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Symbols and abbreviations

Symbols and abbreviations

Symbol Unit Annotation

As pm? Spot size of the laser beam at interface solid-liquid

Cp ]/(gK) Specific heat capacity at constant pressure and tempera-
ture

Cs cm/s Speed of acoustic wave in liquid

d cm, pm, nm Thickness, length

D cm?/s Thermal diffusivity, defined in (2-2)

di cm, um, nm Thickness of interface layer

dr cm, Um, nm Thermal diffusion length, defined in (2-7)

d, cm, pm, nm Optical penetration depth, defined in (2-4)

E, eV Photon energy

Ep m]J Energy of the laser pulse

fo Hz, s1 Repetition rate of the laser pulses

Ah nm/pulse Averaged etch depth per laser pulse

1 W/cm? Intensity of the laser beam

Ji W/cm? Heat flux density

N Number of incident laser pulses

n Refractive index

p MPa, bar Total pressure

R A, Ty, S Reflectance, absorbance, transmittance, scattered intensity

t S, US, ns Time

T: AT °C; K Temperature, temperature difference

Ty °C Ambient temperature, room temperature; 20°C

Tc °C Critical temperature

Ts °C Temperature at surface (z = 0)

Vet cm/s Velocity of liquid jet due to a collapsing vapor bubble

o cm! Absorption coefficient

ol cm! Absorption coefficient of the modified interface layer

Yij K1 Coefficient of thermal expansion of the volume

E cm®/] Efficiency of etching; £=Ah/®; etched volume per energy
unit

) ]/cm? pulse Energy fluence of the laser pulse irrespective of the shape
of the laser pulse; abbreviated to laser fluence

Dy ]/cm? pulse Threshold fluence for a given shape of the laser pulse

K W/(mK) Thermal conductivity

A nm Spectral wavelength

peh Jt Rate constant for the process of surface modification due
to the deposition of liquids decomposition products to
describe the incubation effect for the reduction of ®

0 g/cm3 Mass density

ns Time duration of the laser pulse




vi Symbols and abbreviations
Abbreviation Description

1D, 2D, 3D 1-, 2-, 3-dimensional

AFM Atomic force microscopy

ArF Argon fluoride

CCD Charge coupled device

DOE Diffractive optical element

fs Femtosecond

FWHM Full-width at half-maximum

GC-MS Gas chromatography coupled with mass spectrometry
HeNe Helium neon

KrF Krypton fluoride

LESAL Laser-etching at a surface adsorbed layer
LIBWE Laser-induced backside wet etching
LIPAA Laser-induced plasma-assisted ablation
NIR Near infrared spectral region

ns Nanosecond

OAE Overall etching

ps Picosecond

RBS Rutherford backscattering spectrometry
rms Root mean square

SEM Scanning electron microscopy

uv Ultraviolet spectral region

VIS Visible spectral region

vVuv Vacuum ultraviolet spectral region
WLIM White light interference microscopy

XeF Xenon fluoride

XPS X-ray photoelectron spectroscopy
Superscripts Description

I Interface

L Liquid

LV Liquid volume

S Solid
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1 Introduction

The processing of surfaces for the fabrication of high-end components requires
highly accurate etching techniques. In particular microoptical and microfluidic de-
vices afford high quality etching in the micron and sub-micron range of various
dielectric materials. Accurate control of the etch depth and a small roughness of
the etched surface are indispensable. For the mentioned applications the materials

to be etched have to be transparent, such as fused silica and optical crystals.

The microstructuring of various transparent materials can be achieved by conven-
tional processing, e.g., wet, dry, and plasma etching, but these etch processes re-
quire photolithographic masking of the material surface [1]. Consequently, these
multi-step processing schemes related to semiconductor industries are suitable for
mass production but are too inflexible for small-scale production and rapid proto-
typing. However, laser processing allows the fabrication of complex topographies
and the direct writing of surface features [2]. For surface processing, usually laser
ablation is chosen particularly with polymers. Here, laser ablation is well suited for
producing micron-sized structures and devices but is currently not used for ma-

chining optical components into hard optical materials.

Laser ablation has already been used to etch diffractive and refractive microstruc-
tures into polymer surfaces [3, 4]. Due to their low absorption for pulsed excimer
laser radiation, transparent dielectric materials, such as fused silica, cannot be
etched this way. Fz lasers with large photon energies [5] as well as ultrashort pulse
lasers [6, 7] (e.g. femtosecond laser) can be applied to process optically transpa-
rent materials by ablation. However, the respective high costs of the available laser
systems together with the often poor surface quality limits the utilization of laser

processing for fabricating microoptical structures.

Laser processes at interfaces to ambient media different from air or vacuum attain
more and more attention in particular for technological, biological, or medical ap-
plications. During the past decade a novel class of laser processing techniques - the
hybrid laser etching - was introduced that makes use of conventional nanosecond
pulsed lasers, e.g. excimer lasers or solid state lasers. Hybrid laser etching exploits
the enhanced absorbance at the interface via additional absorbing materials, such

as liquids [8], transient plasmas [9], or adsorbed layers [10]. The hybrid laser
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processing techniques are characterized by small etching threshold fluence and
usually a better surface quality, compared to direct ablation. These attributes to-
gether with the high flexibility of the laser tool make the hybrid techniques inter-
esting for high-end application and rapid prototyping of optical materials.

A very promising type of hybrid laser processing is the laser-induced backside wet
etching (LIBWE). The LIBWE technique causes laser etching at the back surface of
the transparent sample, that is in contact with an absorbing liquid [8, 11]. The
LIBWE process is characterized by a low threshold fluence (about 0.50 J/cm? for
fused silica), a small etch depth per laser pulse (1 to 20 nm/pulse), and a small
roughness of the etched surfaces (less than 10 nm rms). Different types of glass,
fused silica, and optical crystals have been etched with high precision and with
little surface contamination [8, 11-13]. The etch mechanism as proposed in the
literature comprises several sequential steps including laser-induced heating of
the liquid (which in turn heats the solid), softening or melting of the solid material,
and erosion of the weakened material layer by mechanical forces, such as shock
waves and transient large pressures [8, 14, 15]. Unfortunately, this proposed me-
chanism does not reflect the real experiments because it does not explain effects
like incubation, liquid decomposition, or surface modification that regularly ac-
company LIBWE [16]. Interface temperature calculations, which are essential
when modeling a thermal mechanism, were made regarding the absorbed laser
energy in the liquid as the source for the heating of the solid [8, 14, 15]. The calcu-
lated temperatures do not exceed the melting point of the respective material dur-
ing etching. Thus, particular attention is paid to the effect of processing parameters
and to parallel and consecutive processes of laser-induced backside wet etching to

obtain a more precise description of the LIBWE-inherent etch mechanism.

In this work, a detailed study of the influence of processing parameters on LIBWE
will be presented for fused silica and other glasses and crystals. With the results,
the etch mechanism together with the main processes of liquids decomposition,
surface modification, and incubation are discussed. With a set of optimized para-
meters, the etching of microoptical structures into fused silica is demonstrated to

show the capabilities of LIBWE in application.
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2 Interaction of photons with matter

2.1 Basic principle of photons-matter interaction

Electronic transitions can be induced by the absorption of photons in matter. In
particular, the photons can induce transitions from the valence band to conduction
band, charge transfers from one constituent to another, or the creation of excitons.
From the excited state the electrons relax to a lower energetic state via radiative

and non-radiative transitions. Very often non-radiative transitions are dominating.

2.2 Interaction mechanisms of photons with transparent dielec-

tric material

If the bandgap of a dielectric is larger than the photon energy of the incident laser
photons no linear absorption of the photons by the valence electrons is possible.
Thus, no transitions from the valence band to the conduction band take place. The
bandgap of about 9.0 eV of fused silica exceeds the photon energies of conventional
UV laser systems which are in the range of 3.5 to 7.9 eV [17, 18]. Two types of me-
chanisms can describe the interaction mechanisms between UV laser radiation and

wide-bandgap materials: nonlinear absorption and defect-induced absorption.
2.2.1 Nonlinear absorption mechanism

A wide-bandgap material free of defects that is transparent at moderate photon
flux densities can become opaque at sufficiently large laser intensities because of
nonlinear absorption mechanisms, such as multiphoton absorption [17, 19]. A va-
lence electron can be excited to the conduction band by the absorption of two or

more photons.

Further, three mechanisms have been proposed to account for the production of a
large amount of electrons necessary to cause materials damage: (i) continued mul-
tiphoton absorption, (ii) triggered conduction band absorption, and (iii) multipli-
cation by an avalanche process. In the second mechanism, the initially excited elec-
trons in the conduction band due to the multiphoton absorption process can trig-
ger a one-photon absorption for the incidence laser photons and can further in-
crease their energy by intraband absorption [20-22]. In the third mechanism, the

existing conduction band electrons are accelerated in the electromagnetic field of
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the laser until they reach an energy larger than the energy required for ionization.
Hence, they can transfer this excess energy to valence electrons, which are excited
to the conduction band. In this manner, a cascade-like amplification process devel-
ops. Extensive literature deals with theoretical and experimental studies on both

multiphoton absorption and avalanche mechanism (Refs. cited in [17, 19]).

Permanent changes of the optical properties of the dielectric can be attributed to
structural damage of the lattice due to nonlinear absorption processes. In particu-
lar, the bulk of fused silica is damaged at intensities larger than 1013 W/cm? [23].
Such large intensities can be achieved usually with femtosecond (fs) or picosecond
(ps) laser pulses [17] whereas only 107-109 W/cm? are typically for nanosecond

(ns) laser pulses.
2.2.2 Defect-induced absorption

For the defect-induced absorption mechanism the photon-matter interaction oc-
curs indirectly via defect states in the bandgap (intraband states). In general, de-
fects in a dielectric can trap electrons or holes (point defect). Such defects are la-

ser-generated (at sufficiently large laser intensities) or intrinsic defects.

Laser-generated defects

Electronic defects can be generated during laser irradiation with large intensities,
for instance by multiphoton absorption processes. A few fundamental defects have
been identified for fused silica, such as neutral oxygen vacancies. An oxygen vacan-
cy is believed to be a precursor of an E” center (a silicon dangling bond with a
trapped hole) and a non-bridging oxygen hole center (NBOHC, an oxygen dangling
bond) [24, 25]. These defects have absorption bands at 5.8 eV (E" center) and 4.8
and 6.8 eV (NBOHC). Beside oxygen vacancies also several variants of silicon bond
defects (vacancies and interstitials) are possible and exist with certain probabili-
ties and lifetime [26-28]. In some cases, the transient defects become permanent
and affect the following laser pulse due to an enhanced absorbance. The accumula-
tion of such defects and, consequently, the increasing of absorbance during pro-
longed laser irradiation are termed in the literature as incubation [17, 29]. Such
radiation-induced defects can cause a structural compaction of the exposed ma-

terial volume [30].
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Intrinsic defects

Dielectric materials containing defects are damaged at much smaller laser intensi-
ties than a defect-free material. Several kinds of factors affect the absorption of the
laser radiation in wide-bandgap materials: (i) preexisting structural defects, (ii)
interfaces/surfaces, and (iii) environment. Additionally to laser-generated defects,
photons absorption can also be enhanced by preexisting chemical and structural
imperfections of the dielectric material. Significantly larger absorption can take
place at interfaces or surfaces due to the existence of surface states [31, 32], the
presence of topological imperfections [33], and chemical impurities and contami-
nations [21]. Various means, such as mechanical polishing [34, 35] and y radia-
tion [36], have been used to create defect states near the surface. With respect to
the environment, a gaseous atmosphere in contact with the laser illuminated sur-

face has important effects on the generation of defects [37].

2.3 Thermal processes

The primary interaction between photon and matter is always non-thermal [17].
The transfer of energy of the electrons to vibrations of the lattice heats the sur-
rounding matter. The evolution of the temperature in the material due to the ab-

sorption of laser energy can be calculated with the heat equation.
2.3.1 Heat equation and definitions

In the most general case, the temperature is a function of both spatial coordinates
and time. The temperature evolution depends on the optical absorption of the laser
radiation, the heat flux from the irradiated zone, and on transformation enthalpies

of phase transitions, such as melting or evaporation.

The one-dimensional heat equation where the spatial coordinate (z-direction) is
parallel to the propagation of the laser beam (and vertical to the surface) is appro-
priate for thermal considerations since the beam size of the laser is usually larger
than the characteristic lengths of optical or thermal penetration. Furthermore, the
heat transport by convection and thermal radiation is neglected, the material is
assumed as uniform and isotropic, and its properties are considered to be inde-
pendent of the temperature. The linear heat equation extended by a source term

Q(z, t) reads according to [17]:
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0c, &T(z t)——[ Tz, t)] 0z0) (2-1)

where g, ¢;, and x are mass density, specific heat capacity, and thermal conductivi-
ty, respectively. These coefficients can be combined to the thermal diffusivity:

K
D= E . (2-2)
The source term is equal to the absorbed energy of the laser irradiation by the ma-
terial which is totally transformed into heat. According to the law of Lambert-Beer

the source term can be written as:

Q(z,t) =(1—R) al(t) exp(—az) , (2-3)
with the linear absorption coefficient & and the laser intensity I(t). Herein, the ref-
lection losses have been taken into account by (1 - R). Instead of « sometimes the

optical penetration depth d, is used:

dy, =a™1 . (2-4)
From (2-3) it is obvious that the temporal dependence of the laser-beam intensity
I(t) has a significant effect on the source term and, consequently, on the resulting
temperature evolution. To meet the most relevant case for this work a laser pulse
with temporally constant intensity and pulse duration 7, is considered:

Iy for 0 <t <7,

I(t) = . (2-5)
0 for t>rpand t<0

In applications of pulsed lasers the energy fluence of the laser pulse (further ab-

breviated to the laser fluence @) is often used instead of I [17]:

CI) = IO Tp . (2-6)
An important parameter in thermal processes is the heat diffusion length or heat

penetration depth:

dr ~VaD¢t , (2-7)
which is a measure of the heated material depth as a function of the time. Usually,

the laser pulse duration 7, is used to quantify dr during the heating cycle of the

p

laser pulse.
2.3.2 Pulsed laser irradiation of semi-infinite substrates

According to [17] for pulsed laser irradiation of plane, semi-infinite substrates
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with finite absorption a solution of the heat equation for the heating cycle of the

laser pulse (0 < ¢ < 7,,) can be given:

4 f(Z) 1 (—an)+ 1 (adT)z
rierfe(7) =2 exp(-a2) +5ewp|(—

ad z
. Z exp(ta z) erfc (—T + —)
- 2 T drp

AT(z,t) = ;0 (2-8)

The descriptions erfc and ierfc are the complementary Gauss error function and
the inverse complementary Gauss error function, respectively. The specific values

of erfc and ierfc are given in mathematical tables [38, 39].

In the following, (2-8) will be discussed considering some boundary values. The
heating confinement depends on the material properties. Two cases can be dis-
cussed depending on the rate of laser energy dissipation in the sample: (i) thermal

confinement and (ii) optical confinement.

