¢,
this formula can be written as
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Nsio, & J(l_gj -Ng; +(§j'n5i02’ (4.9)

where ng; is the index of refraction of pure amorphous silicon and nsjo, is the index of
refraction of fused silica. For a 20-nm thick surface layer, which is within the range of
penetration depth of the evanescent field of an incoming measuring light beam, the av-
eraged change in index of refraction 4n,, at a wavelength 2 = 636.7 nm amounts to -
0.0549 according to Eq. (4.9). In order to verify this value, the plasma-induced change
in index of refraction 4An was determined by measuring the Brewster angle at
A =636.7 nm using an ellipsometer nanofilm_ep3se from Accurion. Here, a 4n of -
0.0547 was detected. The marginal difference of both 4n,, and 4n of approx. 3.6% can
be explained by measurement uncertainties of the used measurement equipment and
slight variations in homogeneity of the different fused silica samples. However, this
comparison exemplifies the reproducibility of the presented plasma treatment method
for reducing the near-surface glass layer.

As reported in previous work, such APP treatment allows a considerable reduction of a
near-surface layer within the fused silica bulk material. It was shown that after a plasma
treatment duration of 12 min, the stoichiometric ratio x at a depth of 10 nm was de-
creased from 2 to 1.875 [hof12]. Such modification was also signified by X-ray photo-
electron spectroscopy (XPS). Here, a continuous decrease in binding energy of the
Si(2p) peak was observed when increasing the plasma treatment duration.

Besides the near-surface reduction of SiO, to SiOy, the plasma treatment effects the im-
plantation of atomic hydrogen into the glass bulk material as confirmed by SIMS meas-
urements using a spectrometer Quadrupol 4550 from Cameca. Here, the acceleration
voltage of primary ions U, was 5 kV; the sputtered crater area was 0.0625 mm?2 with a
sputter depth of 660 nm. As shown by the concentration ratio of hydrogen of both
treated and untreated fused silica H/Hy in Fig. 4.9, the amount of hydrogen was con-
stantly increased by the plasma treatment.
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Fig. 4.9 Ratio of concentrations of hydrogen of treated and untreated fused silica
including linear fit (dashed line)
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In comparison to untreated fused silica, this increase amounts to approx. 34%. Such
increase contributes relevantly to the above-mentioned decrease in transmission since
implanted atomic hydrogen has a strong influence on the optical density of glasses
[lev85]. Comparative investigations were also performed using pure nitrogen as process
gas in order to consider the influence of the hydrogen involved in the used forming gas.
For this purpose, a comparable APPJ source, but with adjustable cone-shaped elec-
trodes, was applied in order to fulfil identical discharge conditions for the used gases
according to Paschen’s law. In the case of nitrogen, a significantly lower decrease in
transmission was observed (i.e. approx. 3.5-times lower at a wavelength of 193 nm after
a plasma treatment duration of 60 min), verifying the key function of hydrogen for the
presented modification process. In addition, the time-dependency of the described proc-
ess was investigated for both gases as shown in Fig. 4.10. Using forming gas as process
gas, a continuous increase in UV-absorption A was determined, gaining a maximum
saturation value Anax (193 nm) of approx. 45% after a plasma treatment duration of
98 min.
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Fig. 4.10 Calculated change in absorption 44, versus plasma treatment duration for different process gases:
forming gas 90/10 and nitrogen incl. ratio of both

It was shown that such plasma-induced decrease in transmission allows enhancing laser
machining results of fused silica. Due to the improved laser energy deposition into the
glass surface, which is explained by the plasma-induced increase in near-surface ab-
sorption, a high contour accuracy was achieved during ArF excimer laser ablation ex-
periments using a mask projection. Further, the peak-to-valley height Rz of the ablated
area was decreased by a factor of 2.3 whereas the ablation threshold was reduced by a
factor of 4.6 in comparison to pure laser ablation when applying a plasma pre-treatment.
It was shown that by a tempering process, the initial transmission characteristics of the
plasma-treated samples could nearly be reconstituted [brii12].
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Surface roughness

The above-mentioned non-continuous reflexion behaviour indicates a non-uniform sur-
face wrinkling caused by the plasma treatment. In this context, the roughness of both
the untreated and treated fused silica surfaces was measured using an atomic force mi-
croscope (AFM) easyScan 2 AFM from Nanosurf, applying a polynomial fit. For a
measured area of 110 x 110 um, the root mean squared roughness Rq of a treated sur-
face amounts to 32-33 nm, whereas untreated surfaces feature a Rq of 1.7 nm. This ref-
erence value corresponds to the typical surface roughness of an optically polished glass
surfaces. As shown by the comparison in Fig. 4.11, the AFM-measurements confirm a
non-uniform surface wrinkling due to the plasma treatment.

Fig. 4.11 AFM-topography maps of an untreated (left) and a plasma treated (right) fused silica surface

By sectioning the measured area and applying measuring zones of 10 x 10 um, ran-
domly distributed local roughnesses in the range from minimum 3.2 nm to maximum
112 nm were measured after plasma treatment. Thus, the measured non-continuous be-
haviour of reflexion after plasma treatment can be explained by the superposition of
both constructive and destructive interferences caused by plasma-generated surface
structures in the range of half and quarter the particular measuring wavelength. In some
areas, the surface topography of the treated fused silica surfaces features a preferred
orientation which can be explained by residues from the cleaning procedure. However,
the plasma-induced structures are statistically distributed. Due to the negligible electron
and ion densities of APPJs, this surface wrinkling is most likely not caused by ion bom-
bardment. For the presented setup, the gas temperature corresponds to ambient tempera-
ture of approx. 27°C. Since the softening point of Spectrosil 2000 amounts to approx.
1,600°C [her11], thermal effects can be excluded as well. Thus, the above-described
chemical reduction leads to an inhomogeneous modification of the surface topography.
Such surface wrinkling was already reported for the case of plasma oxidation processes
[sch09]. In the present case, the observed wrinkling appears to be an effect arising from
different reduction efficiencies for (a) the silicon dioxide sample material and (b) sur-
face-adherent contaminations as discussed in ‘‘Surface Cleaning’’ section.

Surface energy and strength

In order to verify the chemical reduction and the related increase in UV-absorption by
the plasma treatment, the polarity P of the glass surfaces before and after plasma treat-
ment was determined from the surface energy 7 and its polar fraction ys” according to
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p
p=’s (4.10)
Vs

These values were measured by applying the Owens-Wendt-Rabel-Kaelble method
[kae69, owe69]. Here, a contact angle measurement system G10 from Kruss was used.
As shown by the measured values in table 4.3, the polarity is decreased by approx. 30%
by the plasma treatment. This change verifies a chemical reduction as also observed by
SIMS in previous work [ger12a] since a decreased polarity is directly related to a lower
degree of oxidation.

Based on the surface energy measurements, the strength o of the fused silica samples
before and after plasma treatment was calculated by applying the Griffith’s equation
according to

: (4.11)

Here, E is the modulus of elasticity of Spectrosil 2000 (= 7 x 10* N/mm? [her11]) and d
the depth of cracks on the glass surface [pau91]. For the optically polished sample sur-
face, a typical crack depth of 30 nm was assumed. The calculated values are shown in
table 4.3. In addition to a reduction of both the surface energy and the polarity, the
strength of the glass sample is reduced by approx. 5%.

Table 4.3: Surface energy, polarity and strength of fused silica before and after plasma treatment

s (MJ/mM2) P o (N/m?)
Untreated 67.34 0.56 534.49
Plasma-treated 60.87 0.43 508.17

Surface cleaning

Besides the above-described phenomena, the plasma treatment also has a surface-
cleaning effect. By SIMS-measurements (Us. =1 kV), a significant plasma-induced
decrease of the concentration of carbon in the near-surface region was detected as
shown in Fig. 4.12.
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Fig. 4.12 Change of concentration 4C of both nitrogen and carbon due to the plasma treatment,
measured by SIMS

The slight increase of the near-surface concentration of nitrogen can be explained by
accretion from the used forming gas. However, by energy-dispersive X-ray spectros-
copy (EDX) using a scanning electron microscope (SEM) PSEM eXpress from Aspex, a

number of carbonaceous clusters of several microns in diameter were detected close to

the sample edge after plasma treatment as shown in Fig. 4.13.
100 pm

N
N

N

Fig. 4.13 SEM-image of the border area of a fused silica surface before (left) and after (right)
plasma treatment including carbonaceous clusters

Such clusters contribute to the above-mentioned increase in surface roughness. The

diminution of carbon on the glass surface seems thus to be due to a clustering of sur-
face-adherent carbon. In other regions of the sample’s border area, crystal-like alumin-
ium-containing and agglomerated carbonaceous contaminants were detected before
plasma treatment. After plasma treatment, these contaminants were removed as shown

by the comparison of the SEM-images in Fig. 4.14.

Es gilt nur fir den persénlichen Gebrauch.
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Fig. 4.14 SEM-image of the border area of a contaminated fused silica surface before (left) and after (right)
plasma treatment

Apparently, the plasma treatment effected a removal of residues of aluminium oxide
(Al,03), a well-established polishing agent for finishing optical glass surfaces [bli08],
which was remaining after the final polishing process of the fused silica surfaces. This
diminution could be explained by a reduction of Al,O3 to aluminium according to

AlLLO, +3H, — 2Al +3H,0, (4.12)
and/or
ALO, +H" — 2Al +3H,0, (4.13)

where electron-excited hydrogen molecules H, and excited atomic hydrogen H™ are
provided by the forming gas plasma and a subsequent removal of molecular aluminium
by the process gas flow. The possibility of such plasma-based reduction of Al,O3 was
already investigated in order to improve material characteristics [lyu00, rai70]. Any-
how, the efficiency of plasma-chemical reduction can be estimated to be significantly
lower in case of Al,O3 with respect to SiO, due to the considerable differences in bond
strength of both oxides. In terms of standard enthalpy of formation 4H;", this difference
amounts to a factor of 1.8 (4HP (SiO.)=-899.91 ki/mole; AH® (Al,0s)=-
1,632.85 kJ/mole [lid91]). The oxide-dependant degree of chemical reduction could
contribute to the observed increase in surface roughness since the randomly distributed
aluminium-containing residues show irregularly-shaped structures with some microns in
diameter (compare Fig. 4.14, left). As a result, the efficiency of reduction on the sample
surface is comparatively randomly distributed which is also confirmed by the random
distribution of local roughnesses as presented in ‘‘Surface Roughness’’ section. Gener-
ally, due to the high depth of penetration of the measuring electron beam that is used for
EDX, very thin films cannot be detected. On the basis of the extreme chemical reactiv-
ity of aluminium it can thus be assumed that a thin layer of aluminium oxide is remain-
ing on the glass surface.
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Conclusions

The measured decrease in transmission and the resulting increase in UV-absorption al-
low a higher coupling of laser irradiation into the fused silica surface. In addition, the
required energy for breaking the linkage of the fused silica surface is decreased due to
the plasma-induced surface activation as shown by the decrease of both the surface en-
ergy and the strength. In this context, the resulting surface wrinkling could be an advan-
tageous effect in order to obtain a higher coupling of laser energy into the glass surface
by multiple reflexions. In addition, the surface cleaning effect of the applied plasma
could be used for removing residues of polishing and cleaning agents from sensitive
UV-optics surfaces. Against this background, further experiments such as XPS and UPS
analysis will be performed in order to investigate this cleaning effect, and particularly
the presence of a thin aluminium oxide layer, as well as the surface modification in
more detail.
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4.2 Plasma treatment during simultaneous ablation

The effect of the plasma treatment which was applied during simultaneous plasma-
assisted laser ablation, introduced in chapter 3.2, was investigated for different optical
glasses and media. In contrast to the plasma pre-treatment as discussed in the previous
section, the treatment led to a considerable smoothing of rough surfaces [gerl3c].
Qualitatively, such smoothing was independent from the sample material and could also
be confirmed for ceramics in further work [ger13d]. It can thus be stated that a certain
selective material removal, i.e. the abrasion of roughness peaks, was obtained by the
used comparatively low-energetic argon plasma beam. Here, high electric field
strengths at these roughness peaks can be offered to be the underlying mechanism as
also supported by simulation results. The plasma-induced material removal is even in-
creased during simultaneous ablation as discussed later in chapter 6, most likely due to
further arising plasma-physical processes.

The observed plasma-induced smoothing presented in this section has considerable
relevance for the topic of the present work. Particularly with regard to an integrated
ablation process of optical glasses for the realisation of high quality (UV-) optical com-
ponents as suggested in chapter 8, surface smoothing is of great interest in order to
minimise scatter. By a further running of the plasma source for a short time (some min-
utes) after the actual simultaneous ablation process, the ablated area could be finished
applying the effect described in the following article.
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Polishing of optical media by dielectric barrier discharge inert gas plasma at at-
mospheric pressure

by C. Gerhard, T. Weihs, A. Luca, S. Wieneke, and W. Vidl,
published in Journal of the European Optical Society: Rapid Publications 8 (2013)
13081 (5pp)’

Abstract

In this paper, surface smoothing of optical glasses, glass ceramic and sapphire using a
low-power dielectric barrier discharge inert gas plasma at atmospheric pressure is pre-
sented. For this low temperature treatment method, no vacuum devices or chemicals are
required. It is shown that by such plasma treatment the micro roughness and waviness
of the investigated polished surfaces were significantly decreased, resulting in a de-
crease in surface scattering. Further, plasma polishing of lapped fused silica is intro-
duced. Based on simulation results, a plasma physical process is suggested to be the
underlying mechanism for initialising the observed smoothing effect.

Keywords

Atmospheric pressure plasma, polishing, optical glasses, glass ceramic, sapphire, scat-
tering

Introduction

For a number of high-end systems and devices such as laser sources, UV lithography
optics and high performance mirrors, precisely-shaped and -polished optics surfaces are
required. Against this background, precision polishing of relevant optical media is of
great interest in order to realise surface roughnesses in the nanometre or even angstrom
range. Such precision smoothing can be achieved by classical polishing using pitch
tools and a polishing agent, i.e. a suspension of water and fine abrasives [co090]. How-
ever, this technique is usually limited to spherical and plane surfaces. Polishing of glass
surfaces is also achieved by laser-induced heating above the glass transition tempera-
ture. As a result of the accompanying decrease in viscosity, material flow due to surface
tension mechanisms occurs [bue90]. Here, carbon dioxide (CO,) lasers are usually em-
ployed due to the improved energy coupling at glass surfaces at this particular laser
wavelength of 10.6 um. Beyond laser processing, atmospheric pressure plasmas (APP)
are suitable for thermally-induced polishing of rough glass surfaces. Paetzelt et al. re-
ported such polishing of fine ground fused silica by a microwave-powered APP jet
source where a mixture of argon and helium was used as process gas. Applying this
technique at a microwave power of 135 W, the surface arithmetic mean roughness Ra
was significantly decreased from 550 nm to 0.64 nm due to a surface heating to 1900 K
[pael3]. Polishing of glasses and silicon (Si) -based media in general at low temperature
can be performed by APP techniques using fluorine (F)-containing process gasses.
Here, material removal is achieved by chemical reactions according to

" Reproduced with kind permission from the European Optical Society.
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SiO, +4F — SiF, +0, (—2.1)
and
Si +4F — SiF,, (4.14)

respectively. Applying this technique, Zhang et al. accomplished smoothing of silicon
surfaces where a reduction from 2.39 to 1 nm (root mean squared roughness Rqg) and
1.76 to 0.63 nm (Ra) was achieved [zha08a]. A reduction in surface roughness was also
reported in the case of plasma jet machining of silicon carbide (SiC) surfaces [arn10].
Yao et al. and Jin et al. presented plasma machining of Zerodur® using a RF-excited
plasma jet at atmospheric pressure. It was shown that the surface roughness was
strongly dependent on the process parameters and in particular on the mixing ratio of
the working gas, SFs and O, [yaol0, jin10]. However, such plasma figuring methods
can provoke surface roughening due to inhomogeneous etching, an effect which was
also observed in the case of reactive ion etching (RIE) of pyrex glass [li01]. Such
roughening can be overcome by the choice of the applied gas mixture in order to miti-
gate the sputter effect of heavy ions from the inert gases [1i03a].

Against this background, atmospheric pressure plasma polishing of different technically
relevant optical media is presented in this contribution. Here, the goal was not to per-
form any surface figuring but to provide a novel technique for surface smoothing based
on a chemically neutral APP. In contrast to existing APP techniques, surface smoothing
was achieved at low temperature below 100°C and low power without applying any
reactive process gas mixtures.

Experimental setup and procedure

Plasma polishing experiments were performed on optically polished plane samples
made of fused silica Suprasil 3, boron crown glass BK7, glass ceramic Zerodur® and
sapphire. These materials are well-established and commonly used for the realisation of
high precision optical devices as for example, in case of fused silica and sapphire, UV
optics. In this context, precision polishing and finishing in the (sub)nanometer scale is
of great interest in order to reduce scattering and interreflection effects. For plasma pol-
ishing of these optical media, a dielectric barrier discharge (DBD) at atmospheric pres-
sure was applied using a rotational-symmetric cone-shaped plasma source [brill,
vit1l]. As shown in Figure 4.15, this plasma source consists of an internal high-voltage
(HV) electrode and an external ground (GND) electrode. The dielectric separation of
both electrodes was realised by the particular sample itself, where the effective dis-
charge gap desr was 21 mm.
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Fig. 4.15 Experimental setup for APP polishing of optical media

By the process gas flow, i.e. argon (Ar) 4.6 from Linde at a flow rate of 4 standard litres
per minute (sIm), a stable compressed plasma beam with an 1/e® diameter of approx.
200 um was formed within the discharge gap (compare inset in Figure 4.15). However,
the resulting plasma tracing point on the sample surface showed a surface discharge-like
behaviour due to an accumulation of charge carriers. This tracing point was several mil-
limetres in diameter, featuring a Gaussian rotation symmetric intensity distribution as
confirmed by high-speed camera measurements. During the experiments, neither the
plasma source nor the sample was moved. The plasma source was driven at a pulse
repetition rate f, of 7 kHz with an averaged plasma power P,, of 1.19 W. Taking the
applied plasma energy of 0.17 mJ for each HV-pulse train with a duration of approx.
80 us into account, the fluence per pulse within the plasma beam can be calculated to
amount to 540 mJ/cm?® As ascertained by spectroscopic measurements, the electron
temperature was approx. 1 eV. Plasma treatment was performed in steps of 30 seconds
up to a total treatment time of 90 seconds (boron crown glass, glass ceramic) and 150
seconds (fused silica, sapphire), respectively. For each step, both the arithmetic mean
roughness Ra and the root mean squared roughness Rq were measured by the use of an
atomic force microscope (AFM) easyScan 2 AFM from Nanosurf where the measured
area was 50 x 49.5 m%.

For comparison, plasma polishing using argon as process gas (flow rate = 0.9 slm) was
also performed on lapped fused silica surfaces. Here, the plasma beam diameter was
approx. 500 um whereas the effective discharge gap amounted to 14.5 mm. The fluence
per pulse was 15 mJ/cm?. Plasma treatment was carried out in steps of 10 minutes up to
a total treatment time of 60 minutes. In addition to the roughness parameters Ra and Rq,
the transmission T was measured after each step using an UV/VIS-spectrometer
Lambda 650 from Perkin Elmer.

49

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den persénlichen Gebrauch.



Plasma Treatment of Optical Glasses

Results

By the plasma treatment as described above, significant topographic surface modifica-
tions of the investigated optical media were achieved. As shown in Figure 4.16 and
listed in table 4.4, Ra was continuously decreased with increasing plasma treatment du-
ration. The same effect was observed for Rq.

4 boron crown glass
@ fused silica

7 | | - glass ceramic
@ sapphire

0 25 50 75 100 125
toiasma IN SECONAS

tosma = 0 S€C. toiasma = 150 s€C.
11.2nm 11.2nm
50um 50pm

Opm Y

49.5um Opm 49 5um Opm

Fig. 4.16 Arithmetic mean roughness Ra of different optical media vs. plasma treatment duration tssma includ-
ing 3D AFM views of polished fused silica at tyjasma = 0 (left) and 150 (right) seconds

Table 4.4: Absolute change A in arithmetic mean roughness Ra and maximum depth of waviness wy after par-
ticular overall plasma treatment duration

ARa (%) Awg (%)
boron crown glass -17.9 -31.6
fused silica -18.6 -81.3
glass ceramic -27.2 -69.8
sapphire -20.9 -38.8

Such surface smoothing of optical glasses was already observed in previous work where
the same plasma source and treatment procedure was applied to barite crown glass N-
BaK4 and heavy flint glass SF5. After a plasma treatment duration of 60 seconds, Ra
was reduced by 7.8% (N-BaK4) and 59.7% (SF5), respectively [gerl2b]. Generally, a
reduction in surface roughness comes along with a decrease of the surface contact an-
gle, corresponding to an increase in total surface energy ys [law99]. Against this back-
ground, ys was measured using a Contact Angle Measurement System G10 from Kriss.
For instance, ys of fused silica was increased from 68.66 mJ/m? to 72.69 mJ/m? (i.e.
+5.9%) after a plasma treatment duration of 60 seconds, verifying the observed surface
smoothing at this instant of time (4Ra =-9.9% and 4Rq = -7.5%). Moreover, no men-
tionable change in the polar fraction of the total surface energy was detected. Since this
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parameter is directly related to the molecular structure and orientation of near-surface
bonds within the sample bulk material it can thus be stated that no modification in
chemical and, as a consequence, optical properties occurred due to the plasma treat-
ment.

In addition to the roughness parameters, the waviness w as well as the maximum depth
of waviness wy was extracted from the AFM profiles using the evaluation software
Gwyddion from the Department of Nanometrology of the Czech Metrology Institute.
Here, the measuring length lneas was 70 um, i.e. the diagonal of the overall measured
area. As also observed in the case of roughness parameters, the depth of waviness of the
investigated optical media was reduced continuously by the plasma treatment as shown
in Figure 4.17.

5
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300 | =
| ! E1 -
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Fig. 4.17: Maximum depth of waviness wd of different optical media vs. plasma treatment duration tyjasma,
inset: example for waviness w of polished fused silica at tyjasma = 0 and 150 seconds vs. measuring length lyeas

According to DIN 4760, the surface roughness is a 3" and 4™ order irregularity of form
whereas the waviness represents a 2" order form deviation. It can thus be stated that as
a result of the plasma treatment not only high order but also low order irregularities
were decreased as listed in table 4.4.

For comparison, plasma polishing was also carried out on lapped fused silica surfaces
with a comparatively high initial surface roughness. As shown in Figure 4.18, a consid-
erable decrease in surface roughness was achieved by such plasma treatment. Conse-
quently, the transmission T was progressively increased.
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Fig. 4.18: Comparison of the arithmetic mean roughness Ra and the transmission T (4 = 193 nm) of a lapped
fused silica sample vs. plasma treatment duration tyasma including 3D AFM views of lapped fused silica at
toiasma = O (left) and 60 (right) minutes

The increase in transmission as a result of the reduction of diffuse reflection on the
rough fused silica surface is further supported by the measured decrease in waviness by
a factor of 4.8 after a plasma treatment duration of 60 minutes. The observed decrease
in both surface roughness and waviness of polished and lapped surfaces clearly indi-
cates a selective material removal of roughness peaks and contour maxima by the
plasma treatment.

Discussion

In previous work, the heating of a glass sample surface exposed to the used plasma
beam was measured using an infrared camera VarioCAM® from InfraTec/Jenoptik.
Here, a surface temperature of 88°C was determined [grel3]. Since this temperature is
significantly below the softening temperature of the investigated media, thermal
smoothing due to surface melting (which is the underlying mechanism in the case of
laser-induced surface smoothing) can be excluded in the present case. The presented
method thus differs significantly from thermal APP jet polishing as reported by Paetzelt
et al. [pael3] (compare introduction section). The observed decrease in surface rough-
ness and waviness is rather explained by plasma physical effects. In principle, the con-
centration of argon plays an important role for plasma etch mechanisms. Li et al.
showed that during etching of fused silica by the use of fluorine-based plasmas, an in-
crease in argon concentration allows increasing the etch rate [1i03b]. For pure silicon,
Coburn and Winters observed certain etching by pure argon ion bombardment [cob79].
Against this background, the presented surface smoothing using argon as inert process
gas can be explained by different mechanisms: First, a slight argon ion bombardment by
reason of the formation of plasma sheath at the sample surface, resulting in an accelera-
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tion of ions towards the surface [lan23], can contribute to material removal. Second,
material removal can be due to the de-excitation of excited argon and metastable argon
species and an accompanying energy transfer to the sample surface. Here, the possible
underlying effects are electron quenching, two- and three-body collisions with argon
atoms and Penning ionisation at the sample surface [gerl2b]. The existence of such
species in the near-surface area can most likely be assumed due the direct plasma igni-
tion on the substrate based on electron excitation and ion-impact excitation in the
plasma sheath close to the sample surface [bag05] and/or resonant neutralisation. In the
last case, argon metastables are provided as a result of the recombination of argon ions
with the negative surface charge on the dielectric sample [niel2]. However, both ef-
fects, ion bombardment and de-excitation of argon species, should result in an almost
uniform material removal. Due to the selective removal of surface texture maxima it can
thus be assumed that the plasma discharge causes high electric field strengths at rough-
ness peaks, initialising the observed erosion effect. This assumption was confirmed by a
simulation of the distribution of the electric field strength on a rough dielectric surface
within a parallel-plate capacitor, which is an appropriate model for the plasma discharge
used in the present work. Such simulation was performed using the COMSOL Mul-
tiphysics software. The simulated dielectric was fused silica with different micro vol-
ume elements (i.e. hemispheres with radii r in the range from 1 to 100 nm and a py-
ramidal peak with a height h of 150 nm and a point angle « of 30°), representing the
roughness and waviness profile. As shown in Figure 4.19, the highest electric field
strengths are found on the top of the particular volume elements whereas low electric
field strengths occur within the valleys in between roughness peaks and surface texture
maxima, respectively.
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Fig. 4.19 Qualitative distribution of the electric field strength on a dielectric surface (bottom)
with micro volume elements (top)
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This simulated behaviour confirms a selective material removal of maxima at rough and
wavy surfaces. An increase in electric field strength due to an increased electrode sur-
face roughness, initialising an additional potential, was also already reported by Zhao et
al. on the example of a parallel-plate capacitor [zha99b]. The above-presented surface
smoothing of polished optical media has a considerable impact on surface scatter char-
acteristics. Basically, the amount of light scattered at a technical surface can be calcu-
lated from its root mean squared roughness Rq by applying the total integrated scatter
(TIS) which is given by

47-Rq-cosAOI )2
TISzl—e_( =) . (@19

Here, AOI is the angle of incidence of the incoming light and 2 its wavelength [ben61].
As an example, at perpendicular incidence (AOI = 0) and a wavelength of 546 nm, TIS
was reduced by a factor of 1.08 (boron crown glass), 1.17 (fused silica), 1.62 (glass ce-
ramic) and 1.38 (sapphire), respectively, after a plasma treatment duration of 60 sec-
onds. Regarding the quality of imaging optics, such decrease in surface scattering gen-
erally improves the contrast ratio. The observed decrease in waviness further contrib-
utes to a reduction of blurring. As a result of these plasma-induced surface effects, the
modulation transfer function (MTF) of an optical system could be improved by the pre-
sented method. Moreover, image distortions could be mitigated in consequence of the
diminution of form deviations.