(i) In the case of thermal confinement the thermal diffusion length within the laser
pulse duration (2-7) exceeds the optical absorption length(d; >» d,). Hence, one
can assume for simplification an infinite absorption (« = ) and, therefore, only
the first term in the parenthesis of (2-8) remains:
Iy _ z
AT (z,t) = — dy ierfc (—) : (2-9)
K dr
In particular, in the case of z =0, i.e.,, the materials surface, ierfc(z = 0) = \/% [17]

and (2-9) yields:

IOdT
VI

(ii) The temperature distribution in the case of optical confinement (d, > d;) is

AT(z=0,t) =

(2-10)

caused by a finite penetration of the laser radiation. In the case of z= 0 (2-8) is:

2
AT(z=0,t) = %0 {j—% —% ll — exp |<aTdT) l erfc (a;lT)l} . (2-11)

At t= 175 (2-11) can be also described by the heat balance if the heat can not flow

outside the irradiated volume within the duration of the laser pulse [17]: the ab-
sorbed laser intensity heats a material layer of thickness d,. The so-termed calori-

metric solution of the heat equation is:
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Iy T
AT=£ )
0Cpdy

The cooling cycle of the material after single-pulse irradiation can be described

(2-12)

according to [17] by subtracting the solution for the heating cycle starting at t = 7,

from the heating cycle starting at t = 0; i.e., for t > 7,

zj%iﬁ(vf— [t=71,) . (2-13)

AT(z =0,t) =

2.3.3 Phase changes of solid matter

Melting and vaporization

If the laser fluence exceeds the threshold fluence for melting, the temperature evo-
lution can be calculated from the heat equation (2-1) only when the latent heat of

melting is considered in the source term [17].

For a solid semi-infinite substrate uniformly irradiated by temporally rectangular
laser pulses of duration 7, the temporal behavior of the surface temperature Ts can
be explained according to [17]. Material evaporation shall be ignored at this point.
At equilibrium conditions, Ts reaches the melting point (T) within a time z,(0).
Subsequently, almost no temperature rise occurs because the absorbed laser ener-
gy is consumed by the melting, which requires the enthalpy AH,,, per mol. After a
time 7,(h;) the surface is molten to a depth h;. If h; is within dr and t < 7, the melt
front matches the heat front and Ts increases further. The maximum in Ts is

reached at 7.

For laser fluences around the melting threshold, the maximum melt depth h/"® can
be approximated from the solution (2-8) considering a large area irradiation and a
strong surface absorption of the laser beam by the material [17]:
P ﬁ b -9, ’

v P
where @, is the fluence necessary for surface melting. (2-14) is valid for ® = ®p,. If

& > ¢, the solution of (2-8) yields for fluences of & — &, K &, [17]:

(2-14)

d—d,

h"* ~ dr
b,

(2-15)
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Both, (2-14) and (2-15) are only a crude estimation of the melting depth because
they present a description of the non-linear melting problem by linear solu-
tion [17]. For fluences well above ®,, a simple approximation of the maximum

melt depth in pulsed laser irradiation is based on the energy balance [17]:

hmax < CDa — (Dm
LT oAH

@, is the absorbed laser fluence and AH = AH,, + ¢, (T;, — T,) the total enthalpy,

(2-16)

with AH,,, as melting enthalpy of the material.

In contrast to the preceding subsection, in many kinds of laser material processing
the heating cycle is very short and heating rates are large. If the degree of over-
heating is very large inhomogeneous melting within the heated volume of the solid
occurs. For high-intensity laser pulses and focused laser-beam irradiation, liquid
expulsion and vaporization become important and disturb the equilibrium of the

system. Then, the deformation of the surface must be taken into account.

The exact temporal behavior of Ts depends on the material, the intensity distribu-
tion, and shape of the laser pulse, the convective heat flows, and the type of the
ambient medium. Hence, the total spatial and temporal temperature distribution

within the liquid and the solid material can be calculated only numerically [17].

When the laser energy input is large enough to induce significant materials vapori-
zation, a dense vapor plume is formed above the surface. The vapor may consist of
clusters, molecules, atoms, ions, and electrons. The composition depends amongst
others on the laser intensity, the laser wavelength, the material (composition as
well as structure), and the ambient medium. Vaporization takes place when the
temperature of the material approaches the boiling temperature Tp. When Ts
reaches Tp the boiling enthalpy AHy is required for the vaporization of the materi-
al. The strong temperature and pressure gradients in the direction of surface nor-
mally cause a strongly forward directed fast expansion of the vapor plume that can
be treated as an adiabatic process [17]. In any case, materials leaving the surface
generate a recoil pressure on the substrate. In the presence of a molten layer, the
recoil pressure partially expels the liquid. The vapor plume may also generate

strong shock waves in both substrate and ambient medium [17].

Boiling occurs at that temperature for which the vapor pressure of the substance

equals the ambient pressure. Hence, Tp depends on the pressure. Usually, boiling
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temperatures are published with respect to standard pressure (101.3 kPa). Tp in-
creases with increasing ambient pressure up to the critical point where the liquid
and the gaseous phases become indistinguishable and the material is neither liquid
nor gaseous but in the state of a supercritical fluid [40]. In particular, the critical
point of the organic solvent toluene amounts at a temperature of 319°C and a pres-

sure of 4.1 MPa [40].

Vitreous materials

If crystallization of a cooling melt is kinetically hindered, vitreous materials are
formed by supercooling and freezing-in the molten state [41-43]. The solidification
of a glass from a melt is called glass transition. The glass transition is accompanied
by a gradual change of linear expansion of the materials volume in the temperature
region of the liquid-solid transition (Fig. 2-1). If the thermal history and the cooling
rate of the melt are fixed, the transition temperature can be determined by extra-
polating the linear expansion of the melt (above transition) and the glass (below
transition). The intersection of both extrapolations gives the glass transition tem-
perature Ty (exact measurement according to DIN 52324). In the temperature
range between Ty and Tu, the state of the glass-forming material is that of a me-
tastable or supercooled melt. At cooling, the atomic mobility becomes smaller and
the melt reaches the vitreous state at Ty. The glass transition temperature depends
on the cooling rate. During fast cooling, the structural units of the melt have less
time to rearrange. Therefore, glass transition will be shifted towards larger tem-
peratures in comparison to slow cooling [41, 42]. The same behavior is noticed

when the glass is reheated to a metastable or undercooled melt with fast heating

&0
glass transition 6&«3&6 d %‘6@\‘
e@ (]
S| [+ & - ic di
g - Fig. 2-1: Schematic dia-
,'?: ' g gram of the volume as a
2 function of the tempera-
o ? |~ ture for a glass-forming
=) material. Here, Ty and Ty
= are the glass transition
g - cooling and melting temperature,
: heatin respectively.

----- -

Temperature g M
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rates [41, 44, 45].

A liquid or melt has a viscosity (7)), a measure of its resistance to flow. When a
glass-forming material such as silica is cooled, its viscosity normally increases [46].
In particular, at Ty the viscosity of many glasses is about 1012 Pas [43, 44, 46, 47].

Above this viscosity, the class can be treated as solid.

The heating or cooling rates of most of the conventional glass forming processes at
which viscosity matters are in the range of K/min. However, the rate of tempera-
ture change in a laser heating process with a 1 us laser pulse is in the range of
108 K/s localized in a small materials volume near the surface [45]. Due to the rap-
id change of temperature with respect to the time scale of structural relaxation, the
microstructural state of the glass remains unchanged in the time scale of the laser
pulse [43-45, 48]. With nanosecond laser pulses the heating rates are even in the
range of 1011 K/s while quenching rates amount to about 10° K/s. The response of
vitreous materials on such rapid thermal cycle is very difficult to describe and ob-

ject of some recent publications [42-45, 48-50].

2.4 Liquids and pulsed laser irradiation

The pulsed laser irradiation of an absorbing liquid induces a broad range of physi-
cal effects (as depicted in Fig. 2-2a), such as rapid heating, explosive evaporation,
bubble formation, transient pressure generation, bubble collapse, as well as laser-
induced chemical processes, e.g., photolysis of molecules of the liquid (Fig. 2-2b),
or chemical reactions between molecules and/or photolysis products. To further
aggravate the situation, processes interact with each other. Hence, a detailed de-

scription of laser-induced effects in a liquid is very difficult.

2.4.1 Physical effects induced by laser irradiation of an absorbing liquid

Transient pressure generation

The heating of a free liquid surface (without a solid boundary; see Fig. 2-2a) by a
laser pulse induces thermal expansion of the volume of the liquid within the laser
radiation is absorbed. This volume initially pushes the surrounding liquid medium
and causes a compressive pressure wave, which is directed opposite from the heat-
ing zone. Simultaneously, the recoil momentum induces a zone of large pressure

inside the heated volume of the liquid.
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Simple estimates of the magnitude of pressure due to laser absorption are possible
for two limiting cases [51]. In the short pulse range (acoustic penetration depth
daco K dg, with dgc, = ¢5 T, and the speed of the acoustic wave cs), the volume of
the liquid within the laser energy is absorbed cannot expand during the heating
cycle. According to Kim et al. [51] the peak pressure Ap for short-pulse limit can be
approximated by:

c2Ba

Cp

Ap ~ d (2-17)

where fis the thermal expansion coefficient of the volume of the liquid.

The long pulse range corresponds to d,., > d,. In this limit, the acoustic pulse

traverses the absorption zone during the duration of the laser pulse and the peak
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b) O—CHzx (X=CLOH,H, CH3, CoHs)

Fig. 2-2: a) The various physical effects involved in the pulsed laser-induced ablation of a free liquid
surface [51]. b) Photon-induced chemical processes in molecules of liquid benzene derivates [52].
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pressure can be estimated by:

cs B

CpTp

Ap ~ D . (2-18)

For typical conditions in this presented work (7, = 25 ns; ¢s=13.2 - 10* cm/s, see

Table A 2; ¢ = 1700 cm'1, see Table 5.1) the long pulse condition is fulfilled.

Rapid liquid heating by a short laser pulse

When a sufficiently large amount of energy is deposited during a short time inter-
val at large laser fluences, substantial overheating of the liquid beyond the stan-
dard boiling temperature can be achieved without evaporation [51]. Thus, the
state of a supercritical fluid (subsection 2.3.3) can be reached for a short time.
However, an “explosive evaporation” may take place subsequently as a result of
superheating [51]. The evaporation causes a fast decreasing of temperature and

pressure.

Bubble formation and bubble collapse

If laser radiation is absorbed in a liquid medium and a sufficiently large number of
nuclei for bubble formation are available, vapor bubbles can be formed in the lig-
uid. When these vapor bubbles collapse, liquid rushes towards the center of the
former bubble, and the low degree of compressibility of the liquid produces a
strong impact launching a compression wave into the liquid. At the end of the col-
lapse cycle, the pressure inside the bubble rapidly increases and a second shock
wave is generated. Several oscillations can follow the bubble collapse. The energy
of such a spherical bubble collapse is proportional to the incident laser pulse ener-
gy [53] and can be approximated by the bubble energy under considering the max-
imal radius and consequently the lifetime of the bubble [53, 54].

Bubble collapse at solid-liquid interface

The bubble collapse near a solid surface, i.e., at the solid-liquid interface, depends
strongly on the distance between the bubble center and the solid surface. If the
spacing falls below a (empirically determined) specific value of bubble size of
4+ Rmax, the bubble migrates towards the solid boundary and changes its spherical
shape to become toric. The collapse occurs by the acceleration of the next bubble

interface in direction of the solid boundary. This causes a liquid micro jet imping-
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ing onto the solid surface. The instantaneous velocity of the jet, vje;, can be general-
ly deduced from in situ observations of the bubble formation (e.g., by shadow
graph technique [55]). In order to estimate the impact pressure of a liquid jet, the

pressure can be calculated with the following formula [53, 55]:

Ap = 0 Cs Vjer - (2-19)
The high-pressure waves of both the pressure inside the bubble when in contact
with the solid boundary and the afterwards impinging liquid jet of about a few
hundred MPa are capable to cause an indentation of the surface that can result in
permanent materials damage or erosion [53, 55]. The energy of bubble collapse is
not alone converted into acoustic energy but also into heat due to the fast com-
pression. From the spectra of luminescence from such laser-created bubbles, tran-

sient large temperatures in the range of some 1000 K can be calculated [56].
2.4.2 Photochemical processes and effects in absorbing organic liquids

Beside physical effects (subsection 2.4.1), the irradiation of highly absorbing lig-
uids, such as organic solvents and solutions, with light of short wavelengths causes
photochemical processes inside the liquid, too [52, 57-59]. Laser-induced photo-
chemistry includes the excitation of molecules, transient photodissociation of mo-
lecules, permanent decomposition (fragmentation) of liquid components, or en-
hancement of chemical reactions between species of the decomposition process.
Beside one-step fragmentation processes, such as the UV laser photolysis of ben-
zene derivates with benzyl radicals as transient state of species [52, 58], also a
complete degradation of the benzenes into carbon has been observed [57]. The
bubble appearance in laser-liquid interactions suggests a gas-phase photolysis due

to the laser and chemical reactions of the compounds inside the vapor bubble [59].

The rate equation for a laser-induced photolysis may be very complex [17] because
of the multitude of pathways in the photon-induced decomposition of organic mo-
lecules [59]. In the case of a single-photon excitation of a single type of reactant,
the time-dependent concentration of radicals, I, generated in a photochemical
reaction of the type I1 11+ hv — I1 + II can be given by the diffusion equation ac-
cording to [17]:

SNH(X, t)

St ~ Gv,l'[ —Jn— ko Np Ny (2-20)
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with the average number of generated species I per time within the volume of the

medium as source term:

I(x,t)

Gun =Y ann —5— - (2-21)
v

E,, app, and ¥ are the photon energy of the incident laser beam, the absorption
coefficient of the medium IT 11, and the quantum yield of the photochemical reac-
tion, respectively. The second term in (2-20) describes the transport of species Il
by ordinary diffusion out of the irradiated volume and the last term denotes the
loss of radicals IT by a recombination reaction with temperature-dependent reac-

tion constant k.
2.4.3 Regime of liquid confinement

When an absorbing solid substrate is submerged into a transparent liquid, the ini-
tial process of laser ablation is the absorption of light by the solid target. But in
contrast to laser ablation in a gaseous atmosphere or vacuum the laser plasma is
confined due to the inertia of the liquid. The interaction time and the magnitude of
plasma-induced pressure as well as the temperature are enhanced with respect to
air at the same laser intensity [60-64]. Hence, the materials ablation rate is highly
enhanced by the confinement of the laser plasma due to a liquid and the efficiency

for laser material processing is improved.
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3 Pulsed laser ablation and etching of fused silica

Material erosion caused by short laser pulses takes place far from equilibrium and
may be based on thermal or non-thermal microscopic mechanisms. The term laser
ablation is preferred because it is less suggestive with respect to the fundamental
mechanisms involved in the process [17]. Laser ablation is characterized by the
surface-localized deposition of the excitation energy. A crude estimation for the
thickness of the layer removed per pulse, Ah, can be made considering the heat
penetration depth dr (2-7) or the optical penetration depth d, (2-4) depending on

which is larger:

Ah ~ max(d;,d,) . (3-1)
In the case of ultra short pulses with picosecond or femtosecond time duration Ah

is given by d,,.

If material erosion is enhanced or only induced by laser activation of gaseous, lig-
uid, or solid etchants the term laser etching is preferably used [17]. Usually, laser-
induced etching can be explained by a chemical reaction between the laser acti-
vated surface material and the etchant species, often described by the reversal of a
corresponding deposition reaction. Photochemical dry etching of fused silica has
been investigated with hydrogen and various halide radicals. The latter have been
usually produced by excitation of precursor molecules and the etch rates are in the

range of Angstrom per pulse [17].