Conclusions

The presented low-power plasma polishing technique allows a considerable surface
smoothing of different optical media of high technical relevance. In the case of polished
surfaces, a reduction in surface roughness by approx. 18-28% was achieved. In contrast
to other precision polishing techniques using lasers or hot plasmas, surface smoothing is
not induced by heating. Thermally-induced disturbing effects such as stress birefrin-
gence are thus avoided. The presented method could be applied for post-processing and
finishing of high-end optics after precision figuring, for example by RIE or ion beam
etching (IBE) methods in order to reduce surface scattering. However, relatively high
final roughness values were achieved in comparison to other techniques which are
based on thermally-induced mechanisms. Further, the observed removal of roughness
peaks approaches a certain saturation which can be explained by the smoothing process
and the accompanying increasing uniformity of the electric field strength distribution. In
ongoing work, the variation of crucial plasma parameters will thus be investigated in
order to improve the process efficiency and to evaluate the limits of this method. Here, a
continuous and regulated increase in voltage during the plasma polishing process is of
essential interest to maintain the required high electric field strengths on the top of the
continuously shrinking roughness peaks and waviness maxima. Owing to the advantage
of a negligible substrate heating due to the used dielectric barrier discharge, which is
commonly referred to as a cold plasma, the treatment of temperature-sensitive optical
media and materials such as coatings is made possible by the presented method. The
smoothing of such surfaces will be investigated in the near future.
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5

Sequential Plasma-Assisted Laser Ablation

In this chapter, the impact of plasma pre-treatment as introduced in section 4.1 on sub-
sequent laser ablation of glasses is presented. The main advantages of such sequential
plasma-assisted laser ablation, i.e. a reduction in ablation threshold, form error, surface
roughness and the mitigation of debris are shown and discussed.

The plasma-induced changes in optical properties, and especially the increase in absorp-
tion as presented in section 4.1, have a strong impact on subsequent laser ablation of
plasma pre-treated glasses. Such sequential plasma-assisted ablation, hereinafter called
segPAA, was performed on fused silica and heavy flint glass. For this purpose, appro-
priate laser wavelengths were chosen depending on the transmission characteristics of
the particular glass.

In the case of ablation of fused silica at a laser wavelength of 193 nm, the ablation
threshold fluence was significantly decreased in relation to pure laser ablation. Further,
both the contour accuracy and the roughness of the ablated areas were increased [briil2,
hof12]. A reduction in the ablation threshold and an increased contour accuracy were
also observed in supplementary work where seqPAA of fused silica was performed at a
laser wavelength of 266 nm (4™-harmonic Nd:YAG solid state laser) [ger12c].

Another expedient effect of seqPAA is the mitigation of debris which was observed in
the case of heavy flint glass at a laser wavelength of 355 nm. Even though the plasma
pre-treatment resulted in a slight decrease in transmission in comparison to fused silica,
the contour accuracy of the ablation spots was also notably increased. These results
were published in the research articles embedded in this chapter.

These observed enhancements can be explained by the above-discussed plasma-induced
effects discussed in section 4.1, i.e. the formation of UV-absorbant silicon suboxide, the
implantation of hydrogen and a surface roughening, giving rise to an improved coupling
of laser irradiation into the glass surface during the first few laser pulses. However, the
ablation rate during segPAA was found to be constant for higher numbers of pulses (up
to 35) and approx. 1.5-times higher than in the case of untreated fused silica. This be-
haviour indicates the importance of implanted hydrogen in deeper regions of the bulk
material to the ablation process and can be explained as follows:

In supplementary, previously unreleased work in cooperation with the Laser Laborato-
rium Géttingen e.V and the Fraunhofer Institute for Surface Engineering and Thin Films
IST, SIMS was performed on the bottom of ablated spots on both plasma pre-treated
and untreated fused silica. It was found that in the first case, a suboxiadial layer with an
averaged O/Si-ratio of 1.44 and a thickness of approx. 80 nm was formed after each
laser pulse. In contrast, this effect was marginal for untreated fused silica, where O/Si
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was 1.92. It can thus be assumed that the implanted hydrogen acts as reaction partner
for oxygen from the network-forming silicon dioxide, where the chemical reaction is
provoked by laser-induced heating. As a result, an UV-absorbing suboxidial layer is
formed by each single laser pulse, facilitating the coupling of the following laser pulse.

Such successive formation of SiOy also impacts laser ablation using infrared picosecond
laser irradiation as observed in supplementary, un-published work in in cooperation with
Trumpf GmbH & Co. KG. Here, seqPAA was carried out on fused silica employing an
Yb:YAG laser with a pulse duration of 6 ps and a wavelength of 1030 nm. In compari-
son to pure fused silica, higher ablation rates were obtained by seqPAA. However, no
plasma-induced increase in absorption was observed at this wavelength. An enhanced
evaporation-based ablation mechanism by a pure increase in absorption and the accom-
panying improved heating of the sample material (as in the event of nanosecond abla-
tion) can thus be excluded as the main underlying effect. The increase in ablation depth
rather turns out to be due to the comparatively short pulse duration. As introduced in
section 2.2, ultra-short pulse laser ablation is described by a two-temperature model. For
the first step of this model, i.e. the interaction of the incoming laser pulse and the elec-
trons of the substrate material, the band gap of the sample material is of essential im-
portance, where the required laser energy for material removal is reduced for lower
band gaps [gat08]. As a result of the chemical composition of silicon suboxide, its band
gap is lower than in the case of silicon dioxide. For instance, Bar-ranco et al. reported
particular band gaps of 3.8 eV for SiO;3, 4.4eV for SiO;5 5.0eV for SiO.7, and
8.7 eV for SiO, [bar05]. It can thus be stated that in the case of picosecond ablation, the
observed increase in ablation depth is most likely due to the plasma-induced chemical
reduction of the near-surface bulk material region and the accompanying lowering of its
band gap.
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Hybrid laser-plasma micro-structuring of fused silica based on surface reduction
by a low-temperature atmospheric pressure plasma

by S. Brickner, J. Hoffmeister, J. Ihlemann, C. Gerhard, S. Wieneke, and W. Vidl,
published in Journal of Laser Micro/Nanoengineering 7 (2012) 1, 73-76®

Abstract

In this contribution, we report on a novel hybrid laser-plasma method for material proc-
essing applications. This method is based on the combination of both an ArF excimer
laser (A = 193 nm) and a low-temperature atmospheric pressure plasma jet source for the
chemical reduction of glass surfaces. Here, a hydrogen-containing plasma gas was ap-
plied. Due to the layer of silicon suboxide that is generated in this vein, the absorption
of the incoming machining laser beam is significantly increased after 15 minutes of
plasma-treatment. Several machining experiments in terms of front-side ablation were
performed on fused silica. Here, both pure and plasma-treated surfaces were ablated
using single laser pulses with a pulse duration of 20 ns. By introducing the presented
hybrid technique, the ablation threshold for micro-structuring was reduced significantly
by a factor of 4.6 whereas the peak-to-valley height Rz of the machined area was de-
creased by a factor of 2.3. Further, back-side ablation using the presented method was
considered. By a terminal tempering process, the initial transmission characteristics of
fused silica can be reconstituted.

Introduction

Due to its specific properties, fused silica is a well-established and suitable optical me-
dium for the production of a variety of optical components such as UV-transparent op-
tics, semiconductor devices and integrated micro-optical elements. Regarding laser
based methods for the manufacture of such components, material removal of fused sil-
ica and glasses in general can be achieved by several techniques such as laser ablation
using UV-, IR- or NIR-laser radiation [ihl192b, ger08, bue90], or laser induced backside
wet etching [wan99, sat10]. Further, laser induced etching techniques introducing UV-
absorbing films such as toluene [zim04] and carbon [b6h06a] or laser induced plasma-
assisted ablation [zha98a] can be applied. Beyond, an indirect processing method of
fused silica surfaces consists of the vacuum deposition and laser structuring of UV-
absorbing silicon suboxide layers (SiOx) and their subsequent oxidation to SiO,
[schO5b]. Also, since fused silica consists of pure silicon dioxide (SiOy), its surface can
be directly reduced to silicon suboxide (SiOy, where 1< x <2) or silicon monoxide (SiO)
by applying hydrogenous gases at high temperatures [ts082].

The presented hybrid laser-plasma removal method is based on the surface reduction of
fused silica by a low-temperature atmospheric pressure plasma and a subsequent laser
ablation. To our best knowledge, this is the first work on surface processing of fused
silica using such a plasma source. In contrast to the pulsed laser deposition method
(PLD) [lac03] or the deposition of metastable silicon suboxide by vacuum evaporation
[schO5b], the introduced plasma generates atomic hydrogen from the used forming gas

8 Reproduced with kind permission from the Japan Laser Processing Society.
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which directly generates a suboxidal layer onto the fused silica substrate. This effect
allows a significant decrease in required energy for laser ablation of fused silica.

Experimental setup and experimentation

For the plasma-treatment of the investigated 2 mm-thick fused silica samples, a low-
temperature potential-free atmospheric pressure plasma jet “kinpen 09” from neoplas
tools GmbH was applied. The plasma source was directed perpendicular onto the sam-
ple’s surface. During the plasma-treatment, the samples were moved by a xy-linear
stage. The working distance of the plasma jet nozzle to the fused silica surface was
1 mm. In order to initialise the reduction process, forming gas 90/10 (consisting of 90%
nitrogen and 10% hydrogen) was used as working gas. The treatment time at each point
of the sample surface was varied in the range from 0 to 15 minutes with a gas flow rate
of 25sIm. After 5 and 15 minutes, transmission spectra (including reflexion losses)
were taken in order to verify the reduction progress with respect to a pure fused silica
sample.

The subsequent laser ablation was performed after a maximum plasma-treatment dura-
tion of 15 minutes using an ArF excimer laser “LPX 315” from Lambda Physik
(=193 nm). By an optical setup, consisting of two convex lenses (f; =750 mm,
f, =100 mm), a mask imaging was realised in order to image a diaphragm on the fused
silica sample’s surface as shown in figure 5.1.
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Fig. 5.1: Schematic and functional principle of the setup for plasma pre-treatment
and subsequent front-side ablation of fused silica

The aperture of this diaphragm was 3 mm. The demagnification was about 15-times,
leading to an irradiated spot of about 200 um in diameter on the front-side of the sam-
ple. In addition to this standard front-side configuration, some experiments in the back-
side configuration (where the beam passes through the sample and the image plane is on
the back-side [ihI92b]) have been carried out.
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In order to investigate the influence of the plasma-treatment on the machining proper-
ties of the fused silica surface, the fluence threshold @y, for substrate ablation of both
treated and untreated reference surfaces was determined by applying a series of single
laser pulses with increasing energy. The pulse duration t was 20 ns. Following, ablation
experiments were performed just above the particular ablation threshold.

Results and discussion

By applying the plasma-treatment, the transmission of the investigated fused silica sam-
ples was reduced significantly as shown in figure 5.2.
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Fig. 5.2: Transmission spectra of a pure fused silica sample (solid line) and after plasma-treatment for
5 min (dashed line) and 15 min (dotted line)

In comparison to a pure fused silica sample, the transmission at the wavelength of the
used laser of 193 nm was reduced by a total percental value of 5.8% after 5 minutes and
14.1% after 15 minutes plasma-treatment.

For front-side ablation of pure fused silica using a single laser pulse with a pulse dura-
tion of t =20 ns, an ablation threshold of 6 J/cm? was determined. In comparison, the
plasma-treated surfaces show a significant decrease in required fluence for ablation due
to the increased absorbance by means of the reducing-acting forming gas. Here, front-
side ablation was already achieved at a fluence of 1.3 J/cm2. Hence, the ablation thresh-
old was reduced by a factor of 4.6 by applying the plasma-treatment. Further-more, dis-
turbing effects such as micro-cracks and melt are avoided in this vein. The resulting
geometry was measured using a confocal scanning microscope “PLu2300” from Senso-
far as shown in figure 5.3.
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Fig. 5.3: Isometric projection (above) and cross-section (below) of pure (left) and plasma-treated (right)
fused silica surfaces after single pulse front-side ablation near the particular ablation threshold
(6 J/cm2 left, 1.8 J/cm? right)

In addition to the above-mentioned reduction of ablation threshold, the peak-to-valley
height Rz of the plasma-treated machined area (Rz = 34.7 nm) is reduced by a factor of
2.3 with respect to pure laser ablated fused silica, where Rz =79.8 nm. As shown in
figure 5.4, in the case of the plasma-treated surface, the complete irradiated spot of
about 200 um diameter is ablated with a smooth surface and perfect contour accuracy
according to the mask diaphragm. In contrast, for the untreated surface, the ablated area
looks quite porous and does not fill the complete irradiated spot.
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Fig. 5.4: Microscope image of the pure (a) and plasma-treated (b) fused silica sample after front-side ablation
with a single pulse near the particular ablation threshold (6 J/cm? left, 1.8 J/cm? right)

In comparison to pure laser ablation, a lower ablation depth is achieved by the presented
laser-plasma hybrid method. However, this enables precise control of the ablation pro-
file by fine adjustment of the fluence.

Furthermore, a comparison of both front-side and back-side ablation of plasma-treated
fused silica surfaces was carried out. Whereas single pulse back-side ablation of un-
treated samples is not possible with this setup, because ablation starts already at the
front-side at the required high fluence, for single-pulse back-side ablation of plasma-
treated samples at 1.3 J/cm?, a higher removal rate was observed. Figure 5.5 shows both
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an isometric projection and cross-section of an ablated spot at the back-side of the sam-
ple.
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Fig. 5.5: Isometric projection (left) and cross-section (right) of a plasma-treated fused silica surface after
single pulse back-side ablation at a fluence of 1.3 J/cmz.

Compared to front-side ablation, where the depth of ablation d was 45 nm, the depth of
ablation was increased by a factor of 3.9 in the case of single-pulse back-side ablation at
a fluence of 1.3 J/cm? (d = 175 nm). Comparable increases were also found for higher
fluences as shown by the corresponding ablation depths in figure 5.6.
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Fig. 5.6: Ablation depth vs. fluence for both front-side and back-side single-pulse ablation
of plasma-treated fused silica

In addition, for back-side ablation, the peak-to-valley height Rz of 14.5 nm is 2.4 times
lower in comparison to single-pulse front-side ablation at a fluence of 1.3 J/cm2. Such
significant differences in front- and back-side ablation were already observed in previ-
ous work and could be explained by the attenuation of the ablating laser pulse by the
plume of the removed material, which is only effective for front side irradiation
[ih192b]. In the case of ablation at higher number of pulses, the ablation depth increased
linearly. When applying 35 laser pulses at 2.4 J/cm?, an ablation depth of approx. 11 um
was achieved, still featuring good machining quality.

After the micro-structuring, the transmission can be increased by a tempering process.
For this purpose, the sample was tempered at 1000°C in air for inducing a reoxidisation
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of the plasma-treated layer. As shown in figure 5.7, the transmission at 2 =193 nm
amounts to 83.8% after 24 hours and 86.8% after 48 hours of tempering.
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Fig. 5.7: Transmission spectra of a plasma-treated fused silica sample (dotted line) after 24 hours (dashed line)
and 48 hours (solid line) of tempering

In comparison, a transmission of 88.4% at A =193 nm was measured for the pure, un-
treated fused silica sample at the beginning. Thus, almost the initial transmission char-
acteristics can be reconstituted in this vein.

Conclusion

In terms of front-side ablation, the presented hybrid laser-plasma micro-structuring
method allows a significant decrease of required fluence for ablation of fused silica by a
factor of 4.6. In addition, a significant enhancement of the contour accuracy of the im-
aged mask was observed. Further, the resulting peak-to-valley height Rz of the ma-
chined area is reduced by a factor of 2.3. The depth of ablation is reduced by 20% in the
case of laser-plasma single-pulse ablation.

The resulting surface roughness was furthermore reduced by applying back-side abla-
tion. Here, a higher removal rate was obtained additionally.

By a terminal tempering, the plasma-treated samples can be re-oxidised, almost result-
ing in the initial transmission characteristics. Thus, this technique offers a novel and
economic alternative for the manufacture of high-precision micro-structures in fused
silica substrates. Further improvement could be achieved by introducing a laser beam
homogeniser to the presented optical setup.
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Laser micro-structuring of fused silica subsequent to plasma-induced silicon
suboxide generation and hydrogen implantation

by J. Hoffmeister, C. Gerhard, S. Brtickner, J. Ihlemann, S. Wieneke, and W. Vidl,
published in Physics Procedia 39 (2012) 613-620°

Abstract

A low-temperature atmospheric pressure plasma jet was used for chemical reduction of
fused silica. For this purpose, a hydrogen-containing plasma was applied. A silicon
suboxide layer was generated and hydrogen was implanted into the bulk material.
Changes in stoichiometry, concentration of hydrogen and optical transmission were
determined. An ArF excimer laser was used for the ablation of untreated and plasma-
treated fused silica. The ablation threshold was significantly decreased by a factor of 4.6
in case of plasma treated substrates. Furthermore, in multi-pulse experiments, the abla-
tion rate remained constant at least up to a depth of 10.5 um.

Keywords

hybrid laser-plasma technology; atmospheric pressure plasma; fused silica; silicon
suboxide; micro-structuring

Motivation

Fused silica is an important material for semiconductors technology, UV-transparent
optics and integrated optical components. For laser-based processing of this material,
wavelengths from the UV to the IR spectral range are used [ihI92b, ger08, bue90].
However, the high UV-transparency limits the possibilities of laser manufacturing. In
addition to direct processing methods that require high energy densities on the substrate
surface or UV-absorbing layers, further indirect methods are in hand as for example
laser induced backside wet etching [wan99, sat10] and laser-induced plasma-assisted
ablation [zha98a]. Direct and indirect laser ablation can be performed on silicon subox-
ide (SiOx, where 1 < x < 2) layers that are deposited by pulsed laser deposition (PLD)
[lac03] or by vacuum deposition on fused silica substrates [schO5b]. When the suboxide
layer is used for indirect ablation, its strong absorption is utilized for enhanced energy
coupling into the substrate. As a result, ablation of UV-transparent fused silica is
achieved [ihl08]. In case of direct ablation, only the suboxide layer is ablated. After the
ablation process, the suboxidal layer can be re-oxidised at temperatures around 1000°C
[schO5b]. The laser plasma hybrid technology described in the present work is based on
the formation of a silicon suboxide layer in the near-surface region of fused silica sub-
strates [tso82]. For this purpose, the fused silica is reduced to silicon suboxide by apply-
ing a forming gas plasma (10% hydrogen and 90% nitrogen). In contrast to the above-
mentioned deposition techniques, the introduced plasma generates atomic hydrogen
from the forming gas which directly generates a suboxide layer at the fused silica sur-
face and additionally implants hydrogen into the bulk material. As plasma source, a
low-temperature atmospheric pressure plasma jet is used. Beside an increased ablation
rate, the required fluence threshold for laser ablation of plasma-treated fused silica is

° Reproduced with kind permission from Elsevier.
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reduced significantly in comparison to untreated fused silica [briil2]. The presented
method thus allows ablation of fused silica at lower laser energies, resulting in both an
advanced ecological efficiency and costs reduction for production. Further advantages
are the increase of ablation rates and diminution of chemical operating supply items
compared to a number of other hybrid laser-based micro-structuring techniques. In
comparison to lithographic processes, the ablation process is faster. In this context, the
laser plasma hybrid technology enables a versatile processing since no complex proce-
dures using etch masks etc. are required.

Experimental setup and procedure

Fused silica samples with a thickness of 2 mm were treated by a rf-excited potential-
free atmospheric pressure plasma jet (1.1 MHz, 2-6 kV,, input power 8 W). The
plasma jet outlet was placed at a distance of 1 mm to the fused silica surface. For the
plasma-treatment, the samples were moved by a xy-linear stage. A schematic of the
setup for plasma-treatment is shown in figure 5.8. The fused silica samples were treated
with forming gas 90/10, resulting in both a reduction of SiO, to SiO4 and the implanta-
tion of atomic hydrogen. The total processing rate was 10 mmz2/h. The specific process-
ing time at each point of the sample was varied from t = 0 to 15 minutes, in steps of one
minute. After 5 and 15 minutes, transmission spectra in the wavelength range from
190 nm to 800 nm were measured using a UV/VIS/NIR spectrometer Lambda 19 from
Perkin Elmer. Further, secondary ion mass spectroscopy (SIMS) measurements were
performed by using a Quadrupol SIMS 4550. For restoring the initial optical properties,
the plasma-treated samples were tempered at 1000°C in a tempering oven for 24 h and
48 h, respectively. By such tempering, the samples are re-oxidised to SiO..

atmosperic pressure  gjo.  §j09 xy-linear stage
plasma jet o/

X

forming gas 'E-

y
fused silica

substrate

Fig. 5.8: Schematic and functional principle of the setup for plasma-treatment of fused silica samples by using
an atmospheric pressure plasma jet

After a plasma-treatment of 15 minutes, the samples were ablated using an ArF-laser
LPX 315 from Lambda Physik (1 =193 nm) with a pulse duration of =20 ns. The
beam path used for this purpose was a mask projection as shown in figure 5.9, consist-
ing of an iris diaphragm, two convex lenses (f; = 750 mm and f, = 100 mm) and a beam
splitter. Two energy detector heads behind the sample (sample removed) and the beam
splitter were used for measuring the laser energy during laser ablation. The iris aperture
was set to a diameter D of 3 mm. This configuration results in ablation spots on the sur-
face of 200 um. The treated samples were ablated at rear-side and front-side, respec-
tively. As a reference, an untreated substrate was ablated.
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Fig. 5.9: Subsequent front- and rear-side ablation of fused silica at 193 nm

The ablation threshold was determined by applying single pulses with an increasing
fluence onto the sample surface. In addition, subsequent series of tests were carried out
by increasing the number of pulses at constant fluence.

Results and Discussion

Figure 5.10 shows the transmission T at a wavelength of 193 nm which is significantly
reduced after plasma-treatment with forming gas. After a processing time t of 5 minutes,
a transmission T of 84.7% £ 1.7% was obtained. In comparison to an untreated fused
silica sample, which was used as reference, the transmission is reduced by 4.4% + 1.7%.
For further plasma treatment of 10 minutes in duration, the transmission of the samples
was decreased to 78.4% * 3.9% which is 10.7% * 3.9% lower than the transmission of
an untreated sample. Such reduction in transmission is due to the formation of a subox-
ide layer and additional hydrogen implantation into the glass bulk material. Tempering
at 1000°C led to a transmission of 87.5% + 2.9% after 24 hours. After 48 hours of tem-
pering, the plasma-treated samples had regained a transmission of 87.9% + 0.9% at a
wavelength of 193 nm.
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Fig. 5.10: Transmission spectra of untreated, plasma-treated and tempered fused silica samples at 193 nm
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Plasma-treated samples were also investigated by SIMS. Here, the acceleration voltage
of primary ions was adjusted to 5 kV. The occurring crater had a depth of d = 660 nm
and an area of A =0.0625 mm?2. Figure 5.11 shows the measured concentration of hy-
drogen within the first 700 nm of the bulk material. The linear fit-functions have been
added for better clarification. In comparison to untreated substrates, the concentration of
hydrogen of plasma-treated substrates was increased by 33% for the measured depth.
Hydrogen strongly influences the characteristic parameters of glasses [lev85, hic60,
kit62, bol83]. For instance, a hydrogen mass concentration of 0.001% changes the index
of refraction by approx. 1-10°. The hydrogen-induced effect can also be assumed to
occur at a depth of several millimetres inside the bulk material because of the high dif-
fusivity of atomic hydrogen [lev85]. Due to the implantation of hydrogen, the absorp-
tion coefficient is increased. Thus, the laser ablation threshold for plasma-treated sub-
strates can also be reduced.
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Fig. 5.11: Depth-dependent concentration of hydrogen of untreated and plasma-treated fused silica

Further, a modification of the near surface layer of fused silica is achieved by the
plasma treatment. By SIMS measurements, a change in the surface stoichiometry was
observed [gerl2a]. Figure 5.12 shows the measured stoichiometry ratio of silicon and
oxygen determined at an acceleration voltage of primary ions of 1 kV. Here, the accel-
erating voltage of primary ions was reduced in order to increase the resolution to detect
near-surface changes in stoichiometry. The behaviour in stoichiometry of the first
10 nm of the plasma-treated fused silica can be explained by surface contaminants and a
certain depth required for obtaining a sputter equilibrium for all involved atomic spe-
cies. At a depth of 10 nm, the stoichiometry decreases from 2.0 to 1.875. This indicates
a silicon suboxide bonding. At increasing depth, the distribution of stoichiometry in-

creases and approaches the stoichiometry of untreated fused silica at a depth of approx.
50 nm.
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Fig. 5.12: Measured (dots) and fitted (solid line) stoichiometry ratio of silicon and oxygen of
plasma-treated fused silica

Both untreated and plasma-treated (15 min) fused silica samples were laser ablated un-
der variations of the fluence. The ablation experiments were carried out at front-side
and rear-side using single pulses. Figure 5.13 shows the front-side ablated spot of an
untreated sample at a fluence of 6 JJcm2 The isometric image and the profile were
measured by a confocal scanning microscope “Plu2300” from Sensofar.