Laser ablation with ultraviolet (UV) excimer lasers, vacuum ultraviolet (VUV) las-
ers, or ultrashort pulse lasers [5-7, 29, 65, 66] are commonly used for direct
processing of transparent materials, such as fused silica. Beside laser ablation also
laser processing methods which use additional materials or processes to enhance
the absorption of the transparent material at the surface for etching (hybrid laser

processing) are objects of recent investigations [8, 10, 67, 68].

3.1 Directlaser ablation

Conventional nanosecond UV laser ablation is usually applied for processing of
polymer materials. Dielectric materials, such as fused silica, cannot be ablated as

well as polymers due to the small absorption of pulsed excimer laser radiation by
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the material (section 2.2). Ihlemann etal. [29, 65] report on successful ablation of
fused silica with ArF and KrF excimer lasers at large laser fluences (about
10 J/cm?) with ablation rates of a few hundred nanometers per pulse. At these
large fluences a large microroughness is formed and a significant amount of abla-
tion products (debris) is visible around the ablation groove. This suggests a sub-
stantial heating of the substrate combined with explosive evaporation [69]. As
possible mechanism, the enhancement of absorbance caused by laser-generated
and intrinsic defects due to prolonged pulsed laser irradiation (also called incuba-

tion) is proposed [29, 65, 69].

VUV F; lasers (A =157 nm, E, = 7.9 eV) can be used for direct ablation of fused sili-
ca with a high quality of processed surface, moderate ablation rates (tens of nm),
and small threshold fluences (smaller than 1.00 J/cm?) [5]. The sufficiently large
linear absorption of fused silica for the laser wavelength is attributed to an absorp-
tion band with excitation energies below 7.0 eV due to intrinsic and laser-

generated defects (subsection 2.2.2).

Picosecond (ps) and femtosecond (fs) lasers with near infrared (NIR) wavelengths
can be employed for ablating fused silica [6, 7, 66] due to multiphoton or defect-
induced absorption processes (subsection 2.2.1 and 2.2.2) induced by the large
laser intensities (larger than 1011 W/cm?). A wide range of ablation depths per
laser pulse (um to nm) and medium threshold fluences (about 2.50 J/cm?) are de-
termined but the processed surfaces are often uneven and rough due to the forma-

tion of ripple structures [6, 7, 66].

3.2 Material-assisted backside laser etching

Conventional excimer lasers with ns pulses are employed in hybrid laser etching
methods. A sufficiently large absorption of the UV laser wavelengths is provided
locally at the materials surface by temporary plasmas [67], adsorbed organic lay-
ers [10], or organic liquids [8, 68]. In the principal experimental arrangement of
hybrid laser etching the incident laser beam penetrates the transparent sample
without significant loss and is absorbed by the absorbing additive on the back sur-
face of the sample (Fig. 3-1a-c). The materials erosion is termed as etching because
without the absorbing additive no laser-induced materials erosion occurs at the

applied experimental parameters. Otherwise, without the laser the “etchant” is not
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capable to etch the material.

Zhang etal. report on laser-induced plasma assisted ablation (LIPAA) [67] that ex-
ploits a laser-induced plasma as absorbing additive (Fig. 3-1a). The laser pulse ge-
nerates the plasma due to ablating a metal target beneath the transparent sample.
The charged plasma species induces defects in the transparent material, enhances
its absorbance for the still incident laser pulse, and an ablation of the modified sur-
face layer takes place. Beside the charged species also deposits of neutral plume

species (atoms or clusters) takes place that affects the subsequent laser pulses.

Zimmer etal. introduced the laser etching at a surface adsorbed layer (LESAL) [10]
that uses an absorption of the laser photons by a thin adsorbed layer of organic
solvent on the back surface of transparent materials (Fig. 3-1b). LESAL-processing
of fused silica possesses small threshold fluences (smaller than 0.75 J/cm?) and
offers a certain laser fluence range with a constant etch depth per pulse in the

range of 1 nm/pulse.

In 1999 the group of Yabe and Niino [8] introduced hybrid laser etching by means
of absorbing organic liquids called laser-induced backside wet etching (LIBWE). The
influence of experimental parameters on etch rate, morphology, and structural and

chemical properties of etched surfaces were investigated for a number of transpa-
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rent dielectric materials [8, 13, 16, 68, 71-74]. Recently, the use of femtosecond
laser pulses in conjunction with LIBWE was successfully demonstrated [75, 76].
The application of established laser processing techniques [2, 17] in conjunction
with LIBWE was employed to fabricate well-defined binary and high quality 3D-
microstructures, large aspect ratio microtrenches, and periodical submicron grat-
ings into surfaces [72, 77-82]. First in situ investigations of the LIBWE-process
were performed by means of time-resolved shadowgraph technique to observe
bubble formation [83, 84]. Furthermore, the direct measuring of the transient
pressure with a fast-response pressure gauge was applied to estimate initial pres-

sure in dependence on the laser fluence [85].

3.3 Proposed thermal mechanism of LIBWE

LIBWE with ns UV laser pulses takes place due to the intensive deposition of ener-
gy within a small volume of the liquid [8, 72, 73] that is defined by the spot size of
the laser beam and the optical penetration depth of the laser radiation in the lig-
uid. The temperature of the solid rises due to a heat transfer from the hot liquid.
When the surface temperature exceeds a critical temperature, the materials sur-
face melts or softens. Due to the simultaneously induced transient large pressure

of the liquid (subsection 2.4.1) the molten or softened layer is expelled [8, 72, 73].

In the literature, the melting temperature of cristobalite T, = 1720°C is proposed
as the critical temperature (T¢) in the materials removal due to LIBWE of fused
silica [8, 14, 15]. Beside Tm, Ty is also a possible critical temperature for etching
because of the gradual change of the thermodynamic properties of material, e.g.,
volume or viscosity, near the glass transition. Otherwise, at T, fused silica has still a
high viscosity (about 1012 Pa s, see 2.3.3) and the material is more a solid than a
liquid. Thus, T seems more plausible than Ty and is further used as T¢ for mate-
rials erosion at LIBWE analogous to the literature [8, 14, 15] but without an imper-

ative justification.

In the pioneering work of Wang etal. [8] the temperature of the volume of the lig-
uid was calculated with the calorimetric solution of heat equation (2-12). In the
approximation, the laser pulse energy is converted entirely into heat, the liquid is
in the superheated state without evaporating (subsection 2.4.1), no thermal con-

duction out of the irradiated liquid volume takes place, and the temperature of the
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surface of the solid equals the liquid temperature. For the interface between fused
silica and 0.4 mol/I1 solution of pyrene in acetone, the temperature rise of the liquid
volume at etching threshold fluence was calculated to about 2000 K [8, 12]. The
calculated temperature of the liquid may exceed T¢ but, due to the approximations,
the calorimetric approach in (2-12) presents only a strong simplification of the

heating process at solid-liquid interface.

Vass etal. performed numerical simulations of the temperature evolution at LIBWE
[15, 73]. The one-dimensional heat equation was solved, including the melting of
the solid surface and temperature-dependent physical properties. The absorbed
energy of the laser pulse causes a large temperature rise in the liquid on a nanose-
cond time scale. Simultaneously, a partial heat flux into the near surface region of
fused silica rises its temperature [15, 73]. But the calculated maximal surface tem-
perature of fused silica at the experimentally found etching threshold fluence is

distinctly smaller than T¢ [15].

Zimmer etal. suppose in their extended calorimetric approach a laser heated vo-
lume with uniform temperature in both the liquid and the solid region that is li-
mited by the respective thermal diffusion lengths [86]. The energy for heating of
this volume is equal to the absorbed laser energy within the thermal diffusion
length of the liquid. It is further assumed that the laser pulse energy absorbed out-
side this liquid volume does not contribute to the heating of the solid region. Ac-
cording to [86] and (2-12), the increase of the temperature is given by:

AT = ®(1 — exp[—at di])
B 0% ¢, dy + ot ¢k df

(3-2)

The superscripts L and S describe the materials properties of the liquid and the

solid, respectively.

With (3-2), the temperature rise of the interface region of fused silica and 0.4 mol/]
solution of pyrene in acetone can be estimated for the threshold fluence of
0.24 J/cm? [8] (Table A 1, Table A 3, in Appendices) to 470 K. Both, the numerical
simulations [15] and the extended calorimetric approach [86], do not deliver suffi-

ciently large surface temperatures for the proposed thermal etch mechanism.

Kawaguchi etal. [85] and Vass etal. [15] estimated from direct pressure measure-
ments and numerical calculations, respectively, the pressure of the laser-irradiated

liquid at the solid surface to about 50 MPa (for the etching threshold fluence). This
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agrees within a factor of two with the approximations that can be made by (2-18)
(subsection 2.4.1). For typical conditions in this presented work (7, =25 ns;
® = 0.30 J/cm?; toluene: cs, B, ¢p; see Table A 2, a~ 1700 cm-L; see Table 5.1) the
pressure increase can be estimated to about 120 MPa. In former work [14, 83], the
vapor bubble collapse and the impinging liquid jet is proposed as the mechanism
of materials erosion. But numerical calculations [15] show that the largest temper-
ature and pressure occur in the time range of the laser pulse duration and the cool-
ing of the surface starts immediately after the laser pulse. Consequently, the large
pressure of the liquid jet (about 200 MPa) only acts on the already cooled fused
silica surface due to the bubble lifetime in the range of hundreds of microse-
conds [83-85]. Additionally, the high quality of the etched surface and the well-
defined patterns with a lateral resolution smaller than 1 um [72, 77-82] except the

localized impact of a micro jet from bubble collapse (see also chapter 9).

The current mechanism of LIBWE together with the temperature calculations gives
no unambiguous argument of a softened or molten surface at the threshold fluence
for etching. Thus, the estimated pressure of the liquid at the interface cannot me-
chanically expel the materials surface because it does not exceed the compressive

strength of fused silica (Table A 1).
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4 Experimental

4.1 Systems engineering
4.1.1 Laser workstation and laser

For the experiments a commercial workstation from Exitech Ltd. (Series 7000) has
been used. The essential components of the workstation are depicted in Fig. 4-1.
The laser workstation is equipped with an excimer laser (LPX 220i Lambda Phy-
sik), beam shaping and homogenizing optics, and a dielectric attenuator. An x-y-z
stage enables program controlled positioning and scanning of the laser beam
across the sample surface with a resolution of 1 um and a maximal velocity of

100 mm/s.

The used laser system (specifications are described in Table 4.1) can run with dif-
ferent gas mixtures capable to emit different wavelengths. Significant characteris-
tics are its energy pulse-to-pulse stability and maximal pulse repetition rate. The
energy monitor (Fig. 4-1) provides information on the current laser pulse fluence
and may, depending on the control mechanism, adjust the discharge voltage of

subsequent laser pulses. The operation mode of excimer lasers has been extensive-
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Fig. 4-1: Schematic set-up of the laser workstation.
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ly described elsewhere [87].

With the cylinder lens (CL), the difference in the dimension of the laser beam in
vertical and horizontal direction is initially compensated. The beam attenuator
(BA) allows the defined control of the laser pulse energy and consequently the la-
ser fluence on the sample. A beam expander (BE) adjusts the two-axis divergence
of the laser beam into the beam homogenizer. The beam homogenizer (BH; either
bi-prism or fly’s-eye type) transforms the raw excimer laser intensity distribution
into a laterally homogenized flat top profile. The additional beam divergence
caused by the homogenizing optics is compensated by a field lens (FL). The homo-
genized beam with a typical energy deviation of 5% rms usually irradiates an area

of approximately (20 - 20) mm? in the object plane or on the mask.

The mask (MP) shapes the laser beam profile for machining. The samples to be
machined are irradiated through chromium-on-quartz masks and a variable aper-
ture. The chromium-on-quartz masks are fabricated with electron beam lithogra-
phy and wet chemical etching. The aperture consists of four blades capable to gen-
erate rectangular or square images. The closing and opening of the aperture is mo-

torized and computer-controlled.

The imaging objective (I0) projects the mask onto the work piece. Either a reflec-
tive objective (15x demagnification, Schwarzschild-type) or a refractive objective

(5x demagnification) is used featuring a resolution of 1.5 and 5 um, respectively.

The position and motion of the work piece (WP) can be controlled by an x-, y-, and
z-handling system. In addition, the software gives full control over the handling
systems. The work piece as well as the mask positioning systems, the number of
applied pulses, and the laser fluence selected by the beam attenuator can be selec-

tively set. For convenience, a unit for beam diagnostics (BD) and an online surveil-

Table 4.1: Specifications of excimer laser LPX 220i from Lambda Physik

Laser medium ArF KrF XeF
Wavelength of the laser pulse, A (nm) 193 248 351
Photon energy, E, (eV) 6.4 5.0 3.5
Max. energy of laser pulse, Ej (m]) 275 450 200
Max. pulse repetition rate, f, (Hz) 200

7 (ns) 25
Pulse-to-pulse stability (%) 5

Beam dimensions (mm?) (5-12) - 23
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lance camera (SC) are installed.
4.1.2 Etch chamber

A simple laser etch chamber in the style of the principal experimental arrangement
of LIBWE, as shown in Fig. 3-1c, was designed and fabricated (see LIBWE etch
chamber in Fig. 4-1). Samples with a diameter and thickness of up to 50 mm and 5
mm, respectively, can be assembled in the chamber. In contrast to the sketch in Fig.
3-1c, the sample surface is aligned horizontally - normal to the vertically incident
laser beam (Fig. 4-1). The chamber is made of Teflon to provide for chemical resis-
tance against a wide range of organic chemicals. The absorbing liquids are filled
into the cavity which is sealed once by the sample and on the other side by simple

screws. After filling the chamber is fixed on top of the positioning stages.
4.1.3 Samples: solids and liquids

For the studies, fused silica (Suprasil, Heraeus, USA) was used as standard materi-
al. Fused silica glass is an appropriate material to study laser-induced backside wet
etching because of its well-known specific physical and chemical properties, e.g.,
high transparency in UV and VIS, chemical resistance, simple chemical structure,
and thermal stability. Samples cut from wafers polished on both sides with a thick-
ness of 380 um and a surface roughness of about 0.3 nm rms are used as received

from clean room package of the manufacturer. The radiation at wavelengths larger
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than 195 nm is - ignoring reflection losses - totally transmitted by the employed
fused silica samples (Fig. 4-2). The absorption edge of the respective samples is at
about 165 nm [88]. Beside fused silica, technical glasses from Corning Inc. (Pyrex,
7059) and Schott Group (D263, BK7) as well as optical crystals from Crystec GmbH
(quartz, MgF», CaF, sapphire) are applied. Some important material properties are

listed in Table A 1 and Table A 4.

To study the LIBWE process, organic solutions and pure organic solvents are used
as liquids to absorb the incident laser radiation. All chemicals (with a 99.5% puri-
ty) are purchased from Merck KgaA, Germany. In the experiments, solutions of the
organic dye pyrene dissolved in toluene are applied as standard absorber with
high absorption in the UV (Fig. 4-2). The solutions are made with different concen-
trations of pyrene up to 0.5 mol/l at which the solution becomes saturated. Beside
toluene, xylene, acetone, and acethylacetone are used as well as the halogenated
solvents chlorobenzene (Ce¢HsCl), dichlorobenzene (CsH4Cl2), and fluorobenzene

(CeHsF). Important liquid properties are listed in Table A 2 and Table A 3.