Diameter in ym

Fig. 5.13: (a) Isometric presentation; (b) cross-section; (¢) microscope image of a single pulse ablated spot on
untreated fused silica at a fluence of 6 J/cm?

For laser ablation of plasma-treated substrates, the ablation threshold amounts to
1.3 J/cm? in the case of both, front-side and rear-side ablation. The rear-side ablation
threshold of untreated fused silica could not be determined using the presented setup
since front-side ablation took place simultaneously due to the energy density required
for rear-side ablation of an untreated sample.

The ablation threshold was reduced by a factor of 4.6 for plasma-treated substrates. Fur-
ther, the peak-to-valley height Rz was also reduced significantly. The ablation spot on
the front-side of an untreated substrate features a Rz of 79.8 nm and 34.7 nm for the
plasma-treated case. For the rear-side ablation spot, Rz was further reduced to 14.5 nm.
At plasma-treated substrates, a smooth ablation spot, showing an accurate contour with
a diameter D of approx. 200 um was obtained (see figure 5.14). In contrast, the ablation
spot size on untreated substrates shows smaller dimensions than the irradiated area. In
addition, the surface of this spot features high porosity as shown in figure 5.13.
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Fig. 5.14: (a) Isometric presentation; (b) cross-section; (c) microscope image of a single pulse rear-side ablated
spot on plasma-treated fused silica at a fluence of 1.3 J/cm?

After the determination of the ablation threshold for single pulse ablation, multi-pulse
ablation was investigated. Here, multi-pulse rear-side ablation shows the best results.
The ablation depths for rear-side ablation and the front-side ablation of plasma-treated
substrates at different fluences are represented in figure 5.15.
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Fig. 5.15: Ablation depth vs. number of pulses for different fluences of (top) rear-side single-pulse ablation and
of (bottom) front-side ablation of plasma-treated fused silica

For rear-side ablation, the ablation depth is 10.5 um for 35 pulses at a fluence of
2.4 J/lcm?. At 1.3 J/cm?, an ablation depth of 3.5 um was achieved when applying the
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same number of pulses. At a fluence of 1.8 J/cm?, the ablation depth is 8 um. The abla-
tion depth increases linearly with a rate of 300 nm/pulse in the case of rear-side abla-
tion. In comparison to an untreated fused silica substrate the ablation rate measured at
the respective threshold fluence increases by a factor of 2. Over this whole depth range,
the spot contour accuracy is maintained. In the case of front-side ablation, lower depths
were achieved. For 35 pulses and a fluence of 2.4 J/cm?, the depth is approx. 13-times
lower (0.8 um).

The significant difference between both front-side and rear-side ablation can be partly
explained by an attenuation of the incoming laser pulse by the inhomogeneous plume of
debris. This effect only occurs in case of front-side irradiation. Thus, high ablation
depths could be achieved in the case of multi-pulse rear-side ablation as shown in figure
5.16.
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Fig. 5.16: (a) Isometric presentation; (b) cross-section; (c) microscope image of a rear-side ablated spot on
plasma-treated fused silica at a fluence of 1.8 J/cm? applying 35 pulses

The high ablation depth in the micrometre range and the constant ablation rate over the
whole depth range cannot be explained by a pure ablation mechanism caused by a
suboxidal layer. However, it can be assumed that the hydrogen implantation increases
the absorption of the substrate over a large depth range, allowing the high ablation depth
and stable spot quality in the case of multi-pulse ablation.

Conclusion

It was shown that the presented method offers some advantages for the laser micro-
structuring of fused silica. For laser plasma hybrid ablation, the ablation threshold was
reduced by a factor of 4.6. The ablation rate per pulse measured at the respective
threshold fluence increases by a factor of 2. The roughness of the ablated spots shows a
significantly reduced peak-to-valley height Rz by a factor of 2.3 for front-side ablation.
In addition, the plasma treated substrates feature a better spot contour accuracy. In con-
trast to pure laser ablation, the plasma treatment allows the single pulse rear-side abla-
tion of fused silica at 193 nm for the given setup.

In conclusion, the plasma treatment allows the use of cost-efficient lasers for micro
structuring of fused silica. The presented method could be used for shortening the sta-
tion times and leads to an increase of ecological efficiency due to the energy economi-
sation and abandonment of chemicals compared to other methods such as micro lithog-
raphy and LIBWE. Thus, by laser plasma hybrid technology, the productivity can be
increased, since this time-saving method leads to better processing results as shown by
the presented results for both the peak-to-valley height Rz and the spot contour accu-
racy.
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A hybrid laser-plasma ablation method for improved nanosecond laser machining
of heavy flint glass

by C. Gerhard, J. Heine, S. Briickner, S. Wieneke, and W. Vidl,

published in Lasers in Engineering 24 (2013) 5-6, 391-403"°

Abstract

In this work we present a hybrid laser-plasma ablation method for improving laser ma-
chining of heavy flint glass using a third-harmonic Nd:YAG laser operating at a wave-
length of 355 nm in the nanosecond pulse duration range. For this purpose, the glass
samples were treated by a hydrogenous plasma at atmospheric pressure, resulting in an
absolute decrease in transmission of 2.43% for the used laser wavelength after 30 min-
utes of plasma treatment. Machining experiments were performed on both pure and
plasma treated heavy flint glass. It was shown that by the presented method, the round-
ness form error of the ablated holes could be reduced by a factor of 1.9. Further, no
formation of debris was observed when applying the hybrid laser-plasma ablation
method.

Keywords

Nd:YAG laser, hybrid laser ablation, heavy flint glass, atmospheric pressure plasma,
surface reduction, absorbent layer, roundness form error, debris deposition

Introduction

Laser ablation has become one of the most important techniques in micro-structuring of
a number of miniaturised components. In the last decades, lasers were also applied for
manufacturing micro-optical components such as diffraction gratings or micro lenses. In
this context, achieving high contour accuracies is of great necessity [veiOl1]. It was
shown that F,-excimer laser processing (wavelength 2 =157 nm) allows structuring
high-quality micro lenses onto the end face of optical fibres [dou08]. Further, scribing
diffractive optical elements on polymide-coated fused-silica substrates by using laser
irradiation at 1 = 248 nm was demonstrated [beh97]. A comparable technique was used
for realising three-dimensional micro-structures by an additional mask projection. It was
shown that in this case, the accuracy of the surface topology is partially dependent on
debris deposition [zim06c]. Generally, debris is caused by heating-based ablation in air
when applying long laser pulses in the range of some nanoseconds [ger08]. For the re-
duction and prevention of debris formation, several methods based on different laser
sources were developed for different materials [mai08]. In this context, laser-induced
backside wet etching (LIBWE) is one of the most important techniques, where debris-
free micro-structuring of glasses is achieved for a number of different laser wavelengths
and pulse durations [che05, wan99, yas02]. Here, several variations are in hand such as
the combination of both LIBWE and a mask projection technique [zim02, b6h02] or the
use of toluene layers [zim04].

Another possibility for improving the machining quality during micro-structuring of
glass is the use of PMMA-coatings [kaw06]. In the case of fused silica surfaces, vac-

19 Reproduced with kind permission from Old City Publishing.
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uum-deposited UV-absorbing silicon suboxide (SiOy) layers allow enhanced indirect
processing. In order to regain the transmission characteristics of pure fused silica, these
SiOy layers are re-oxidized to silicon dioxide (SiO,) after the laser structuring [sch05b].
SiOx films can be generated in different ways [hiib80], for example by vacuum-
evaporation of powdered silicon monoxide (SiO) [sha83, nak84] or by bringing silicon
to a mixture of both argon and oxygen during plasma ion sputtering [sch82]. Moreover,
applying hydrogenous gases at high temperatures allows a direct reduction of SiO; sur-
faces to SiOy or even SiO [ts082].

The goal of this work was to improve the laser machining properties of heavy flint glass
when using a cost-efficient and economic flash lamp pumped Nd:YAG laser at
A =355 nm and pulse durations in the nanosecond range. For this purpose, the possibil-
ity of direct chemical reduction of glass edge layers by the use of an atmospheric pres-
sure surface discharge plasma at ambient temperature was investigated. Since such a
reduction leads to a loss in transmission and an increase of absorption respectively, an
improved energy coupling of incoming laser irradiation into this edge layer is resulting.

Experimental set-up and procedures
The plasma source and treatment

In order to reduce the glass edge layers chemically, forming gas 90/10 (90% nitrogen,
10% hydrogen) was used as process gas. This gas was supplied into a plasma discharge
zone where reactive atomic hydrogen and smaller amounts of reactive nitrogen species
were generated. The glass sample’s surfaces were directly placed into the discharge
zone. For this purpose, a surface discharge plasma source (SDPS) was used as shown in
figure 5.17.

supply

glass sample

Fig. 5.17: Schematic diagram of the used SDPS

The SDPS was run at a damped sinusoidal oscillation with a peak-to-peak voltage U,
of 21 kV with a pulse repetition rate fr, of 500 Hz and a voltage pulse train duration Az
of 0.4 ms at 10 kHz. According to the Lissajous figure method [man43, hel09], the
plasma power Ppjasma amounts then to 394 mW. Due to the geometry of the used elec-
trodes, the plasma treated area on the glass surfaces amounts to approx. 250 mm?2. The
plasma treatment was carried out for maximum 30 minutes. In order to verify its influ-
ence, the transmission of the investigated glass samples before and after plasma treat-
ment was measured using a UV/VIS-spectrometer (Lambda650; PerkinElmer, Inc.).
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The laser source and ablation

Subsequently, machining experiments were performed to determine the influence of the
plasma treatment in terms of the resulting laser machining properties. For this purpose,
a third-harmonic Nd:YAG laser (Powerlite 9010; Continuum, Inc.), operating at a
wavelength of 355 nm with a pulse duration 4z of 8 ns and a repetition rate f.e, of 10 Hz
was used. The applied average pulse energy Epuise Was 48 mJ. The raw beam diameter
2w of this laser source amounts to 9.5 mm, the full angle of divergence & is 0.45 mrads.
Since the laser beam was focused by a plano-convex lens with a focal length f of 100
mm, the beam waist diameter 2wy is then 106 um according to a beam path simulation
using WinLens3D (Qioptiq Photonics, Inc.) [th609]. Thus, the fluence @ in the focal
plane amounts to approx. 0.5 J/cm2. The resulting ablated holes on the glass surfaces
were evaluated using a scanning electron microscope (SEM) (PSEM eXpress; Aspex
Corporation).

The investigated glasses

In this work 5 mm thick samples made of heavy flint glass (SF5; Schott, Inc.) were in-
vestigated. For the used laser wavelength of 355 nm, this glass features an internal
transmission T; of 72.32%, resulting in an absorption A = 1-T; of 27.68% [schll]. By
the plasma treatment and the accompanying reduction of the glass surface, a further
temporary increase of absorption is expected, improving the laser energy coupling into
the glass surface. For comparison, the plasma treatment was also performed on both
fused silica (Spectrosil 2000; Heraeus Quarzglas, GmbH) and barite crown glass (N-
BaK4; Schott, Inc.).

Results and discussion
Effect of plasma treatment

Reduction of transmission

By measuring the transmissions T (including reflexion losses) of the glass samples be-
fore and after plasma treatment of 30 minutes, the absolute change in transmission A7 in
the UV-range was determined. In the case of heavy flint glass SF5, the plasma treatment
led to a considerable change in transmission, as shown in figure 5.18.
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Fig. 5.18: Transmission of the SF5 heavy flint glass versus wavelength before and after plasma treatment and
the resulting absolute change in transmission

At a wavelength of 355 nm, this treatment led to a decrease in transmission of 2.43%.
The amount of AT is strongly dependent on the plasma treatment duration, as shown in
figure 5.19.
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Fig. 5.19: Absolute change in transmission of the SF5 heavy flint glass at A = 355 nm versus
treatment duration time

When applying a linear fit to the measured values, the treatment duration-dependent
absolute change in transmission can be determined to amount to -0.07% per minute,
confirming a continuous reduction of the heavy flint glass surface. However, for the
investigated samples made of fused silica and barite crown glass, no change in trans-
mission was detected.
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Bond strength of the investigated glasses

The energy required for breaking a chemical compound is generally described by its
standard enthalpy of formation, 4H;°, where lower values of 4H;" describe stronger
bonds. Besides silicon dioxide (SiO;), the main compounds of the investigated glasses
are in general: barium oxide (BaO) and zinc oxide (ZnO) for barite crown glasses and
lead(I1) oxide (PbO) for heavy flint glasses. As shown by the comparison of the particu-
lar standard enthalpies of formation in table 5.1, lead(ll) oxide is the weakest of the in-
volved compounds.

Table 5.1 Standard enthalpies of formation [mas83] and corresponding energy of the main compounds of the
investigated glasses

SiO, BaO ZnO PbO
AH? (kJ/mole) -859.4 -553.5 -348.3 -217.9
E (eV) 8.9 5.9 3.6 2.3

Thus, the change in transmission could be explained by a reduction of PbO to metasta-
ble lead suboxide which is induced by the hydrogenous plasma whereas the other in-
volved compounds were not affected by the plasma. In general, atmospheric pressure
plasmas can be assumed to have an electron temperature T, of approx. 1 eV. Due to the
Maxwellian energy distribution, considerable amounts of electrons can reach tempera-
tures up to 10 eV partially. However, the main chemical reactions carried out in the pre-
sent case are in the low eV-range. Such a loss in transmission was also observed in the
case of heat treatment of glasses containing lead oxide in a reducing surrounding at-
mosphere [kit62].

Re-oxidization after ageing

After the plasma treatment, the heavy flint glass samples were aged at ambient tempera-
ture and atmospheric pressure. The transmission was then measured after 24 hours and
14 days. After an ageing time of 24 hours, the difference in transmission at 355 nm was
-1.13% with respect to the initial value. Moreover, the initial value was re-obtained after
14 days which can be explained by a re-oxidation of the reduced glass surface. Thus, the
presented plasma treatment using a hydrogenous process gas allows reducing the trans-
mission of heavy flint glass SF5 temporarily and re-obtaining the initial transmission
characteristics by simple ageing at ambient conditions.

Laser machining results

Comparison of ablated holes

Subsequently to the plasma treatment, laser machining experiments were performed on
the heavy flint glass samples. A comparison of the ablated holes for pure laser ablation
and hybrid laser-plasma ablation with respect to the applied number of pulses is shown
in figure 5.20.
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Fig. 5.20: SEM micrographs of laser ablated spots on the SF5 heavy flint glass: (top) pure laser ablation;
(bottom) hybrid laser-plasma ablation

For a single laser pulse, no material ablation was observed in both cases. However, for
higher number of pulses, the machining results for pure and hybrid ablation differ sig-
nificantly. In the case of pure laser ablation, the ablated holes feature strong random
flaking in the boundary area, resulting in a high roundness form error o. In contrast, a
higher circularity can be observed for the hybrid laser-plasma ablated holes.

Determination of roundness form error

The roundness form error of each ablated hole was determined by applying the mini-
mum zone circle (MZC) method according to DIN ISO 1101. Here, ¢ is given by the
difference of the radii r of concentric circles, an outer enveloping circle (r,) and an inner
minimum circle (r;) as shown in figure 5.21.

Fig. 5.21: SEM micrograph of a laser ablated spot on the SF5 heavy flint glass with the methodology for de-
termining the roundness form error according to DIN 1SO 1101 superimposed

Figure 5.22 shows a comparison of the resulting roundness form errors with respect to
the number of applied laser pulses.

78
Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



Sequential Plasma-Assisted Laser Ablation

60

¢ laserablated ¢
B |aser-plasma ablated
50
—linear (laser ablated)
£ - - -linear (laser-plasma ablated) /
240
= =
5 4
=
)
£
= 30
L 4/ J
» e
o -
c e
E , .
5 20 =
2
PO |
10 n
0
1 2 3 4 5 6

number of pulses

Fig. 5.22: Roundness form error for laser ablated and hybrid laser-plasma ablated holes in the
SF5 heavy flint glass versus number of applied of pulses

Compared to pure laser ablation, the averaged roundness form error of the ablated holes
was reduced by a factor of 1.9 when applying the presented hybrid laser-plasma abla-
tion method.

Comparison of formation of debris

In addition to the roundness form error, the formation of debris on the glass surface was
examined. In the case of pure laser ablation, areas with a significant amount of debris
were observed whereas in the case of hybrid laser-plasma ablation, no debris could be
detected visually. In order to quantify this difference, areas of interest; that is, areas fea-
turing considerable formation of debris, were investigated. For this purpose, the meas-
ured SEM images were evaluated photometrically, as shown in Figure 5.23.
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. .
Fig. 5.23: Evaluation of debris within a defined area of interest: (left) ablated by pure laser ablation and
(right) hybrid laser-plasma ablation after three laser pulses.

In order to eliminate the influence of the boundary area of the ablated hole which is en-
closed by the outer enveloping circle (see figure 5.21), the surface area of this circle was
blackened. After converting the SEM-image of the areas of interest into a bicoloured
image, its histogram was read out by calculating the percentages of both black and
white pixels numerically. Using the example of figure 5.23 for ablation with three laser
pulses, a percentage of white pixels, i.e. an amount of debris of 0.7% was measured in
the case of pure laser ablation. For hybrid laser-plasma ablation, no debris was detected.

Geometrical ablation values

In addition to both the roundness form error and the formation of debris, the size of the
ablated holes was investigated. Due to the irregular shapes (see figure 5.20), no geomet-
rical approach can be applied for calculating the hole volume. However, the ablation
depth d allows a comparison of the depth ablation rates, i.e. the ablated depth per pulse.
The depth of the ablated holes was measured using a light microscope (Axioskop 2
MAT; Zeiss, GmbH). Further, the radius r, which is given by the arithmetic mean of r,
and r; (see Section “Determination of roundness form error”) was determined, as shown
in figure 5.24.
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Fig. 5.24: Comparison of the radii and depths of the ablated holes

It can be observed that the hybrid laser-plasma ablation leads to a reduction of both the
depths and the radii of the ablated holes. At an average, the depth ablation rate is 1.3-
times higher for pure laser ablation. However, the averaged deviation from the laser
beam waist diameter 2w, = 106 um is reduced by the same factor in the case of hybrid
laser-plasma ablation when comparing the radii.

Conclusions

By applying a hydrogenous surface discharge plasma, the transmission of heavy flint
glass SF5 was decreased by an absolute value of -2.43%. This decrease can easily be
removed by a simple ageing of the treated glass sample at ambient temperature and at-
mospheric pressure. Even though both the depths and radii of ablation are reduced when
applying the presented hybrid laser-plasma method, the contour accuracy is improved
significantly. Furthermore, the formation of debris on the glass surface is avoided.
These effects are due to the reduction in transmission and the accompanying increase in
absorption, resulting in a higher laser energy deposition into the glass surface and an
improved evaporation of the molten material.

The presented hybrid ablation method, using a surface discharge plasma for reducing
the glass edge layer by a hydrogenous plasma, allows generating a considerable de-
crease in transmission of the investigated heavy flint glass. Such decrease was not
achieved in the case of fused silica and barite crown glass N-BaK4. However, it was
shown in forthcoming work that by the aid of a plasma jet, surface reduction of fused
silica can be achieved at atmospheric pressure. Similar experiments using the above-
mentioned plasma jet source shall thus be performed on N-BaK4, SF5 and other glasses
in future work.
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6

Simultaneous Plasma-Assisted Ablation

In this chapter, the impact of simultaneously applied assisting argon plasma on classical
laser ablation of optical crown and flint glass is presented. It is shown that such combi-
nation allows a considerable increase in ablation rate. Further, plasma-induced modifi-
cations of the glass surfaces are introduced.

The simultaneous plasma-assisted ablation (simPAA) method as introduced in section
3.2 was used for ablation of optical heavy flint and crown glass. Here, a significant in-
crease in ablation rate was achieved. In contrast to sequential plasma-assisted ablation,
where plasma-chemical mechanisms play the key role for enhancing the ablation proc-
ess by prior modification of the glass composition, plasma-physical mechanisms where
introduced to the ablation process. As already presented and discussed above, a certain
material removal of optical media can be achieved by the argon plasma beam which
came into operation during simPAA. This effect is even higher during simultaneous
laser ablation as presented in the following article. Besides the influence of high electric
field strengths on the glass surface (compare section 4.2 and [ger13c]) and a certain ion
bombardment of the glass surface as a result of the sheath-effect, direct interactions of
both the plasma and the laser beam gain importance during SimPAA, e.g.:

— apre-ionisation of the laser beam path by the coaxially-guided plasma beam,

— the formation of scatter centres within the glass surface due to UV-irradiation
provided by the plasma beam and the accompanying enhanced absorption of the
incoming laser beam, and

— the de-excitation of argon metastables at debris particles and an accompanying
energy transfer close to the glass surface.

The observed increase in ablation rate is most likely mainly due to the last listed effect.
The de-excitation of argon metastables delivers a considerable amount of energy, i.e.
approx. 11.5 eV [biel3]. As shown by Allison et al., such de-excitation due to collision
with molecules leads to a transfer of electronic energy and can cause the dissociation of
target molecules [all81]. In the present case, this additional energy transfer gives rise to
an increased ablation rate during simPAA as presented in the following article.
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Low-temperature atmospheric pressure argon plasma treatment and hybrid laser-
plasma ablation of barite crown and heavy flint glass

by C. Gerhard, S. Roux, S. Briickner, S. Wieneke, and W. Vidl,
published in Applied Optics 51 (2012) 17, 3847-3852"

Abstract

We report on atmospheric pressure argon plasma-based surface treatment and hybrid
laser-plasma ablation of barite crown glass N-BaK4 and heavy flint glass SF5. By pure
plasma treatment, a significant surface smoothing, as well as an increase in both the
surface energy and the strength of the investigated glass surfaces, was achieved. It was
shown that for both glasses, hybrid laser plasma ablation allows an increase in the abla-
tion depth by a factor of 2.1 with respect to pure laser ablation. The ablated volume was
increased by an averaged factor of 1.5 for N-BaK4 and 3.7 for SF5.

Introduction

Laser-based methods for micro-machining of transparent media and glasses in particular
are of great interest for a number of applications such as wafer structuring or scribing
optoelectronic and microelectro-mechanical systems (MEMS). For this purpose, the
suitability and characteristics of glass ablation by short laser pulses in the range of some
nanoseconds, picoseconds [ger08], or femtoseconds [sha01l, ute10] were investigated in
the last years. In the case of nanosecond-ablation, drilling of bariumalumo-borosilicate
glass [rud99] and fused silica [ih192a] was demonstrated in the UV-wavelength range. It
was further shown that nanosecond-laser-induced plasma-assisted ablation (ns-LIPAA)
allows high-quality machining of different glass materials such as fused quartz and Py-
rex glass in the UV-, visible (VIS)-, and near infrared (NIR)-wavelength range [zha99a,
nik05, zha98a]. However, nanosecond laser ablation typically involves disturbing arti-
facts due to thermal effects [ger08, rus02]. Against this background, nanosecond-laser-
based hybrid techniques allow enhanced machining results. For example, several etch-
ing techniques such as laser-induced backside wet etching (LIBWE) [wan99, sat11] or
the use of UV-absorbing films [zim04, b6h06a] can be applied. By an atmospheric pres-
sure plasma treatment of fused silica using a hydrogenous process gas, optical parame-
ters of the bulk material such as its UV-absorbance can be modified [gerl2a]. This ef-
fect can be used for improving nanosecond laser micro-structuring properties and reduc-
ing the energy required for ablation [brii12].

Further, plasma-based etching presents another established technique for micro-
machining of glasses [ten06]. Surface smoothing of ultra low expansion (ULE) glass
was already performed by applying a reactive atomic plasma technology (RAPT) at
atmospheric pressure. Here, argon (Ar) was used as carrier gas for exciting nitrogen
trifluoride (NF3) [fan0O6a]. For deep reactive ion etching (DRIE) methods, different
work gasses such as sulfur hexafluoride (SFg) [par05, 1i01], carbon trifluoride (CHF3)
[lee99], or octafluorocyclobutane (C4Fs) [aka06, kol08] are used. For the last case, the
influence of Ar additives on the etching of fused silica was investigated. Here, an in-
creased Ar concentration led to an increase of the etch rate for particular sets of parame-

! Reproduced with kind permission from the Optical Society of America.
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ters [1i03b]. Further, it was shown that in principle, etching silicon by pure Ar ion bom-
bardment is possible [cob79]. Against this background, the influence of a pure Ar
plasma at atmospheric pressure in combination with UV laser ablation of different
glasses was investigated in the presented work.

Experimental setup and experimentation

For the investigation of the influence of a low-temperature atmospheric pressure Ar
plasma beam on the laser material removal of optical glasses, a hybrid laser-plasma-
beam setup was assembled. Here, the laser source was a Nd:YAG laser Powerlite 9010
from Continuum, operating at the third-harmonic wavelength A of 355 nm with a pulse
duration 4z of 8 ns and a repetition rate fre, of 1 Hz. The applied pulse energy Epuise Was
35.7 mJ. The raw beam diameter 2w of this laser amounts to 9.5 mm with a full angle of
divergence 6 of 0.45 mrads. The laser beam was focused by a plano-convex lens with a
focal length f of 100 mm. Taking the beam propagation factor M? of 1.4 for this TEMgo-
beam into account, the beam waist diameter 2wy is then 106 um according to a beam
path simulation using WinLens3D from Qioptiqg Photonics [th609]. Thus, the Rayleigh-
length zg amounts to approximately 25 mm.