4.2 Laser techniques for microstructuring

The micrometer-to-nanometer controlled, direct material erosion by excimer las-
ers is employed as a universal manufacturing tool for a wide range of materials
[17, 65, 89]. Laser microprocessing can be performed, for instance, by projection
the laser radiation via a mask, by direct writing, or by the interference of laser
beams (Fig. 4-3). By applying specific masks, such as contour, gray scale, and hybr-
id masks together with appropriate high precision work-piece positioning the fa-
brication of real 3D-structures with high precision and small roughness values is
possible [13]. The laser fabrication techniques relevant for the experiments will be

discussed in the following list.

a) Stationary mask projection method (Fig. 4-3a):

The simple method for excimer laser machining uses one or a set of contour masks
containing the complete 2D-shape of the area to be irradiated. The projection of
laser light shaped by a mask [90] allows binary material processing with a single
or a few laser shots. A step-and-repeat process may achieve a patterning of large
areas with repetitive elements. In this work, the stationary mask projection is used

in principle by projecting the aperture (square shaped) for the etch rate investiga-
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tions (chapter 5).

b) Direct writing with small spot laser beams (Fig. 4-3b):

The scanning of a small laser spot along a designed path across the work piece can
produce a 3D-structure. The number of overlapping laser pulses of all successive
scans defines the final etch depth. Usually, the patterning is accomplished by trans-
lating the substrate with respect to the fixed laser spot. This flexible approach can
handle CAD data, but it is rather slowly and produces in the case of laser ablation a
crude and rough surface. The direct writing with small laser spots is usually rea-
lized with a Gaussian laser beam profile [91]. The application of LIBWE processing

in conjunction with small spot writing is executed by projecting a small mask.
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c¢) Scanned contour mask (Fig. 4-3c):

The contour mask shape defines the topographic profile when a contour mask is
scanned along a path. In this case different mask regions account for different
numbers of overlapping laser pulses which in turn determine the locally etched
depth. Hence, the shape of the contour mask is transferred into a depth profile.
Following this approach real 3D-microstuctures of high quality can be produced
continuously in a time-efficient manner [2]. Intersecting single scans increase the
variety of structures that can be fabricated (e.g., periodic morphology). In subsec-
tion 9.2.1, the fabrication of a microprism array with a scanned contour mask is

demonstrated.

d) Beam interference by phase mask projection (Fig. 4-3d):

An optical grating splits the laser beam into different orders of diffraction. The 1st
orders of diffraction interfere on the work piece surface due to the projection by an
objective. A special aperture blocks the 0t and larger orders. When the intensity at
the maxima of the resulting submicron interference pattern locally exceeds the

threshold intensity, material erosion starts.

Phase gratings, usually with a binary square wave profile, are designed in order to
suppress the 0t diffraction order and to maximize the intensity in the +1st orders
of diffraction [2]. Providing a line-trench ratio of 1, the diffracted intensity in the
1st order is given by I,st = I, 4w ~2 sin®(§/2). §is the phase shift occurring at the
trench depth d depending on the refractive index n of the gratings material. The

phase shift §is defined by § = 2m d (n — 1) /A. For maximal I;st, §must become 7.

In this presented work, the fabricated phase grating must have a grating period of
22 ym and a depth of about 244 nm due to the overall optical set-up of the laser
workstation and the laser wavelength. It was etched into fused silica by laser pat-
terning of a photo resist and transferring the resist mask pattern into the substrate
by reactive ion beam etching to the desired depth. The period of produced interfe-
rence pattern employing a reflective objective (15x demagnification, Schwarz-

schild-type) is calculated to be about 730 nm.
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4.3 Measurement instrumentation and analytics

4.3.1 Scanning and transmission electron microscopy

The etched pits were examined with a JSM 6600 scanning electron microscope
(SEM) from JEOL (Japan). Top-view SEM images with a minimum lateral resolution
of 10 nm were made by detecting the secondary electrons. Particles from liquid
decomposition were dissected and imaged with a JEM 4010 (acceleration voltage
400 kV) transmission electron microscope (TEM) from JEOL (Japan) with a point-
by-point resolution of 0.16 nm. The samples were prepared by deposition on LA-

CEY carbon film.
4.3.2 White light interference microscopy

The principle of white light interference microscopy (WLIM) is described in detail
in Ref. [92]. The depth of etched pits and the respective surface roughness were
measured with a white light interference microscope Micromap 512 from ATOS
with an objective with a magnification of 20x. The depth resolution was better than
1 nm. The roughness of the etched surface was determined with an objective with
a magnification of 50x at monochromatic illumination. Due to the wavelength of
about 550 nm used in this optical measurement the lateral resolution was slightly
less than 1 pm. Hence, the cut-off wavelength of the measured surface roughness
was in the same range and therefore the method gives no information on the mi-

croroughness caused by shorter waviness.
4.3.3 Atomic force microscopy

The etched surfaces were additionally investigated by atomic force microscopy
(AFM) [93, 94] employing Tapping Mode™ [95]. The main advantage of AFM is its
sub-nanometer resolution in a scan area up to 100 um x 100 um by giving a direct
real space image of the surface. The measured data presented in this work were
obtained with a Dimension 3000 stage with a Nano Scope Illa controller from Vee-
co Instruments [95]. All the measurements were performed in air applying silicon
tips with a nominal radius smaller than 10 nm and sidewall angles of 18°. For cha-
racterizing the surface roughness the root mean square (rms) fluctuations of the

height profile h(x,y) [96] were analyzed:
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rms = N%)Z[h(x, y) — }_1]2 . (4-1)

Here h represents the mean height of the surface and N, the number of points. For
a quantitative analysis of the surface roughness scan sizes of (2 - 2) pm? were used

with 512 - 512 points.
4.3.4 Gas chromatography coupled with mass spectrometry

The irradiated liquid samples from which solid particles were removed on a
centrifuge were analyzed on an Agilent-GC (6890N with the column HP5ms)
ion trap system with mass-selective detector (5973) from Agilent Technologies,
USA. 0.1 pl of the solutions were injected into the system and the different sub-
stances were separated by gas chromatography (3 min 40°C - 10 K/min to 280°C

-3 min 280°C) and identified by the retention times and their mass spectra.
4.3.5 X-ray Photoelectron Spectroscopy

The X-ray Photoelectron Spectroscopy (XPS) equipment consisted of an X-ray
source with Mg/Al twin anode and a concentric hemispherical electrostatic energy
analyzer (VG Microtech CLAM-2) and was mounted on a UHV vacuum chamber
with a base pressure of less than 10-2 mbar. For the investigations, Al Ka radiation
(1486.6 eV) was utilized. The core levels of Si 2p, C 1s, and O 1s were measured
with 20 accumulations and a point distance of 0.1 eV. The spectra were corrected,

analyzed, and fitted by employing the program UNIFIT 3.2 [97].
4.3.6 Raman spectroscopy

Raman spectra had been measured with DILOR XY800 spectrometer (JY Inc., Edi-
son) of the University of Leipzig with a spectral resolution smaller than 4 cm-1. The
514.53 nm line of an Ar*-ion laser was used to excite the samples with a laser spot

diameter of 1 pm.
4.3.7 Rutherford backscattering spectrometry

The Rutherford backscattering spectrometry (RBS)/channeling measurements
were performed at the HVEE Gonio 941 chamber at the ion beam laboratory LIP-
SION of the University of Leipzig [98] with a 2 MeV helium ion beam of 0.8 mm

diameter. For RBS/channeling measurements it is imperative to use crystalline
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samples (e.g. quartz). The ion beam was aligned parallel to the (0001)-axis of the
quartz crystal to ensure deep penetration of the probing ions (channeling align-
ment). The distinction of the amorphized surface layer due to the laser etch
process from the bulk crystalline substrate was possible by comparing the re-
ceived spectrum with a spectrum on a non-etched region of the sample. The thick-
ness and composition of the amorphous surface layers were determined from the
RBS spectra after subtraction of the RBS spectrum from the non-etched region

with the RBS simulation code RUMP [99].
4.3.8 Reflectance measurements

A home-made pump probe set-up [100] is realized to investigate reflectance
changes at laser-irradiated solid-liquid interface (Fig. 4-4). A lens (8x demagnifica-
tion) projects a square mask with a size of (720 - 720) um? onto the back surface of

fused silica samples (thickness: 1 mm). Pure toluene is used as liquid absorber.

The KrF excimer laser worked as “pump source” to initiate the LIBWE process. A
continuous wave (cw) fiber-coupled semiconductor laser (23 mW, 4 =810 nm) is
used as probing light source with an incident angle of 45° with respect to the nor-
mal of the surface. The power stability of the laser diode is estimated to be +5% at
room temperature. The fiber output aperture of the probing laser is projected onto

the sample back surface by a lens forming an elliptic spot with a size of about
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Fig. 4-4: Experimental set-up of reflectance measurements [100].
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450 pm at short axis (FWHM). The specular reflected light is focused onto a Si pin
photodiode. A digital storage oscilloscope (Tektronix TD5520D) with a sampling
rate of two Giga-Samples per second is used to record reflectance signals. Due to
the very small difference in refractive index between fused silica at 810 nm (Table
A 1, Table A 2) the initial reflectance of the solid-liquid interface is calculated ac-
cording to the law of reflection [101] to about 0.02%. Consequently, the high im-
pedance input of the oscilloscope must be used to achieve a sufficient signal-to-

noise ratio.
4.3.9 Optical spectroscopy

Optical spectra are recorded on a Shimadzu UV-2101PC UV/VIS scanning spectro-
photometer (Kyoto, Japan) in the wavelength range of 190 nm to 900 nm. The
spectra are analyzed with Personal Spectroscopy Software UV-2101PC version 3 of
Shimadzu. Optical spectroscopy is applied to determine the extinction and conse-
quently the absorption coefficient of organic solvents and solutions in the UV

(scanning range: 190 nm - 360 nm, A4 = 0.1 nm).

Transmission spectra of laser-irradiated fused silica samples are recorded within a
scanning range of 200 nm to 800 nm with AA=0.5 nm. The sample and the refer-
ence light path are masked by an aperture with a diameter of 2 mm because of the
limited processable area (spot size of the laser, see subsection 4.4.3). The meas-
ured transmission spectra of pristine and unmasked fused silica samples have a
precision of +0.011 (corresponds to a transmittance of 1.1%). Due to the small in-
tensities as result of masking the accuracy of the measurements is reduced. The
precision is estimated by iterative measurements with +0.03 (corresponds to a
transmittance of 3%). For calibration, similar pristine fused silica samples are used
as reference. An integrating sphere assembly ISR-260 of Shimadzu is installed in
the spectrometer to measure the total transmittance of the samples. In this way,
the entire transmitted light of a sample is received including the diffusely transmit-

ted light as result of scattering due to enhanced surface roughness.

4.4 Sample preparation

4.4.1 Quantification of the etch behavior

The depth of etched pits and the respective surface roughness are measured with

WLIM (subsection 4.3.2). Generally, laser exposure at every parameter set is re-
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peated three times and the mean value of the etch depths and the roughness is cal-
culated. The y-error bars in the respective graphs present the minimum-maximum
deviation of the measured values from the average one (precision). To quantify the
etching process, the averaged etched depth per laser pulse Ah (analogous the
thickness of the layer ablated per laser pulse; (3-1)), is calculated from the final
depth of the etched pits. Ah determined in this way represents an averaging for all

applied laser pulses.
4.4.2 Definition of parameter sets for the experimental investigations

In the experiments concerning the influence of relevant processing parameters on
the etch behavior (chapter 5), a fixed set of parameters is systematically used. In
specific investigations, some of the parameters are altered which is noted in the
text or in the figure captions. The main part of the experiments in chapter 5 is done
with a 0.5 mol/] solution of pyrene in toluene as absorbing liquid. Toluene as sol-
vent and pyrene dye to raise absorbance is a suitable absorbing liquid to study
fundamentals of the LIBWE process (Fig. 4-2). The high absorbance in UV, good
solubility for UV active dyes like pyrene, easy handling, and good former experi-

mental results [13, 83] are the reasons for selecting toluene.

In most of the experiments, the spot size of the laser beam is set to (100 - 100) pm?
by the projection of the variable aperture with the 15x reflective objective. The
excimer laser runs at A = 248 nm and with a repetition rate of f, = 10 Hz. The sam-
ple and the laser beam are not moved relatively to each other, i.e,, no scanning is
applied. Ah is investigated as a function of the laser fluence for a fixed set of laser
pulses. For ® < 1.50 J/cm?, 300 pulses are applied. For larger fluences, the pulse
number is reduced to 30 to avoid materials cracking [102]. The dependence of Ah
on the quantity of applied laser pulses (section 5.2) is examined in the range of 1 to
4000 pulses. Chromium-on-quartz square masks with side lengths from 20 pm to

650 um are used to vary the spot size of the laser (section 5.3).

The laser fluences are determined by calorimetric measurements of the laser pulse
energy divided by spot size of the laser beam in the projection plane. The precision
of estimation of the fluence can be specified for ® =5.00...1.00J/cm? with
+0.10 J/cm? and for ® < 1.00 J/cm? with #0.01 J/cm? The laser fluences are esti-

mated taking into account the reflection losses at the first air-silica interface.
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After LIBWE processing, the samples are cleaned ultrasonically in a bath of acetone
to remove residues of the absorbing liquids and from liquid decomposition. In ad-
dition, a heavy adherent carbon-rich film can cover the bottom and the surrounded
rim of the etched pit. To remove the layer, the samples are cleaned with a gentle
and selective microwave-stimulated oxygen plasma etching process employing a
Panel 450 plasma etcher (Leybold AG, Alzenau). The samples are processed for 10
minutes (Helicon-Power: 500 W, Bias-Power: 250 W, 100 sccm Oz, pressure:
0.5 Pa) without a significant increase of the temperature of the sample. In this
process, the etch rate of carbon contaminations is more than 1000 times larger
than the etch rate of the fused silica sample. Thus, no alterations of the etch depth
by the cleaning procedure can be expected. For SEM and interference microscopic
investigations, the samples are coated with a thin gold layer (about 20 nm). The
coating is necessary to avoid charging effects during SEM and measurement arti-

facts when applying WLIM.
4.4.3 Sample preparation for analytics

The excimer laser runs at A =248 nm and at f, = 10 Hz. A solution of pyrene in to-
luene (0.5 mol/1) has been used as absorbing liquid. The minimum areas to analyze
the surface of the LIBWE-processed samples by means of ellipsometry, optical
transmission spectroscopy, RBS, and XPS are about (3-3)mm? (3:3)mm?
(1.5 - 1.5) mm?, and (8 - 8) mm?, respectively. The maximal area to be etched by the
projection of a single mask is (3 - 3) mm? For the XPS investigations, a (4 - 4) array
of similar areas is etched by repeating a laser spot with a dimension of (2 - 2) mm?,
A (100 - 100) pm? mask is used for the sample preparation for Raman spectrosco-
py. After processing, the samples are cleaned ultrasonically in an acetone bath and
dried in a nitrogen stream. For the RBS measurements, the samples are coated

with 10 nm gold in order to avoid charging under ion irradiation.
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5 Parameter variations in backside etching of fused silica

5.1 The dependency of the etching on the laser fluence

In Fig. 5-1a, the averaged etch depth per laser pulse Ah (left axis) is presented as a
function of the applied laser fluence per pulse. A 0.5 mol/l solution of pyrene in
toluene is used as absorbing liquid for the incident laser pulses with a wavelength
of 248 nm. In addition, the efficiency of etching per laser pulse and fluence
(£'=Ah/®; right axis) is shown that gives the etched volume per energy unit. The

roughness at smaller fluences measured by WLIM is depicted in Fig. 5-1b.

The experimental threshold fluence (®) - the smallest fluence at which after 300
pulses a measurable etching occurs - is determined to be 0.33 £0.03 J/cm? which is
more than one order of magnitude smaller than for direct laser ablation of fused
silica in air (larger than 10 J/cm? [65]). @« of LIBWE processing is not an absolute
value and depends strongly on the given experimental parameters, e.g., the pulse
number and the spot size of the laser, which will be discussed later (section 7.1).
Generally, the behavior of Ah as a function of the laser fluence can be separated
into different fluence regions concerning the efficiency of etching and the different
surface roughness. The three fluence ranges are: (1) low fluence region, (2) middle

fluence region, and (3) high fluences region.

The low fluence region (1) ranges from @ to 0.60 J/cm? and is characterized by a

nonlinear increasing of Ah from 0.1 to about 6 nm/pulse (Fig. 5-1a) and a high sur-
face roughness (Fig. 5-1b). The efficiency of etching increases with the fluence, too.
The larger roughness is caused by the partially and instable etching of the surface.
The partial brightness visible in the SEM image (Fig. 5-2a) is related to an inhomo-
geneous surface modification. The origin of the modification is amongst others the
deposition of decomposition products, which are mainly carbon [16, 103], from the

liquid (see subsection 2.4.2). For the middle fluence region (2), Ah increases al-

most linearly between 0.60 and 1.10 J/cm? from 7 to 15 nm/pulse. The efficiency
of etching is almost constant and is estimated to be about 13-:107cm?3/]
(Fig. 5-1a). The middle fluence region is characterized by a high quality of etched
patterns; the etched pits feature well defined edges and a smooth surface as de-

picted in the SEM image (Fig. 5-2b). A small roughness in the range of 10 to 20 nm
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rms is measured by WLIM (Fig. 5-1b). The linear slope of Ah with the fluence, an
etched depth per pulse in the nanometer scale, and the small roughness are cha-
racteristic attributes for LIBWE with organic absorbers [8, 14, 15]. In principal, the
SEM images of the etched pits at medium fluences (represented by Fig. 5-2b) show

minor visible modification preferred at the edges outside the irradiated area, too.

150 &
I & 440
100 r [ [ [ (3) @ -
o @ &
L 1 1 1
501 2 - R A P
s LS g S/ -
[72) T« 1 ( ) 1 . l—./. :
2 Pr3 - S d "
= < ; o/ 4120 .°
E 8 1 1 1 .'. ‘©
E 10} £, P & st =
5 : oLl o om 3
sl /‘z}: | —m=—etch efficiency | 10
-  E=an)
O C .“ﬁé L : L 1 L 1 :// L 1 L 1 L 1 L ] 0
02 04 06 08 10 20 30 40
a) energy fluence per laser pulse (] /cm2 pulse)
T 1 T _ | T T T T i T
50 L ! ! < roughness after 300 ! T 110°
C) . laser pulses . (3) ]
; —a—roughness normalized'
4 1 1
40 | § :\A ! on the etch depth ! e
E q:,; ! < 1 =
= = ! \_ ! ) ' {107
230 T L | . 15
E ,g 1 1 1 S
=120\ ]
a e : : 2
g 20 L = q A 1 g
1) 1 I 1 2 o
= : : 410 "ep
o 1 1 1 =]
= 1 - 1 1 E
10 +
: Y
O s 4? 1 s 1 s 1 s 1 1 1 103
0.2 0.4 0.6 0.8 1.0 1.2
b) energy fluence per laser pulse (] /cm2 pulse)

Fig. 5-1: a) Averaged etch depth per laser pulse Ah (left axis) and the efficiency of etching per
laser pulse £ (rightaxis) as a function of the laser fluence. 300 pulses are applied with a 0.5 mol/1
solution of pyrene in toluene as absorbing liquid at 4 = 248 nm. The dependence of Ah on® can be
separated into the low (1), middle (2), and high (3) fluence regions. b) The absolute roughness of
the etched fused silica surface (left axis) and the roughness normalized on the received etch depth
after 300 pulses (right axis) for smaller fluences measured by WLIM (data field: (11 -11) um?).
(The lines are used to guide the eyes.)
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In the high fluence region (3), the etching is characterized by large values of Ah (up
to 150 nm/pulse), an increasing efficiency of etching from 16 to 35 - 107 cm?/],
and a high roughness (Fig. 5-1). The last is related to the occurrence of surface fea-
tures typical for a rapid resolidification after melting (Fig. 5-2c) and is an indica-

tion for an ablation-dominated etch mechanism similar to laser ablation in air [65].

Since the roughness in the middle fluence region is small, the etching is determined
due to a homogeneous etch mechanism. The constant efficiency in etching and
consequently the proportional rise of Ah with ® as well as the small roughness
(Fig. 5-1a) matters an etch mechanism that is homogeneous and deterministic over
the irradiated area. Furthermore, the small etch depth per pulse and roughness
indicates a localized energy deposition in the near surface region of the solid. Ah
rises stronger than proportional to @ in the low and high fluence region. This sug-
gests together with the high roughness in both fluence regions that an undeter-
mined and stochastic etch mechanism dominates the etching process. For small
fluences, the statistically distributed modification of the surface causes probably

an inhomogeneous etching. A similar effect known as incubation takes place for

defect-induced materials erosion of transparent solids near the etch threshold [17,

Fig. 5-2: SEM images of etch pits in fused silica
using 0.5 mol/] solution of pyrene in toluene as
liquid absorber for fluences of a) 0.34 ]/cm? b)
0.94J/cm?, and c) 1.40 ]/cm? applying 300, 300,
and 30 pulses, respectively.
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19, 29, 65, 104]. At high fluences, an ablation-like etch mechanism probably causes
the etching. The large roughness and Ah gives evidence for heating a relative thick

layer of the material typically for ablation processes [19, 29, 65].

In this work, in particular the low and middle fluence regions are investigated and
discussed due to their importance to understand the etch mechanism and the
promising attributes of the etching for application (small etched depths per pulse,

high quality of etched microstructures).
5.2 The influence of the pulse number

Fig. 5-3a to d show SEM images of etch pits after 1, 2, 3, and 10 pulses etched with
a laser fluence of 0.99 ]J/cm?. For the 15t pulse, probably a deposition of decomposi-
tion products takes place that is described by the completely bright area in
Fig. 5-3a. The median height of the film is measured by WLIM to be about 3 nm.
The 2nd laser pulse etches the material but the erosion is inhomogeneous over the
irradiated area (Fig. 5-3b). The etched zone in the left part of the area again ap-

pears bright in the SEM image whereas other parts inside the spot size have a less

Fig. 5-3: SEM images of etched pits at a fluence of ® =0.99]/cm? for a) 1 pulse, b) 2 pulses,
c) 3 pulses, d) 10 pulses. The respective depths are: -3 nm, 8 nm, 25 nm, and 130 nm. The negative
etch depth for 1 laser pulse indicates the deposits from liquids decomposition. A 0.5 mol/1 solu-
tion of pyrene in toluene is applied as absorbing liquid at 4 = 248 nm.
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intensive backscattering signal similar to the nonirradiated surface. Thus, the film
deposited after the first pulse is removed without an etching of the fused silica and
aredeposition of a new layer. The outer bright rim indicates the border of the irra-
diated area. After 3 and 10 pulses (Fig. 5-3c and d) a homogeneous and smooth

etching can be observed.
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Fig. 5-4: a) Etch depth (left axis) and averaged etch depth per laser pulse, Ah, (right axis) of fused
silica in dependence on the number of incident laser pulses. A 0.5 mol/] solution of pyrene in tolu-
ene is applied at A =248 nm and different laser fluences. b) Measured absolute surface roughness
(left axis) and the roughness normalized on the respective etch depth (right axis) in dependence on
the pulse number for 0.99 ] /cm?. Roughness data are obtained from an area of (11 - 11) pm? (WLIM)
and (2 - 2) um? (AFM).
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Fig. 5-4a (left axis, open symbols) shows the etch depth in dependence on the pulse
number for different laser fluences. At ® = 1.65 J/cm?, etching takes place with the
first pulse. For ® = 0.74 J/cm? and 0.99 J/cm?, the etching begins with the 7th and
2nd pulse and the etched depth increases nonlinearly with the number of incident
laser pulses. After the pulse number exceeds a fluence-specific quantity, the final
depth of the etched pits increases linearly and refers to a constant value of Ah. As a
consequence of the observed nonlinear growth of the etch depth, the calculated
values of Ah initially increase with the pulse number and saturate at fluence-
specific pulse numbers (right axis in Fig. 5-4a, solid symbols). For 1.65, 0.99, and
0.74 J/cm?, a constant Ah can be observed at 10, 30, and 300 pulses, respectively.
The respective values of Ah after saturation are estimated to about 36, 16, and

10 nm/pulse for 1.65, 0.99, and 0.74 ]/cm?, respectively.

In Fig. 5-4b, the optically (WLIM) measured roughness in dependence on the pulse
number employing ® = 0.99 J/cm? is presented. Initially, a small roughness (below
10 nm) of the etched surface (left axis, open symbols) evolves with raising pulse
number but increases up to about 70 nm for N> 100. The respective (short-
wavelength) microroughness measured by AFM is below 5 nm rms even after 1000
pulses. By normalizing the roughness with the respectively etched depth, the esti-
mated values (right axis, solid symbols) decrease with the number of pulses. Thus,
the large measured values of roughness at high pulse quantity are caused by the
waviness of the etched surface. When applying larger numbers of pulses, the fluc-
tuations in the fluence distribution influence the etched surface morphology and

consequently the measured roughness noticeable.

5.3 The effect of the spot size of the laser beam

Fig. 5-5 shows Ah of fused silica as a function of the spot size of the laser beam As
for different fluences. The pulse quantity is fixed (N=300) and a 0.5 mol/I solution
of pyrene in toluene is employed. Ah first rises with As and shows saturation after
exceeding a fluence-specific spot size. For 1.10, 0.90, and 0.65 J/cm?, As at Ah satu-
ration decreases from 40000 to 22500 and 6400 um?, respectively.

The observed etch behavior is opposite to the size dependence at the ablation with
ns laser pulses in air where Ah increases with decreasing spot size [105, 106]. At

ablation, the reasons of the enhanced ablation depth per pulse with reduced spot
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size are the interactions of the laser pulse with the ablation plasma or the evolving
surface microstructure. In the case of LIBWE, no plasma shielding takes place due
to the opposite plume propagation with respect to the incidence direction of the
laser beam. Reflection or scattering on roughness or ripples of the surface cannot
influence the etching significantly because the difference in refractive index be-

tween the solid and the liquid is very small (Table A 1, Table A 2).

The influence of the forces released at the bubble collapse increase with increasing
laser spot size [53, 55] but can be ruled out due to the suggested etch mechanism
(see section 3.3). The laser-induced jump in pressure in the initial stage of liquids
heating is independent on the irradiated area concerning (2-18). A significant in-
fluence of the spot size on heat diffusion out of the heated solid volume as pro-
posed by Wang et al. [107] can be ruled out, too. The heat diffusion length in tolu-
ene and fused silica after t = 7, can be approximated with (2-7) to about 100 nm

and 300 nm, respectively, which is small in comparison with the applied spot sizes.

In Ref. [108], the influence of the laser spot size on the etching is explained by the
modification of the surface due to the products from liquid decomposition. The
degree of the surface modification depends probably on the occurrence of vapor
bubbles that contain the decomposition products. The size and the lifetime of the

bubble as a function of the laser pulse energy and consequently the spot size [53,
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Fig. 5-5: Average etch depth per laser pulse, Ah, of fused silica as a function of the spot size of the
laser beam for different laser fluences after 300 pulses. A 0.5 mol/l solution of pyrene in toluene is
applied as absorbing liquid at 4 = 248 nm.
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54] may affect the degree of modification and the etch process itself. The effect of

surface modification on the etching will be discussed in chapter 7 more detailed.

If microstructures with different sizes but a constant depth have to be written into
surfaces, different numbers of pulses have to be applied for etching. Both, the spot
size as well as the pulse number affect Ah for fixed laser fluences in a nonlinear

manner and have to be taken into account by adjusting the processing parameters.

5.4 The effect of the pulse repetition rate

The laser-induced processes at the solid-liquid interface like the formation of bub-
bles are slow in comparison with the laser pulse duration. However, the time in-
terval between two subsequent pulses may affect the etching. Fig. 5-6 shows Ah as
a function of f, between 1 and 100 Hz (the maximal repetition rate of the laser sys-
tem) for different laser fluences. The estimated values of Ah in dependence on f,
are not constant. Ah first increases, reaches a maximum at 40 Hz, and then de-
creases continuously. The occurrence of the maximum becomes more apparent

with increasing fluence.

The time interval between two pulses at 100 Hz is 10 ms and the lifetime of a bub-
ble at similar conditions was estimated to less than 500 ps [83, 109]. Thus, the fol-

lowing laser pulse cannot interact with the vapor bubble. Even repetition rates up
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Fig. 5-6: Etch depth per laser pulse Ah of fused silica as a function of the pulse repetition rate for
different laser fluences and after 300 pulses. A 0.5 mol/] solution of pyrene in toluene is applied as
absorbing liquid at 4 = 248 nm. (The lines are used to guide the eye.)



5 Parameter variations in backside etching of fused silica 43

to about 2 kHz can be applied without risk to hit a bubble from the former laser
pulse. Moreover, the laser fluence is estimated as constant for the different repeti-
tion rates due to the feedback control of the pulse energy by the laser. Consequent-
ly, bubble dynamics [83, 85] may not affect the etching at the investigated repeti-
tion rates. Latent processes like the decomposition of the liquid and the deposition
of the decomposition products can change the chemical and physical properties of
the solid-liquid interface. The duration of these processes will be longer than the

bubble lifetime and can probably affect Ah with respect to the pulse repetition rate.

5.5 The influence of the absorbing liquid

5.5.1 Variation of the pyrene concentration

To investigate the influence of the absorbance of the liquid on etching, the concen-
tration of pyrene in the absorbing liquid (toluene is the solvent) is varied. The
measured linear absorption coefficients are given in Table 5.1. The absorbance of
the liquid increases with the pyrene content up to 0.4 mol/l and remains almost

constant for 0.5 mol/l and larger concentrations since the solute saturates.

The graph in Fig. 5-7a presents Ah as a function of the laser fluence for different
concentrations of solved pyrene in toluene and the pure solvent (0.0 mol/l). In
principle, the behavior of Ah and the respective £ are similar to the results in sec-
tion 5.1 concerning the separation into the three fluence regions (Fig. 5-7b). How-
ever, the threshold fluences and the efficiency in etching depend on the dye con-
centration and consequently the absorption coefficient of the liquid a!. Otherwise,
the transition from low to middle fluence region is not significantly affected by the

content of pyrene in the liquid.

Table 5.1: Measured linear absorption coefficient (al) for A = 248 nm and estimated threshold
fluences of toluene solutions containing different pyrene concentrations.