The used plasma source, featuring a rotation-symmetric plasma nozzle, is based on a
dielectric barrier discharge (DBD), realizing a low-temperature plasma in non-thermal
equilibrium [brdl11]. In this setup, an internal high-voltage (HV) hollow-core copper
electrode is embedded in a housing made of polyoxymethylene. A gap between both the
electrode and the housing acts as gas channel. For the presented work, Ar 4.6 from
Linde at a flow rate of approximately 4 standard liters per minute (slm) was used as
working gas. Due to the cone-shaped geometry, a fine and stable gas flow is resulting at
the outlet port of the plasma nozzle, confining the formed plasma filaments to a com-
pressed plasma channel. A ground electrode made of aluminium wasmounted in front of
the outlet port. In between, the investigated glass samples were placed. Thus, the sam-
ples act as dielectric in order to realize a DBD. The geometry of the hollow-core elec-
trode allows a coaxial access to the plasma filament. As shown in figure 6.1, both the
focused laser beam and the atmospheric pressure argon plasma beam propagate along a
common axis of propagation.

high-voltage
electrode

gas (Ar) supply glass sample

ground electrode
convex lens,

f=100 mm

Nd:YAG-laser
(A =355 nm)

:

plasma beam

Fig. 6.1: Common-path laser plasma setup for glass processing
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The electrode distance can be varied in the range from 10 to 29 mm, maintaining a sta-
ble plasma beam with a diameter dpjasma OF approximately 200 pm. In the present case,
the distance of the HV-electrode to the ground electrode was 20 mm. For this coaxial
laser-plasma beam setup, investigations on the plasma-induced focus shift of the laser
beam were performed by caustic measurements. It was observed that this focus shift
amounts to maximum 1.8 mm, which is a marginal value with respect to the Rayleigh-
length of 25 mm. The diameter of the plasma discharge area on the glass surface was
much broader than the Ar plasma beam within the discharge gap, reaching up to several
millimeters in diameter with a radial rotation-symmetric intensity distribution. The
plasma energy Epjasma Of the plasma source was 0.17 mJ for each HV-pulse train with a
duration of approximately 80 ps. This energy value was determined using the Lissajous-
algorithm [man43, hel09]. Due to the applied pulse repetition rate fr, of 7 kHz, the av-
eraged power P,, amounts to 1.19 W, i.e., approximately 33 times the applied averaged
laser power of 35.7 mW. For the particular laser focus and plasma beam diameters, the
fluences @ amount t0 Ppeer = 404.5 J/cm? and Dplasma = 0.54 Jlem?, resulting in a con-
siderable factor of approximately 748. During the hybrid laser-plasma ablation experi-
ments, both the laser and the plasma source were not synchronized. Over a single pulse
train of the plasma power supply, there are multiple ignition events with a temporal dis-
tance up to 20 us. Since both the laser pulse duration and the lifetime of a single plasma
filament are in the nanosecond range, it can be assumed that, as a rule, the laser and the
plasma do not impact the sample surface at the same time.

In this work, glass samples made of barite crown glass N-BaK4 (thickness t =4 mm)
and heavy flint glass SF5 (t =5 mm), both from Schott, were investigated. In order to
determine the influence of the Ar plasma beam on characteristic parameters of the in-
vestigated glass surfaces, both N-BaK4 and SF5 samples were plasma-treated for 60 s
without applying any laser irradiation. Both the surface energy and the surface rough-
ness were determined before and after such plasma treatment.

Results and discussion
Influence of pure Ar plasma

For an area of 50 x 50 um?, the surface roughness of the investigated glass samples was
measured before and after plasma treatment of 60 s using an atomic force microscope
(AFM) easyScan 2 AFM from Nanosurf including a mechanical edge guide for relocat-
ing the samples. By the plasma treatment, a considerable decrease of both the arithmetic
mean roughness Ra and the root mean squared roughness Rq was observed as shown in
table 6.1.

Table 6.1: Comparison of the arithmetic mean roughness Ra, root mean squared roughness Rq, and particular
percentage change 4 of N-BaK4 and SF5 surfaces before and after plasma treatment

N-BaK4 SF5
Untreated  Treated A in % Untreated  Treated A in %
Ra nm 1.4 1.29 -7.8 2.9 1.17 -59.7
Rg nm 2.4 1.95 -18.8 4.3 1.51 -64.9

As shown by the change of the particular surface roughness, the atmospheric pressure
Ar plasma treatment causes a considerable surface smoothing. In comparison to N-
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BaK4, SF5 features a higher decrease in surface roughness by a factor of Rasgs/Ran-
saka = 1.56 and RQsrs/ROn-saks = 2.31. This difference can partially be explained by the
different Knoop hardnesses HKq 120 0of N-BaK4 and SF5, i.e., HKq 1/20(N-BaK4) = 550,
and HKg 1/20(SF5) = 410 [sch1l]. Further, SF5 features a lower chemical bond strength
compared to N-BaK4 as discussed in Subsection “Hybrid laser plasma ablation results”.

The surface energy y before and after plasma treatment was measured according to the
Owens-Wendt-Rabel-Kaelble method [kae69, owe69]. Here, a Contact Angle Meas-
urement System G10 from Kriss was used. From the measured surface energies, the
strength o of the glass surfaces before and after plasma treatment can be calculated by
the Griffith’s equation according to

(—4.11)

Here, E is the modulus of elasticity of the glass (i.e., En.saks = 77 X 10° N/mm?,
Esrs = 56 x 10° N/mm? [sch11]) and d the depth of cracks on the glass surface [pau91].
For the optically polished glass surfaces, a typical crack depth of approximately 33 nm,
corresponding to a mean diameter of the used polishing particles of approximately
10 nm was assumed. The plasma-induced change in strength of both glasses can then be
estimated by applying the particularly measured surface energy as shown in table 6.2.

Table 6.2: Comparison of surface energy p, resulting strength &, and particular percentage change 4 of N-
BaK4 and SF5 surfaces before and after plasma treatment

N-BaK4 SF5
Untreated  Treated A in % Untreated  Treated A in %
y in mJ/m? 48 68 +42 39 51 +31
o in N/m2 150 178 +19 115 132 +15

In summary, the above-described plasma treatment of 60 s has a strong influence on the
glass surfaces: Besides a considerable surface smoothing, both the surface energy and
the strength are increased significantly.

Hybrid laser plasma ablation results

Both pure laser ablation and hybrid laser-plasma ablation experiments were performed
applying 10, 20, 30, and 40 laser pulses. The ablated holes were evaluated using a scan-
ning electron microscope (SEM) PSEM eXpress from Aspex as shown in figure 6.2 for
N-BaK4 and figure 6.3 for SF5.
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Fig. 6.2: SEM images of laser ablated (top) and laser-plasma ablated (bottom) barite crown glass N-BaK4

laser ablation

H i : 1B°_p|m

laser-plasma ablation

Fig. 6.3: SEM images of laser ablated (top) and laser-plasma ablated (bottom) heavy flint glass SF5

In the case of N-BaK4, a reduction of the hole area can be observed for laser-plasma
hybrid ablation in comparison to pure laser ablation. In contrast, SF5 shows an inverse
behavior. In both cases, random flaking and cracks in the boundary area of the holes as
well as a formation of debris on the glass surface occur. Such disturbing effects are
typical for surface processing when applying long laser pulses in the nanosecond range
and are due to the heating-based ablation mechanisms [ger08, rus02]. In addition, no
appreciable change in the roundness form error ¢ of the ablated holes, which was deter-
mined by applying the minimum zone circle (MZC) method according to DIN 1SO
1101, could be observed. At an average, the ratio of the roundness form errors ojaser-
plasmal Olaser @Mounts to 0.97 for N-BaK4 and to 1.05 for SF5.

However, a significant difference in ablation depth was measured using a light micro-
scope Axioskop 2 MAT from Zeiss as shown in figure 6.4.
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Fig. 6.4: Ablation depth versus number of pulses for N-BaK4 (left) and SF5 (right)

At an average, the ablation depth was increased by a factor of 2.1 for both glasses when
applying hybrid laser-plasma ablation. In case of pure laser ablation, the ablation rate
(i.e., 4 um/pulse) is comparable to published results for nanosecond ablation of glasses
[rud99, ihl92a]. For calculating the ablated volume as shown in figure 6.5, a cylindrical
approach was used in the case of N-BaK4, whereas for SF5, a cone-shaped geometry of
the ablated holes was assumed. The base areas were calculated from the averaged radius
of both circles that are resulting from the MZC-evaluation.
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Fig. 6.5: Ablated volume versus number of pulses for N-BaK4 (left) and SF5 (right)

Generally, both the ablation depth and the ablated volume of N-BaK4 is higher in com-
parison to SF5. The depth-dependent amount of specific energy E,which is applied to a
transparent medium, is given by both the reflectivity and the absorption according to the
Beer-Lambert law. Based on the particular data for the investigated glasses [sch11], the
ratio Esrs/En-gaka per ablated volume can be determined to amount to 1.8.

Further, the thermal loss mechanisms of the investigated glasses are represented by the
particular thermal diffusivity o which is given by the quotient of the thermal conductiv-
ity k and the product of both the density p and the specific heat capacity c,. For solid N-
Bak4 and SF5, the proportionality factor asgs/on-saksa @mounts to approximately 0.8.
This implies that the applied laser energy does not fully contribute to the ablation proc-
ess which could be explained by different amounts of attenuation of the incoming laser
beam by the emerging debris cloud.
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In comparison to pure laser ablation, the amount of ablated volume is increased by an
average factor of 1.5 for N-BaK4 and 3.7 for SF5 in the case of laser-plasma ablation.
This increase in ablated volume could be explained by de-excitation and related energy
transfer of excited Ar and metastable Ar species, respectively. Regarding the generation
of metastable Ar atoms (Ar™), electron excitation in the bulk plasma and ion-impact
excitation in the sheath region play a significant role for the population of the P, and
3P, metastable levels of Ar at 11.55 and 11.72 eV above the ground state [bag05]. Thus,
the highest production rate of Ar™ is found at high electron densities, i.e., during the
ignition of each plasma filament. Additionally, the Ar™ production is possible as a result
of resonant neutralisation, where Ar" ions recombine with the negative surface charge
on the dielectric substrate and form an Ar™ [nie12]. Due to the direct ignition on the
substrate surface, a considerable Ar™ density can be assumed to exist in the near-surface
area.

A dominant loss mechanism for Ar™ species at high pressures is the electron quenching,
which is a collisional transfer of Ar from metastable to nearby radiative levels. Other
loss processes under high pressure are given by two- and three-body collisions with Ar
atoms [bel09]. Also, energy deposition due to Ar™ is possible by Penning ionization at
the walls. However, the diffusion of Ar"™ out of the plasma region (or to walls) can be
considered to be negligible since in comparison to the Ar™ lifetime, diffusion is a slow
process. Loss processes involving charge carriers occur only during the lifetime of the
plasma which can be assumed to amount to a maximum of several tens of nanoseconds
for each filament in the case of barrier discharges. In general, this leads to an additional
energy deposition within the discharge gap and hence, close to the substrate. Since in
the presented work, both the plasma and laser source were not synchronized, the resid-
ual Ar™ in between two plasma discharge events play the significant role in combination
with the laser-induced plasma on the substrate surface. Laser-induced plasmas feature
high gas temperature and thus, high collision frequency among heavy particles. In this
context, two- and three-body de-excitation processes gain importance since the pro-
duced debris cloud features distinctive conditions for such collisions and the related de-
excitation of Ar™ and energy deposition in the near-surface region.

Further, the above-described etching effect which was observed by the Ar plasma beam
itself could contribute further material removal to the ablation process. However, this
contribution can be expected to be rather small due to the marginal time frame for
plasma etching between two laser pulses.

In addition to silicon dioxide (SiO,), the main compounds of the investigated glasses are
barium oxide (BaO) and zinc oxide (ZnO) for barite crown glasses and lead(Il) oxide
(PbO) for heavy flint glasses. Here, lead(ll) oxide is the weakest of the involved com-
pounds as shown by the comparison of the particular binding energies Ej in table 6.3.