Pyrene (O ol
concentration (J/cm?) (103 cmt)
(mol/1)

0.0 0.45 1.7

0.05 0.40 2.8

0.1 0.40 3.7

0.2 0.37 5.9

0.4 0.33 10.6

0.5 0.33 11.0
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The pyrene concentration distinctly affects the etching up to 0.4 mol/1 (Fig. 5-7). In
particular, the threshold fluences drop (Table 5.1) and the efficiency of etching in
the middle fluence region increases (Fig. 5-7b) with increasing pyrene concentra-
tion. For larger concentrations, the behavior of Ah and £ differs not significantly.
Otherwise, in the case of the pure solvent, the efficiency of etching as a function of

the laser fluence differs from that of the solutions of pyrene. Eincreases in the low

fluence region and decreases for fluences in the middle fluence region.
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as a function of the laser fluence. 300 pulses are applied at A = 248 nm for each data point. Different

solutions of pyrene in toluene are employed as absorbing liquid.
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Concerning the proposed etch mechanism, the absorption of the incident laser
pulse by the liquid on the back surface is the basic process for LIBWE (section 3.3).
A larger absorbance causes a smaller laser-heated liquid volume that consequently
results in larger temperatures at solid-liquid interface (according to the calorime-
tric solution of the heat equation (2-12)). Thus, the ratio of the absorption coeffi-
cients for the different concentrations of pyrene must be equal to the ratio of thre-
shold fluences considering a constant critical temperature for etching. But this has
not been found in the experiment (Table 5.1). In particular, the 6.5 times larger
absorption coefficient of a 0.5 mol/I solution of pyrene in toluene in comparison to
the pure solvent results in an only 1.4 times reduced threshold fluence. Thus, the
etching process seems not directly related with the linear absorption of the liquid
or with the content of pyrene. Furthermore, the addition of pyrene does not basi-
cally affect the etch mechanism because of the similar etch behavior (Ah and E) of

the solutions of pyrene in toluene and the pure solvent.
5.5.2 The effect of the solvent

Beside the optical properties, e.g., the absorption coefficient, other physical prop-
erties of the liquid may have an influence on LIBWE. For instance, the laser-
induced temperatures at the interface depend on the heat capacity and the thermal
diffusion length (section 3.3). Additionally, the mass density and the sound velocity
determine the pressure impact of the solid surface during and after laser irradia-
tion (subsection 2.4.1). The decomposition of the molecules due to intensive laser

irradiation differs strongly between different kinds of organic solvents [59].

The liquids, which are used for LIBWE, can be grouped into four classes: (i) pure
organic solvents, (ii) organic dyes solved in organic solvents, (iii) aqueous solu-
tions of organic dyes, and (iv) aqueous inorganic solutions. The classes (i) and (ii)

Table 5.2: Measured linear absorption coefficients (al) for A =248 nm and estimated thre-
shold fluences of the different absorbing liquids.

Absorbing liquids ol Dy
(103 cm1) U/cm?)
Xylene (CsH1o) 1.7 0.48
Acethylacetone (CsHgO2) 53.0 0.45
0.4 mol/l pyrene in acetone 7.8 [8] 0.46
0.5 mol/I pyrene in chlorobenzene (C¢HsCl) 11.0 0.34
0.5 mol/I pyrene in dichlorobenzene (CsH4Cl2) 9.0 0.34

0.5 mol/l pyrene in fluorobenzene (CsHsF) 9.8 0.34
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can contain halogenated and non-halogenated solvents to investigate the influence
of a chemical affected etch mechanism on LIBWE. The groups (iii) and (iv) are not
subject of this work but are studied by Ding et al. [71, 110] and Shafeev et al. [111-
113], respectively.

Non-halogenated solvents

In the literature, a multitude of non-halogenated organic solvents and solutions
were investigated [8, 15, 74, 83, 103, 114]. In Fig. 5-8 the etch depth per pulse as a
function of the laser fluence at 4 =248 nm is shown for selected non-halogenated
liquids of the classes (i) and (ii). The aliphatic ketone acethylacetone (CsHgO2)
presents a polar solvent for dissolving a broad range of organic and inorganic dyes
or salts which is interesting for future work on LIBWE processing. Xylene (CgH1o)
as another benzene derivate is used. Additionally to the pure organic solvents,
0.4 mol/1 solution of pyrene in acetone is employed because it was the liquid used
first to demonstrate LIBWE of fused silica with high surface quality [8, 102]. The
magnitude of ! differs strongly between the solvents and the solution and covers

arange of about 30 (Table 5.2).

All used liquids feature roughly the same characteristic in Ah as a function of @ like

pyrene in toluene solutions or pure toluene (subsection 5.5.1) despite the strongly
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Fig. 5-8: Etch depth per laser pulse Ah (left axis) and efficiency of etching £ (right axis) as a function

of the laser fluence. 300 laser pulses are applied at A = 248 nm for each data point. Acethylacetone,
xylene, and a 0.4 mol/I solution of pyrene in acetone are employed as absorbing liquid.
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different molecule structures, absorption coefficients, and the addition of pyrene.
The three liquids (acethylacetone, xylene, and 0.4 mol/l solution of pyrene in ace-
tone) have a similar small etching threshold at about 0.45 ]/cm? like pure toluene
(Table 5.1). This confirms the findings in subsection 5.5.1 that the etching process
is not directly related with the linear absorption of the liquid. The efficiency of
etching reveals the differences between the liquids; acethylacetone offers an only
small middle fluence region (about 0.5 to 0.8 J/cm?) whereas the separation into
the different fluence regions for xylene and 0.4 mol/l solution of pyrene in acetone

is similar for both liquids (about 0.7 to 1.2 J/cm?).

Halogenated liquids

To investigate the effect of halogenated liquids on the etching process, molecules
with similar chemical structure and optical properties are useful. Thus, different
benzene derivates containing one and two substituted species are used as solvent:
fluorobenzene (C¢HsF), chlorobenzene (CsHsCl), and dichlorobenzene (CsH4Cl2). To
ensure a similar linear absorption coefficient, pyrene is dissolved in a concentra-

tion of 0.5 mol/I.

Fig. 5-9a shows the dependence of Ah and E on the laser fluence for the haloge-
nated liquids. In principle, the etching characteristic (Ah and E) of fused silica at
A =248 nm by employing the halogenated solvents can be separated into the dif-
ferent fluence regions similar to the non-halogenated liquids. The determined etch
threshold of about 0.34 J/cm? does not significantly deviate between the haloge-

nated or the non-halogenated aromatic solutions.

Similar to the etching with toluene (Fig. 5-1a), a strong nonlinear increase and a
linear rise of Ah is found in the low fluence region (smaller than 0.60 J/cm?) and in
the middle fluence region (about 0.60 to 1.20 J/cm?), respectively (Fig. 5-9a). The
small roughness and the almost constant efficiency of etching as known from py-
rene in toluene solutions in the middle fluence region are observed for the haloge-
nated solvents, too (Fig. 5-9a and b). Thus, the mechanism that dominates the etch-
ing in this fluence region is similar for halogenated and non-halogenated solvents.
The high fluence region with its typical ablation-like topographic characteristics,

large Ah and roughness, and growing £'is not shown in Fig. 5-9a.

However, essential differences are found for the halogenated aromatic liquids in
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comparison with toluene: (i) a homogeneous and smooth etching with very small
Ah (about 0.1 nm/pulse) for small laser fluences (Fig. 5-9a and b), (ii) a sudden
increase of Ah at a certain laser fluence, and (iii) a usually smaller value of Ah in
the whole investigated fluence range. With employing fluorinated benzene in com-

parison to chlorinated solvents smaller Ah, £, and roughness have been found.

Fig. 5-10 shows an etch pit with an averaged depth of about 7 nm fabricated with
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Fig. 5-9: a) Etch depth per laser pulse Ah (left axis) and efficiency of etching £ (right axis) as a
function of the laser fluence. 300 laser pulses are applied at A=248 nm for each data point.
0.5 mol/I1 solutions of pyrene in different halogenated solvents are employed as absorbing liquid.
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300 pulses at a laser fluence of 0.36 J/cm? using a 0.5 mol/l solution of pyrene in
fluorobenzene. The small holes inside the otherwise homogeneous etched area let
infer a preferred etching at surface defects. Outside the laser-irradiated area, a
slight etching of the adjacent areas has been observed. The mentioned attributes
are characteristic for the halogenated solvents but are not observed with non-

halogenated hydrocarbons.

Changed decomposition products appear when halogenated benzene derivates are
applied instead of toluene [59, 115]. Additionally to the different hydrocarbon and
carbon products at toluene decomposition (section 6.3), halogenated compounds
as well as halogen radicals are produced in the case of halogenated benzenes [59,
115]. The estimated Ah in the Angstrom range at fluences less than 0.50 J/cm? as
well as a homogeneously etched surface (Fig. 5-10) are typical for a laser-induced
chemical corrosion of fused silica in chlorine or fluorine atmosphere ([116] and
Refs. cited in [17]). Concerning the respective coefficients of diffusion for chlorine
and fluorine in fused silica at large temperatures (e.g. 510 cm?/s at 2000°C
[117]) their length of diffusion during the pulse duration can be approximated to
about 0.2 nm that equals the measured value of Ah at small fluences sufficiently.
With the presence of halogen radicals due to photolysis a chemical reaction be-
tween the radicals and the fused silica surface may result in material erosion [118].
Because the used halogenated solvents are inert at room conditions, both the tem-
porary formation of halogen compounds near the interface and the short-term la-
ser-induced temperatures can lead to the observed etch effects. This chemical etch

mechanism is obviously present at large fluences too but has no significant effect

Fig. 5-10: WLIM-recorded
morphology of an etch pit fa-
bricated with 300 pulses at
0.36]/cm? employing a 0.5
mol/l solution of pyrene in
fluorobenzene at A=248nm.
Additional to the small etch
depth small holes in the etched
surface and a shallow etched
surrounding area are visible.
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to the overall value of the etch depth per laser pulse.

A chemical-assisted etching due to the generation of radicals seems possible in the
case of non-halogenated solvents, too. In particular, the main products of the one-
step photolysis of toluene are phenyl and hydrogen radicals [52, 58]. It is known
from the literature that hydrogen radicals can be trapped by the silicon dangling
bonds [119] (also denoted as oxygen vacancies or E” center defects; see subsection
2.2.2) preferred at the surface of fused silica. To form the volatile SiH4, the silica
tetrahedron has to be completely reduced by hydrogen. Another possible mechan-
ism is the formation of silicic acids (SiO2 - x H20) which can be probably dissolved
by the absorbing liquid. In any case the concentration of both defects and radicals

must be sufficiently large.

The temperature of the interface region of fused silica and a 0.5 mol/] solution of
pyrene in toluene (as another non-halogenated liquids) can be approximated calo-
rimetrically with (3-2) (section 3.3) and the respective data (Table 5.1, Table A 1,
and Table A 2). An increase of the temperature of about 1470 K is calculated for a
fluence of 1.00 J/cm?. The coefficient of diffusion for molecular hydrogen in fused
silica is about 10-6 cm?/s at 1500°C [120]. Thus, the length of diffusion during the
time duration of the laser pulse can be approximated to about 3 nm. This value is
smaller than the observed respective etch depth per pulse (Ah = 12 nm/pulse) if
the length of diffusion of the hydrogen radicals is adequate to the achieved value of
Ah. Furthermore, to guarantee a homogeneous etching of the surface, almost every
silica tetrahedron of the material layer to be etched must have at least one oxygen
vacancy as defect that can trap the hydrogen radicals. This chemical-assisted etch
mechanism due to hydrogen radicals can be discussed together with SiO; but
seems rather speculative in case of the non-halogenated solvents and cannot be
applied on materials with different chemical structure (e.g., MgF: or sapphire; sec-

tion 5.7) or absorbing liquids without a hydrogen content (e.g., C2Cls [68]).
5.5.3 Summary of liquid variation

By employing different absorbing liquids, the etch depth per pulse after 300 laser
pulses ranges from 0.1 to 20 nm/pulse whereas a surface roughness of below
10 nm rms can be achieved. The similar characteristics of Ah, E, and roughness as a
function of the laser fluence for the investigated liquids suggest similar etch me-

chanisms that dominate the backside etching in the defined fluence regions. Fur-
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thermore, the threshold fluences of etching are almost on the similar order for the
applied liquids. Since the liquids/solvents possess similar physical properties
(Table A 2, Table A 3) but strongly different coefficients of linear absorption (Table
5.1, Table 5.2), the etching process cannot be explained by the mechanism as pro-
posed in the literature (section 3.3) that the laser pulse initially heats the liquid
and the hot liquid thereafter melts the solid. A chemical-assisted etching of fused
silica direct by the radicals seems possible by employing halogenated solvents but
the etching effect due to the halogen radicals is rather small. Consequently, other

mechanisms must dominate the etching process at LIBWE.
5.6 LIBWE at different laser wavelengths

The LIBWE process is usually investigated for nanosecond excimer lasers [8, 13,
16, 68, 71-74, 77-82]. Applying different laser gas media, wavelengths from
193 nm to 351 nm can be used with similar pulse duration (25 ns) and beam ho-
mogeneity to study the effect of the photon energy on the etching. The short wave-
lengths of the ArF and KrF lasers possess large photon energies perfectly suited for
the absorption in organic solutions and to etch UV transparent materials like fused
silica and optical crystals [8, 11, 68]. The XeF wavelength can extend LIBWE to ma-

terials with cut-off wavelengths larger than 300 nm, e.g., technical glasses [13].

150 | /4/ 1150
L < ﬂ ]
100 F </ g 1100
i et 4 A=193nm (ArF) —<—
3 50} o« O 21=248nm (KrF) —e— 250 =
p— 1 { 1 ~
S 40f ] a D 2=351nm (XeF) —=— {40 “g
ENE J | S
E 30 4 a o 1309
< i O] K
20 I~ ﬁ @ o) T 20
4 e
o/.\'”'49/®/ g8 8 {10

or 7o © © @a\@\ajﬂ?x-—-f-
| & O LA ‘

0 C 1 1 | 1 | L | L | 1 | = 0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

energy fluence per laser pulse (J/ cm’ pulse)

Fig. 5-11: Etch depth per laser pulse Ah (open symbols, left axis) and efficiency of etching £ (solid
symbols, right axis) as a function of the laser fluence for different laser wavelengths. 300 pulses are
applied for each data point with a 0.5 mol/l solution of pyrene in toluene as absorbing liquid.
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The etch depth per pulse and the efficiency of etching are shown in Fig. 5-11 as a
function of the laser fluence at 193 nm (ArF), 248 nm (KrF), and 351 nm (XeF). The
characteristic of Ah with the fluence and the respective efficiencies for 4 =351 nm
and A =193 nm are similar to that described in section 5.1 for A =248 nm. The wa-
velength of the laser pulses distinctly affects the etching: the threshold fluences
drop (Table 5.3) whereas Ah and E (in the middle fluence region) increase with
decreasing wavelength. As middle fluence region, fluences in the range of 0.28 to
0.40 J/cm?, 0.60 to 1.10 J/cm?, and 0.90 to 1.80 J/cm? can be determined from the

constant efficiency of etching for 193 nm, 248 nm, and 351 nm, respectively.

The very small threshold and the large Ah and £ at 193 nm are the result of the
large absorption of the liquid at this wavelength in comparison to the longer wave-
lengths (Table 5.3). Otherwise, similar to subsections 5.5.1 and 5.5.2 the 7.3 and
270 times larger absorption coefficient at =193 nm in comparison with 1 =248
and 351 nm results in only 2.4 and 3.3 times reduced threshold fluence, respective-
ly, that disagree with the proposed etch mechanism for LIBWE (section 3.3). On
the other side, the occurrence of decomposition of the absorbing liquid (sections
5.1 and 5.5) is an indication for photon-induced processes in the liquid (subsection
2.4.2). Thus, the energy of the photons must have an influence on the photolysis of
the liquid. If a chemical etch mechanism dominates LIBWE, the number of radicals
to initiate the etching should be equal for the different laser wavelengths. The gen-
erated number of species per time within the volume of the liquid at the threshold
fluence can be estimated with (2-21) for the different laser wavelengths. For ap-
proximation, the quantum yield of the photochemical dissociation is similar and no
diffusion or recombination of the radicals occurs. According to (2-21), the thre-
shold fluence for A =193 nm in comparison with 4 =248 and 351 nm must be re-
duced 5.7 and 146 times but in the experiment (Table 5.3) a reduction of only 2.4

and 3.3 times have been found, respectively. Thus, a direct photochemical etching

Table 5.3: Measured linear absorption coefficients (al) of 0.5 mol/l solution of pyrene in
toluene and @, at different excimer laser wavelengths.

Laser wavelength Dy, al
(J/cm?) (103 cmY)

A=193 nm (ArF; E, = 6.4 eV) 0.14 80.0

A =248 nm (KrF; E,=5.0 eV) 0.33 11.0

A =351 nm (XeF; E, = 3.5 eV) 0.46 0.3
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of fused silica due to free radicals by employing non-halogenated solvents can be
disregarded as mechanism that dominates the etching. This is additionally con-

firmed by the discussion in subsection 5.5.2.

5.7 The variation of the transparent material

The longer wavelength of the XeF excimer laser (A =351 nm) is used in order to
extend LIBWE to technical glasses. Four glass samples: (i) Pyrex, (ii) 7059 (both
Corning Inc.), (iii) D263, and (iv) BK7 (both Schott Group) are included in this
study. In Fig. 5-12a, the average etched depth per pulse is shown as a function of
the laser fluence for technical glasses. A 0.5 mol/l solution of pyrene in toluene is
employed as absorbing liquid. The characteristic of Ah for the technical glasses is
similar: it grows continuously with increasing laser fluence. If the efficiency of
etching (not presented in the figure) and the surface roughness [13] are consi-
dered, the middle fluence region ranges for all glasses from 0.9 to 1.6 J/cm? The
surface quality in etching of the technical glasses is as high as that of fused silica
[13, 121-123]. Compared with fused silica (Fig. 5-11), the threshold fluences are
larger and Ah is generally smaller. T, of fused silica is significantly larger than the
temperatures of glass transition of the technical glasses while the other thermal
materials properties, e.g., ¢y, K, or ¢ are almost similar (Table A 1 and Table A 4).
Thus, the temperature of glass transition appears not as the critical temperature
for the LIBWE process. The reason for the differences in ® and Ah is probably the
chemical composition of the technical glasses but a prediction of the influence of

the additives on the etching cannot be given yet.

Fig. 5-12b presents Ah as a function of the laser fluence at A =248 nm of the crys-
talline materials quartz, MgF,, CaF2, and sapphire. A 0.5 mol/] solution of pyrene in
toluene is employed as absorbing liquid. The threshold fluences are determined to
about 0.34, 0.37, 0.66, and 0.71 J/cm? for CaF,, quartz, MgF>, and sapphire, respec-
tively. The quartz features the same chemical structure as fused silica and the etch-
ing results in similar quality (see SEM image in Fig. 5-13a) and Ah. MgF, shows be-
side smaller etch rates also larger surface roughness, which is illustrated in Fig.
5-13b. The visible patterns on the etched surface are regular and let infer an influ-
ence of the crystalline microstructure onto the etching. For sapphire and for flu-

ences up to 1.30 J/cm?, Ah grows only little and is in the range of 1 nm per pulse.
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With exceeding a fluence of 1.30 ]/cm?, Ah increases steeply. At @ > 4.00 J/cm?, the
front side of the sample is ablated [19]. The morphology of the etched surface indi-
cates a materials melting and resolidification process; the center of the etch pit is
even and smooth whereas a rough and (relative to the central plane) elevated rim
surrounds it (Fig. 5-13c). The etching of CaF; is characterized by a smaller thre-
shold and larger Ah in comparison to the other crystals (Fig. 5-12b). The etch qual-
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ity is very poor (Fig. 5-13d). The surface morphology is characterized by a granular

and clod-sized figure. Furthermore, the edges of the etch pit are not well defined.

The separation of the behavior of Ah as a function of @ into the three fluence re-
gions with considering the efficiency of etching (not presented in the figure) is
possible for the crystalline materials except CaF2. While the middle fluence region
for quartz, MgF», and sapphire ranges from 0.75 to 1.50 J/cm?, 1.30 to 2.00 J/cm?,
and 0.90 to 1.30 J/cm?, respectively, for CaF; no middle fluence region seems to
exist. The efficiency of etching grows continuously with the fluence and the low
fluence region merges directly into the high fluence region. This suggests the influ-

ence of an unknown effect on the etch mechanism in the case of CaF-.

The surface morphology of etched sapphire, CaF;, and MgF; in (Fig. 5-13) gives
evidence for a quenching process in combination with thermal-induced stress.
During laser-induced materials heating, the surface melts and is removed partly.
Due to the large thermal conductivity of the crystals (Table A 4), the heat is very
fast conducted into the bulk of the material, especially at the edge of the irradiated

area. Contrary to the center of the groove, the heat transfer can occur here to the

Fig. 5-13: SEM images of different crystalline materials: a) quartz (® = 1.00]J/cm? 300 pulses);
b) MgF, (®=1.35]/cm? 100 pulses); c)sapphire (® =1.20]/cm? 1000 pulses), d)CaF;
(® =0.80]/cm?, 500 pulses), etched with a 0.5 mol/I solution of pyrene in toluene.
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surrounding materials volume, too, and is not limited due to the almost one-
dimensional heat flow in the center. Thus, the quenching process must be much

stronger at the edge than in the center of the etch pit.

Because the materials properties of the technical glasses do not differ significantly,
only the crystalline materials are compared with fused silica (Table A 1, Table A 4).
To discuss the influence of the kind of material on the etching, the heat flux inside
the solid material and consequently the maximal surface temperature has to be
approximated. The solution of the one-dimensional heat equation concerning an
infinite surface absorbance (2-10) can be applied in a good approximation with
concerning the equations (2-7) and (2-2). Considering T¢ = Tm of the materials, the

relation between the threshold fluence and the materials properties is:

® o /TKkoc, T, AT, (5-1)
(5-1) presents a relation for the one-dimensional heat flux during the duration of
the laser pulse from the surface to the bulk of the material. Consequently, the larg-

er the heat flux the larger the laser fluence necessary to reach T¢.

In Fig. 5-14 the experimentally determined threshold fluences of the crystalline
materials and fused silica are shown in dependence on the heat flux. Concerning

(5-1) and the respective materials properties (Table A 1 and Table A 4) the heat
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Fig. 5-14: Experimental threshold fluence (symbols) of fused silica, quartz, MgF,, CaF,, and sapphire
in dependence on the heat flux from surface to the bulk of material concerning (5-1). The calculated
heat fluxes are normalized to that of fused silica. The line presents a linear fit of experimental data.
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fluxes are calculated and normalized to the value of fused silica. The included li-
near fit satisfyingly indicates the tendency of the experimental data. Thus, the ma-
terials properties affect the etching process for the investigated materials, in par-
ticular for the threshold fluences. But (5-1) gives no prediction about the effect of
other material parameters such as the coefficient of thermal expansion. Additional-
ly, the structural properties of the material, e.g., the kind of crystal lattice, can have

an influence on the etching.

In summary, the variation of the kind of material indicates the influence of the ma-
terials properties & g, and ¢, on the thermal etching process. In particular, mate-
rials with small thermal conductivity offer smaller @ and better surface quality.
The surface morphology of the crystals sapphire, CaF2, and MgF- gives evidence for
a quenching effect due to rapid cooling as a result of the fast heat transfer into the
bulk material that adversely affects the etch quality. The discrepancy between @
and Ty of the technical glasses and fused silica as well as the almost identical etch
behavior between fused silica and quartz let conclude that softening of the vitreous

samples plays no significant role in the etch mechanism.
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6 Analytical investigations at LIBWE

6.1 Analysis of the etched fused silica surface

In this section, the influence of the LIBWE process upon the chemical and structur-
al properties of the surface respective the modified layer is investigated. The prop-
erties of the surface after the etching process are analyzed with SEM, AFM, Raman
spectroscopy, XPS, and RBS/channeling. The respective sample preparation for the

surface analytics is described in detail in 4.4.3.
6.1.1 Characterization with SEM and AFM

A distinct modification of the surface can be recognized from SEM images of etched
pits in fused silica (Fig. 5-2 and Fig. 5-3). The deposition of products from liquids
photolysis is suggested as the origin of visible surface alterations. In Fig. 6-1 a clos-
er view onto the surface of fused silica etched with a fluence of 0.75 J/cm? (a) and
0.35 J/cm? (b) is presented. The etch pits (4s = (3 - 3) mm?) are fabricated with 50

pulses at A =248 nm and a 0.5 mol/I solution of pyrene in toluene. The images are

100 nm

0 nm

1 pm

¢) A viia
Fig. 6-1 a) and b): SEM images of fused silica surfaces etched with a fluence of a) 0.75 J/cm? and b)
0.35]/cm? each with 50 pulses at A=248 nm and 0.5 mol/] solution of pyrene in toluene. The
samples are analyzed without cleaning. c) and d) AFM images of the sample etched with
0.75 J/cm? before (c) and after (d) cleaning procedure.
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recorded directly after the etching procedure without cleaning of the sample. The
roughness (rms) is measured by AFM from an area of (2-2)um? to about
8.5 +0.8 nm and 52.3 +7.9 nm for the etching with 0.75 J/cm? and 0.35 ]J/cm?, re-
spectively. The respective depth of the etch pits are 730 nm and 50 nm.

At ® = 0.75 J/cm? (Fig. 6-1a), which corresponds to the etching process in the mid-
dle fluence region, the surface is altered only minimal in comparison with etching
in the low fluence region near the threshold fluence (® = 0.35]/cm? Fig. 6-1b).
Generally, the surfaces etched with fluences of the middle fluence region reveal
relatively smooth with considering the SEM images (Fig.5-2b, Fig.5-3, and
Fig. 6-1a). However, the AFM image in Fig. 6-1c shows a microroughness, which is
not visible in the SEM image due to the much less resolution of SEM compared to
AFM (4.3.1 and 4.3.3). Small features with medium diameter in the range of 20 to
50 nm dominate the roughening of the surface. After cleaning the sample with a
gentle and selective etching process employing microwave-stimulated oxygen
plasma (subsection 4.4.2), the roughness is distinctly reduced. From the AFM im-
age in Fig. 6-1d, a roughness of 0.9 £0.1 nm is obtained which is only little larger

than the roughness of an unprocessed sample of about 0.3 nm.

If the samples are cleaned only ultrasonically in a bath of acetone, the observed
modification of the surface remains visible as brown or black coloring of the
processed area. After wiping the surface with a soft tissue, the coloring can be
much reduced in particular for the low fluences but keeps almost constant for
middle fluences. Due to the cleaning procedure with the oxygen plasma, the visible
surface alteration can be generally removed and the etched areas become transpa-
rent. Consequently, LIBWE generates a distinct modification of the surface within
the processed area and at the edges. This layer offers a good adherence to the bulk
material in particular at middle fluences and causes probably the measured micro-
roughness in the range of tens of nanometers. The process of surface modification
can be observed for the technical glasses [13] as well as for the crystals (Fig. 5-13)

and is probably a process-inherent effect.
6.1.2 Investigations with Raman spectroscopy and XPS

In Fig. 6-2 Raman spectra of fused silica surfaces etched with 50 pulses at ® = 0.60
and 1.20 J/cm?, As = (100 - 100) um?, and a 0.5 mol/1 solution of pyrene in toluene

are presented. The samples are cleaned only ultrasonically. The Raman spectrum
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Fig. 6-2: Raman spectra of fused silica surface etched at a low fluence (lower curve;
® =0.60 ]/cm?) and a middle fluence (upper curve; ® = 1.20 ]/cm?) with a 0.5 mol/l solution of
pyrene in toluene.

of the etch pit at ® = 0.60 ]/cm? shows a double-peaked structure superimposed
on the broad photoluminescence background. The peak at about 1595 cm™ is
related to the G line of graphite (“graphite mode”) and the maximum at
about 1360 cm-! stands for the D line (“disorder mode”). The recorded Raman
spectrum is characteristic for disordered carbon [57, 124] with small regions
with graphitic order [124] due to the characteristic difference between the peak
height and the peak width of D and G line. This spectrum is characteristic for
amorphous carbon [124]. For the low fluence region (represented by
® = 0.60 ]/cm?) the intensity of the Raman peaks - correlating with the amount of
material detected - is enhanced in comparison to the middle fluence region
(represented by @ = 1.20 J/cm?). Here, only weak or no carbon signal can be de-

tected. A similar notice was made by Kopitkovas etal. [103].

Fig. 6-3 illustrates the Si2p, C1s, and O 1s core level XPS spectra of a fused silica
surface processed with 50 pulses at 1.00 J/cm? and a 0.5 mol/I solution of pyrene
in toluene. The XPS measurements are affected by a shift of the peaks of about 3 eV
resulting from surface charging. The remaining error in peak fitting is 0.26%,
1.12%, and 1.53% for Si2p, C1s, and O 1s, respectively. The XPS study shows a dis-

tinct contamination of the surface by decomposition products of the used liquid.
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An estimation of the chemical composition of the analyzing volume gives atomic

percentages for Si: 0:C of about 24%:31%:45%.

The multitude of components, which is necessary to obtain a fit result with a min-
imum error value, is summarized in Table 6.1. Several peaks are identified in good
agreement with XPS studies of oxygen doped SiC films [125]. The XPS results show
that the surface modification is caused not alone by carbon deposits (graphite
peak, a-C) but also by an incorporation of carbon products into the fused silica sur-

face due to the existence of the silicon carbide (Si-C) and silicon-oxy-carbide

Si2p |

—+&— experimental data
resulting fit curve

intensity (a.u.)

280 282 284 286 288 290 292

538 536 534 532 530 528 526
binding energy (eV)

Fig. 6-3: Si2p, C 1s, and O1s core level spectra of fused silica etched with ® =1.00]J/cm? 100
pulses and a 0.5 mol/I solution of pyrene in toluene as absorbing liquid at A = 248 nm.
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Table 6.1: XPS data of fused silica etched with 100 pulses at 1.00 J/cm? and 0.5 mol/I solution
of pyrene in toluene as absorbing liquid after fitting procedure for Si 2p, C 1s, and O 1s core
levels. BE and AP stands for binding energy and atomic percentage, respectively.

Peak Si2p C1s O01s
BE(eV) AP(%) BE(eV) AP(%) BE(eV) AP (%)

Si-Si 98.4 1.7

Si-C 101.5 24.3 283.5 42.4

Si-0-C 103.0 32.4 531.2 6.0

Si0O2 103.9 38.5 531.8 94.0

a-C (graphite) 284.8 48.6

>C=0 287.7 1.8

C-00- 288.7 7.0

(Si-0-C) peaks in the spectra.
6.1.3 Rutherford Backscattering

Due to the demand of RBS for crystalline samples, quartz is used instead of fused
silica. Because the Ah and the surface quality are similar for quartz and fused silica

(section 5.5.3), a comparison of the etching of both materials is possible.