Table 6.3: Binding energy E, of main compounds of investigated glasses, calculated from standard enthalpies
of formation AH;’ [mas83]

Compound SiO, BaO ZnO PbO

EpineV 8.9 5.9 3.6 2.3
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Conclusions

The atmospheric pressure Ar plasma treatment allows a significant surface smoothing
and a simultaneous increase in both the strength and the surface energy of the investi-
gated glass surfaces. Thus, it seems to be interesting for a finishing process of glasses in
order to achieve higher stability. Such investigations will be done in further work. Even
though no improvements in terms of form error, cracks, and debris were detected, both
the ablation depth and the ablated volume were increased significantly with respect to
pure laser ablation by introducing the presented hybrid laser-plasma ablation method.
Thus, the presented plasma source features a cost-efficient and economic device in or-
der to achieve higher ablation rates or reducing the laser energy required for a defined
amount of ablation.
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Discussion

As shown by the results presented in the articles embedded in chapter 5, sequential
plasma-assisted ablation (seqgPAA) allows enhanced laser ablation in terms of both en-
ergy requirement and machining results. These improvements are due to the plasma-
induced modifications of the glass surfaces as presented in section 4.1, where the main
mechanism is the increased absorption for the particular laser wavelength. Based on this
effect, the required ablation threshold fluence is reduced. As a result, both the form er-
ror and the surface roughness of the ablated area are reduced since lower fluences imply
a lower thermal impact on the glass surface, mitigating or even avoiding melting and the
formation of laser-induced shock waves. The observed mitigation of debris can also be
explained by an enhanced coupling of incoming laser irradiation and an accompanying
(nearly) total vaporisation of the ablated volume instead of partial melting and ejection
as in the case of pure laser ablation.

In comparison to other (hybrid) ablation techniques, the presented seqgPAA method fea-
tures a competitive and even higher ablation rate as listed in table 7.1. Since for LIPAA,
LIBWE, LESAL and LIBDE (compare section 2.2) ablation is performed at the glass
rear side, the particular values for sequential plasma-assisted rear side ablation are ex-
clusively considered.

Table 7.1: Comparison of particular ablation rates of fused silica obtained by different ablation methods (rear
side ablation) at an applied laser fluence of 1.3 J/cm?

method absorbing medium ablation rate in nm/pulse  reference
fs-ablation none 65 [utell]
LIPAA tin (Sn) 60 [hop10]
LIBWE tin (Sn) 150 [hop10]
LESAL dichlorobenzene (CgH4Cly) 1 [b6h06b]
LIBDE-1 tin (Sn) 80 [hop10]
LIBDE-2 silicon monoxide (SiO) 150 [ih108]
seqPAA silicon suboxide (SiOy), 175 [bri12]
implanted hydrogen (H)

In comparison to pure laser ablation without any plasma pre-treatment, the ablation rate
is notably increased by seqPAA on fused silica (factor 1.5 at 193 nm and 2.6 at
266 nm). This is also explained by the above-mentioned increase in absorption and the
improved coupling of laser irradiation.

One has to consider that in the case of segPAA on heavy flint glass, the plasma pre-
treatment effected a comparatively low increase in absorption. However, a significant
reduction of flaking around the ablation spots and an accompanying decrease in form
error was achieved for this multi-component glass. This behaviour, i.e. a slight increase
in absorption but a significant reduction in form error, was also observed in supplemen-
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tary, previously unreleased experiments where seqgPAA was performed on photovoltaic
cover glass, consisting of the network former SiO, (72.2 ma%) and, beyond this, differ-
ent alkali oxides and divalent oxides. The low impact of the plasma pre-treatment on the
absorption characteristics of such multi-component glasses can be explained by its
dense network. In comparison to the “hollowed-out” silicon dioxide tetrahedrons of the
fused silica network, the multi-component glass network generally offers less free space
for the implantation of hydrogen.

Even though segPAA allows improved laser machining results and an economisation of
laser energy, a relative long-term plasma pre-treatment is necessary. This circumstance
impedes an implementation of this method in industrial scale, at least for the production
of bulk articles. Against this background, the process time can be shortened when em-
ploying simultaneous plasma-assisted laser ablation (SimPAA).

Beside such economy of time, the main advantage of simPAA is the considerable in-
crease in ablation rate as presented in chapter 6. The most probable underlying mecha-
nism of this increase is the de-excitation of argon metastables due to collisions at laser-
induced debris particles close to the glass surface. This assumption is confirmed by the
fact that during simPAA, no mentionable plasma-induced change in ablation threshold
was observed. This indicates the importance of the laser-induced debris cloud, emerging
after the first laser shot, to the simPAA method. Since that plasma-physical mechanism
is almost independent of the glass composition, an increased ablation rate was observed
for all investigated glasses as shown in figure 7.1.

6 2.5
H|aser ablation

5 msimPAA 2
Oratio

SN

N

0.5

ablation rate in pm/pulse
w
ratio simPAA/laser ablation

-

0 0

fused silica SF5 N-BaK4

Fig. 7.1: Comparison of the ablation rates for fused silica, SF5, and N-BaK4,
resulting from pure laser ablation and simPAA, including ratio

The material-independency was also confirmed by further work, where simPAA was
performed on aluminium (AlIMgSi 0.5) [ger12d] and aluminium oxide ceramic (Al,O3)
[ger13d]. In all cases, the ablation rate was notably increased.

In addition to the observed increase in ablation rate and improvements of the machining
quality, both presented atmospheric pressure plasma-assisted laser ablation methods
allow a considerable economisation of laser energy. This was shown by the 4.6-fold
reduction in ablation threshold in case of segPAA and the doubling of the ablation rate
during simPAA. From an energetic point of view, one has to consider the particular
system effectiveness additionally: Typically, laser sources have a poor degree of effi-
ciency, i.e. approx. 1% for excimer lasers and about 3-5% in the case of flash lamp-
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pumped solid state (e.g. Nd:YAG) lasers. In contrast, dielectric barrier discharge-based
atmospheric pressure plasma sources feature an effectiveness of approx. 50-70%, de-
pending on the particular setup. Thus, two most outstanding advantages of DBD-APP-
assisted laser ablation processes in terms of energetic considerations can be stated:

— The additional energy provided by the plasma is produced with much higher (at
least 10-fold) efficiency than laser energy, in total resulting in lower costs and
lower energy consumption.

— The advantageous effects arising from the sequentially or simultaneously applied
plasmas allow suspending limitations of classical laser ablation processes. For
achieving high ablation rates or ablation in the first place, the required laser en-
ergy is not arbitrarily upscalable. Especially in the case of glasses, high laser
fluences cause thermally-induced disturbing effects (e.g. roughening, micro
cracks, debris, and melt) on the substrate. As shown in the present work, such
effects are mitigated or even avoided by the used assisting low-temperature
plasmas.

To summarise it can be stated that the combination of both atmospheric pressure plas-
mas and laser irradiation represents a powerful and versatile tool for micro structuring
of optical glasses. Based on the results discussed in the present work, further work on
plasma-assisted laser ablation will be carried out in the near future as suggested in the
following chapter.
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Summary and Outlook

In the present work, two different approaches for atmospheric pressure plasma-assisted
laser ablation of optical glasses were investigated. These approaches have notable po-
tential and relevance for the development of novel techniques for the manufacture and
improvement of micro optical components and systems.

In terms of sequential plasma-assisted ablation, it was shown that a plasma pre-
treatment using a hydrogenous process gas results in a significant modification of the
optical properties of the investigated glasses, i.e. the reflexion, the dispersion character-
istics and the absorption. As ascertained by UV/VIS spectroscopic measurements, the
last parameter was mainly increased in the near UV-wavelength range. This increase in
absorption can be explained by plasma-chemically-induced modifications of the glass
network. Beside the temporary formation of a near-surface suboxidial layer, the implan-
tation of hydrogen into deeper regions of the glass bulk material turns out to be crucial
for the observed modifications in optical properties. Further, a certain surface roughen-
ing and cleaning was resulting from the plasma pre-treatment. As a consequence of
these plasma-induced effects, subsequent laser ablation of optical glasses was consid-
erably enhanced. In addition to a reduction of the required energy threshold for ablation,
the machining results were improved. Further, the ablation rate was increased with re-
spect to pure laser ablation. In comparison to other conventional and hybrid laser abla-
tion techniques, the ablation rate was in the same order of magnitude or even higher.

As regards simultaneous plasma-assisted laser ablation, a significant increase in ablation
rate was achieved. This effect is based on plasma-physical mechanisms, i.e. most likely
the de-excitation of metastable species at collision partners within the debris cloud dur-
ing the ablation process. It was further shown that the plasma, which was applied for
this method, allows a certain material removal and more precisely the smoothing of
roughness peaks.

Given these results, continuing investigations on hybrid atmospheric pressure plasma-
assisted ablation methods are to be performed. As a consequence of the numerous pa-
rameters involved in these methods, a multitude of possible topics can be defined. As an
example, the impact of both the laser wavelength and pulse duration on sequential and
simultaneous plasma-assisted ablation should be investigated in more detail. Regarding
the used plasma, the influence of different discharge modes, working distances and
process gases needs to be examined continuatively. The synchronisation of the laser and
plasma pulse trains during simultaneous plasma-assisted ablation is furthermore of es-
sential interest. Besides these topics, the underlying plasma-induced modification
mechanisms and effects as well as different plasma-assisted hybrid ablation methods
should be investigated for other materials of high technical relevance such as technical
glasses, semiconductors and plastics.
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Where optical glasses are concerned, the presented methods could be combined in order
to provide an integrated plasma-assisted ablation and surface finishing process by bene-
fiting from the reported effects. Such a possible process is schematically suggested in
figure 8.1.

glass blank

plasma pre-treatment
(forming gas jet)

decreasing ablation threshold ]

simultaneous ablation ; 2 2
increasing ablation rate
(argon plasma beam) |

finishing

final smoothing of abblated area ]
(argon plasma beam)

l

laser-structured
optical component

Fig. 8.1: Process chain of a possible integrated plasma-assisted ablation process,
composed of the particular methods presented in this work

In addition to laser ablation of optical glasses, the observed plasma-induced phenomena
could be applied for the finishing of optical surfaces, manufactured by classical produc-
tion techniques. Against this background, the observed surface cleaning as a result of
the plasma pre-treatment using forming gas is of great interest for a number of different
applications. As an example, the laser-induced damage threshold (LIDT) is directly re-
lated to surface-adherent organic contaminations. By further development of a plasma
cleaning process, the LIDT of high-energy laser optics could be increased. Further, the
surface smoothing achieved by direct plasma treatment using argon as process gas turns
out to be suitable for the finishing of high-quality UV optics. The combination of both
techniques features a high technical relevance and is thus to be investigated in ongoing
work.
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Table of Symbols and Abbreviations

Table of Symbols and Abbreviations

Symbols and abbreviations are given in alphabetic order. Within the running text, sym-
bols are further specified by prefixes, suffixes and/or sub-/superscripts where required.

symbol

2w
A

f
frep1 fpulse

Vs
h

HK
I
K

meaning

laser beam diameter
absorption,

area

absorption coefficient,
angle,

thermal diffusivity
angle of incidence
elementary concentration
heat capacity

diameter

distance, depth
roundness form error
standard enthalpy of formation
diameter

change in transmission
pulse duration

energy,

modulus of elasticity
permittivity

fluence

focal length

pulse repetition rate
solid surface energy
height

Knoop hardness
intensity

extinction coefficient
absorption coefficient,
thermal conductivity
length

wavelength

laser beam quality factor
complex index of refraction

index of refraction (real part of N)

Abbe number
power,
polarity
fluence

unit

m (and subunits)

%

m?2 (and subuntits)
degrees

m?/s (and subunits)
degrees

%

W/K (and subunits)
m (and subunits)

m (and subunits)

m (and subunits)
J/mole (and subunits)
m (and subunits)

%

s (and subunits)

J (and subunits)
N/m? (and subunits)
F/m (and subunits)
J/mz2 (and subunits)
m (and subunits)
Hz (and subunits)
J/mz2 (and subunits)
m (and subunits)
W/cm2 (and subunits)

W/mK (and subunits)
m (and subunits)
m (and subunits)

W (and subunits)

J/cmz (and subunits)
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Table of Symbols and Abbreviations

R reflexion
r radius, distance
Ra arithmetic mean roughness
Retch etch rate
p density
RQ root mean squared roughness
Rz peak-to-valley height
o strength
T transmission
t duration,
thickness
T pulse duration
Te electron temperature
Tgas gas temperature
O bond angle
0 full angle of divergence
TIS total integrated scatter
U, u(t) voltage
W waviness
X stochiometry factor O/Si
z thickness
Zr Rayleigh-length

abbreviation meaning

%

m (and subunits)

m (and subunits)
m/s (and subunits)
kg/m3 (and subunits)
m (and subunits)

m (and subunits)
N/m2 (and subunits)
%

s (and subunits)

m (and subunits)

s (and subunits)

eV

K

degree (°)

mrads

\

m (and subunits)

m (and subunits)

m (and subunits)

AFM atomic force microscopy

APP atmospheric pressure plasma

DBD dielectric barrier discharge

EDX energy dispersive X-ray spectroscopy
FTIR Fourier transform infrared (spectroscopy)
LESAL laser etching at a surface adsorbed layer
LIBDE laser-induced backside dry etching
LIBWE laser-induced backside wet etching
LIDT laser-induced damage threshold
LIPAA laser-induced plasma-assisted ablation
MzC minimum zone circle (method)

NBO non-bridging oxygen

RATP® reactive atomic plasma technology
RIE reactive ion etching

RSF relative sensitivity factor

SEM scanning electron microscopy
seqgPAA sequential plasma-assisted ablation
SIMPAA simultaneous plasma-assisted ablation
SIMS secondary ion mass spectroscopy

sim standard litres per minutes

ULE® ultra low expansion (glass)

XPS X-ray photoelectron spectroscopy
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