The RBS/channeling spectra of a quartz surface etched with 50 pulses at
® =0.60]/cm? and @ = 1.00 J/cm? and a 0.5 mol/I solution of pyrene in toluene is
shown in Fig. 6-4a. In addition, the spectrum of an unetched surface is included.
The enhanced RBS yield of the SiO; surface labeled with Si and O are the result of a
thin amorphized top layer on the surface of the etched areas. The width and the
height of the peaks therefore are a measure of the degree and the depth of amor-
phization [98] and consequently of the modification. With the RBS simulation code
RUMP [99], the thickness of the amorphous layer is estimated and depicted in Fig.
6-4b as a function of the laser fluence (simulation limitations: the degree of amor-
phization is assumed as 100%, no gradient in amorphization exists, minimal detec-

tor resolution: 1.2 nm amorphization depth).

The depth of amorphization increases with rising fluence (in Fig. 6-4b). The thick-
ness of the layer is estimated to be in the range of 10 to 40 nm for ® = 0.60 to
1.40 J/cm?. The origin of amorphization is probably the melting of the quartz sur-
face due to the laser irradiation. Comparing the depth of amorphization with the
respectively determined values of Ah (included in Fig. 6-4b), the effectively re-

moved material layer is significantly smaller than the damaged material depth.
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A carbon signal that can be expected due to the deposition or incorporation of de-
composition products into the amorphized layer must be visible around channel
150. The channeling spectrum for the 0.60 J/cm? etching adumbrates a carbon sig-
nal (Fig. 6-4a) but the changing in the chemical composition of the surface is not
clearly visible in the spectra. If the major amount of carbon is deposited or incor-
porated within a layer of about 1 to 2 nm the sensitivity of the instrument [98] is

probably the limit for the detection of carbon contamination. In a former experi-
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Fig. 6-4: a) RBS/channeling spectra of crystalline quartz surfaces etched with ® = 0.60 ]/cm? and
1.00 J/cm? (N = 500, 0.5 mol/l solution of pyrene in toluene). b) Amorphous layer thickness and
Ah of quartz as function of the laser fluence. (The error bars in the case of amorphous layer thick-
ness denote uncertainty of data due to detector resolution. The lines are used to guide the eyes.)
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ment, a small scanned laser spot was applied and a significant contamination of the
amorphized layer with carbon was found [16, 68]. The reason for a larger amount
of carbon in the case of scanning is the deposition of decomposition products pre-
ferable at the edges of the irradiated area (section 5.1) that generates a thin film in

front and back of the laser spot [16].

6.2 Optical properties of processed fused silica sample

The visible surface modification of fused silica after LIBWE must alter the optical
properties of the materials, too. A suitable parameter that indicates such optical
variations presents the reflectance of the solid-liquid interface [109]. Applying a
pump-probe set-up (see section 4.3.8) the reflectance measurements can be car-
ried out in situ. Beside reflectance, also the specific absorbance of the modified
layer is of great importance for discussion and modeling the LIBWE mechanism.

Thus, transmittance measurements by UV/VIS spectrophotometer are applied.
6.2.1 Reflectance measurements at solid-liquid interface

Fig. 6-5 presents the change in reflectance after 50 pulses in dependence on the
laser fluence. The reflectance data are normalized to the reflectance of a pristine

solid-liquid interface. A 0.5 mol/l solution of pyrene in toluene is applied as ab-

9 - —<O—reflectance change ® Ah
! - A- roughness 425 —~
(1) ! (2) E
8+ A g
o 7 — /I ‘\ : 120 §
%o I ! ‘\ : [=]
S 6 A L <
\ Y :
ot \ A ! a 15 =
S 5t A ' 2
5 L m
8 41 110 2
= L @ 3
g N
= 3 5
L n : i 5 5
2+ 1
I - ' . .51
i R )
0.4 0.6 0.8 1.0 1.2 1.4 1.6

energy fluence per laser pulse (J/cm? pulse)

Fig. 6-5: Reflectance changes due to 50 laser pulses as well as the values of Ah and roughness
(measured with WLIM at (11-11) um?) in dependence on the laser fluence. (The lines are used to
guide the eyes.) The separation into the two fluence regions is depicted: low fluence region (1) and
middle fluence region (2). (The error bars in the case of reflectance changes denote scattering of
data due to the stability of the probing laser.)
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sorbing liquid at 4 = 248 nm. Additionally, the respective values of Ah and rough-
ness of fused silica are depicted. The etch threshold is determined to be about
0.40 J/cm?. Taking into account the roughness of the etched surface and the effi-
ciency of etching (not presented in the figure), the middle fluence region (2) for the
applied experimental conditions follows the low fluence region (1) at laser flu-
ences larger than 0.80 J/cm? Exceeding the etch threshold the reflectance of the
interface increases as the result of an optical relevant surface modification with a
certain thickness. For larger fluences, the reflectance increases (® =~ 0.80 ]J/cm?)

and decreases again in region (2).

Fig. 6-6 shows the change in reflectance of the solid-liquid interface in dependence
on the number of pulses for different laser fluences; ® = 0.39 J/cm? is in the range
of the estimated threshold, ® = 0.66 J/cm? represents the low fluence region (1),
and 1.03 J/cm? is in the middle fluence region (2). With the pump-probe set-up, a
direct measure of the reflectance after each laser pulse without disturbing the ex-
periment is possible. This allows an in situ view into the process of surface modifi-
cation as a function of the pulse number. The effect of scattering on the reflected
intensity of the probe laser due to the beginning evolution of surface roughness is
negligible due to the only small values of rms (smaller than 2 nm) in particular for

the first 100 pulses (AFM measurements, Fig. 5-4b).

/ L
T T T T T T T T T T 7/ T T T T

13 F —8—®=0.39]/cm? -
1% pulse —6— ® = 0.66 ] /cm?
11} —— ®=1.03]/cm? i

XK
N7

reflectance change
~J

1 K- . . . L . L/ f s L . L
0 20 40 60 80 100 200 300
number of incident laser pulses

Fig. 6-6: Reflectance change as a function of the applied number of laser pulses at different laser
fluences. (The lines are used to guide the eyes.)
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With increasing pulse number, the reflectance increases up to a maximum, de-
creases abruptly, and keeps almost constant for 0.66 and 1.03 J/cm? In an addi-
tional experiment, the pulse number at which the etching begins was investigated
ex situ [100]. Applying a fluence of 0.39, 0.66, and 1.03 J/cm?, the etching process
of the material starts at 60, 10, and 2 pulses, respectively. At similar quantities of
pulse number, the maxima in reflectance are observed (Fig. 6-6). Since the reflec-
tance rise can be discussed as an increasing surface modification, its amount must
reach first a sufficiently large value before the etching can start. Additionally, the
observed increase of the surface modification during the first applied pulses (as
can be seen in Fig. 6-6 for ® = 0.39 and 0.66 J/cm?) suggests a growing thickness

without a distinct interim removal of the layer.

The measured behavior of the reflectance after the starting etching process reveals
related to the behavior of Ah in dependence on the number of applied pulses (sec-
tion 5.2, Fig. 5-4b). Similar to the saturation of Ah, the change in reflectance keeps
almost constant and gives evidence that the etching process achieves an equili-
brium state after a fluence-specific pulse number. Thus, the behavior of Ah can be

related to the modification of the surface, too.

The interpretation of the recorded reflectance data is difficult because the optical
thickness of the modified layer (n’ d') can be altered twofold by the refractive in-
dex as well as by the thickness of the modified layer. In addition, an effect of the
roughness as well as a gradient in refractive index across the modified layer can be
expected. An approximation for the reflectance R in dependence on (n! d’) can be
made with the law of refraction for reflection at a thin, non-absorbing single layer

according to [101]:

TE+TEH21 T, cos(zTn ZnIdI)

R = ’ (6_1)
1+t +rf+2nn cos(z/l—n 2n! dl)

with:
nS —nl nl — nl

ey L T (6-2)

Fig. 6-5 shows a significant difference in reflectance between the low and middle
fluence region. As typical values of R in the low fluence and middle fluence region,

a 4 times and 2.5 times increase in reflectance are evaluated, respectively, regard-
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ing a reflectance of 0.02% for pristine solid-liquid interface. The Raman and XPS
spectra of etched fused silica (Fig. 6-2 and Fig. 6-3) reveal the deposition or incor-
poration of carbon products. The RBS/channeling measurements give evidence for

an increasing thickness of structural damage with increasing fluence (Fig. 6-4b).

The thickness of the modified layer can be roughly approximated employing (6-1)
with the refractive indices of fused silica (n%) and toluene (nt) at 810 nm (Table A 1,
Table A 2) and the refractive indices of carbon (n’ = 1.8 to 2.2 [126]) and defect-
enriched fused silica (n = 1.7 to 1.9 [127]), respectively. The typical values of R in
the low and middle fluence region are reached if d’ adds up to 30 to 70 nm and 40
to 120 nm, respectively. Thus, the approximated optical thickness from the reflec-

tance data reveals a growth of the depth of modification with the fluence.
6.2.2 UV/VIS spectroscopy

Fig. 6-7a shows UV/VIS transmission spectra (200 nm to 800 nm) of etched fused
silica plates. The samples are etched with different laser fluences at 41 =248 nm
applying 50 pulses and a 0.5 mol/I solution of pyrene in toluene (subsection 4.4.3).
An ultrasonically cleaning procedure is carried out to remove only loosely
bounded particles and residuals from the organic liquid. Two main results are ob-
vious: (i) in particular in the UV spectral region, the transmittance of the etched
samples is much less than that of pristine fused silica samples that have - due to
the correction to the reference sample - a transmittance of 1.0 and (ii) the magni-

tude of the transmittance depends on the laser fluence for etching,.

In the NIR spectral region (about 800 nm), the transmittance of the sample etched
with 0.76 J/cm? is comparable with that of the pristine sample. The transmittance
at 800 nm is slightly reduced to about 0.87 and 0.70 for fluences of 0.32 and
0.23 ]J/cm?, respectively. The transmittance behavior in the UV/VIS spectral region
differs between the diverse laser fluences: while for the fluence of 0.76 J/cm? the
transmittance steadily decreases with decreasing wavelength, a peak structure
with a maximum at about 250 nm can be found for a laser fluence of 0.23 ]J/cm?.
Such a characteristic peak in spectrum is typical for the presence of carbon prod-
ucts, particularly amorphous carbon [126], whereas the continuously decreasing
transmittance reveals the spectrum of defect-enriched fused silica [127]. The
transmission spectrum of the sample etched with 0.32 J/cm? is probably a super-

position of the spectra of amorphous carbon and defect-enriched fused silica.
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For calculating the absorbance from the transmittance measurements, the effects

of reflection at the interfaces and scattering have to be considered according to:
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Fig. 6-7: a) UV/VIS transmission spectra (200 nm to 800 nm) of laser-etched fused silica sam-
ples at different laser fluences. The samples have been cleaned ultrasonically. The peaks at
360 nm and 530 nm are artifacts from the spectrometer. The solid lines present fits of the
transmittance data of ® =0.76 and 0.32]/cm? concerning the wavelength dependence of the
scattering (Rayleigh scattering). b) Approximated absorbance at 248 nm in dependence on the
laser fluence before (open square symbol) and after (open triangle symbol) wiping with a soft
tissue. (The error bars denote the scattering of transmittance data. The lines are used to guide
the eyes). Additionally, the respective values of Ah and roughness (rms; measured with WLIM)

are shown.
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with the absorbance 4, the transmittance T,, and the scattered part S.

The approximations from the reflectance data (Fig. 6-5) employing (6-1) give a
maximal thickness of the modified layer of about 120 nm. The losses in the intensi-
ty of transmission due to the reflection at the modified layer can be approximated
applying (6-1) and the respective refractive indices of amorphous carbon [126]
and defect-enriched fused silica [127] to maximal 0.017 which is within the esti-
mated experimental error of 0.03. To rule out the effect of scattering due to en-
hanced surface roughness on the transmission spectra, the transmittance of the
samples has been measured with an integrating sphere assembly installed in the
spectrometer. The same dependences of the transmittance on the wavelength have
been found applying this set-up that eliminates scattering losses. Thus, the meas-
ured reduced transmittance must be caused by the absorption of the sample. This
explains in addition, that the received spectra significantly differ from ones that
can be expected if the transmittance is affected by a wavelength dependence of the

scattering as the line fits in Fig. 6-7a show.

Fig. 6-7b presents the absorbance (4) at A = 248 nm of the etched fused silica sam-
ples after ultrasonically cleaning (open square symbol) in dependence on the laser
fluence that has been employed for sample preparation. In addition, the respective
values of Ah and roughness (rms) are included in the graph. Below 0.32 J/cm?, no
etching takes place for the applied number of pulses and spot size of the laser
beam. Nevertheless, a large absorbance of 0.62 to 0.58 can be recognized for flu-
ences of 0.23 and 0.27 ]/cm?, respectively. For @ < 0.23 J/cm?, no modification of
the surface has been observed after 50 laser pulses. At ® = 0.32 ]J/cm?, a very weak
and only partially etching can be observed which is typically for LIBWE at fluences
near the etch threshold (section 5.1). At fluences between 0.32 and 0.45 ]J/cm?, the
etching process is characteristic for the low fluence region (small Ah, large rough-
ness) and the respective value of absorbance decreases from 0.48 (@ = 0.32 ]J/cm?)
to an almost constant value of 0.37 (® = 0.39 and 0.45 ]J/cm?). For ® = 0.51 ]J/cm?,
the etching is characteristic for the middle fluence region due to the almost linear
increase of Ah and smaller values of roughness. Here, the absorbance decreases

slightly from 0.37 to 0.31 (Fig. 6-7b).

The surface of the fused silica samples is modified due to the laser-induced etching

process in such a manner that the optical properties of the material alter signifi-
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cantly. In coincidence with the reflectance measurements (Fig. 6-5), the absor-
bance corresponds to the etch behavior with its different fluence regions. The
strong absorbance may cause an effective deposition of the energy of the laser
pulse directly at the interface and may therefore induce large temperatures and
consequently a thermal based etching of the material. Otherwise, the already large
absorbance that has been generated at the laser fluences below the etching thre-
shold is not sufficient to induce an etching effect (open square symbols in Fig.
6-7b). As described in subsection 6.1.1, the processed areas of the samples are
brown or black colored due to the laser-induced surface modification even after
ultrasonically cleaning procedure. If the surface of the sample is wiped with a soft
tissue the coloring and therefore the visible modification of the surface can be
much reduced for the places where fluences below the etch threshold have been
applied. For larger fluences, e.g., in the middle fluence region, the coloring remains
almost equal and can be removed only by the cleaning procedure with the oxygen
plasma (see subsection 4.4.2). The resulting absorbance after wiping the samples
with a soft tissue is shown in Fig. 6-7b (open triangle symbols) in dependence on
the laser fluence. In comparison to the data points which are obtained before wip-
ing, the absorbance after wiping is reduced. Now, below the threshold fluence
(0.32]/cm?) the absorbance is small and increases with the fluence (from 0.12 to
0.32). Afterwards, the behavior of the absorbance data with the fluence is similar
to that before wiping but the values are generally smaller. The so estimated de-
pendence of the absorbance on the laser fluence is consistent with the estimated

change in reflectance in Fig. 6-5 as another optical property of the etched surface.

Fig. 6-8 shows the measured absorbance at A =248 nm of a fused silica sample
etched with ® =0.76 J/cm? after wiping with a soft tissue in dependence on the
number of pulses. Additionally, the respective averaged etch depth per laser pulse
is shown. For the 1st and 2nd laser pulse, no materials erosion has been observed
but the absorbance increases to 0.27 and 0.30, respectively. For the first etching
pulses (N = 3 and 5), the absorbance reaches a maximal value of 0.3. Subsequently,
the absorbance decreases with further increasing pulse number. This behavior is

similar to the measured reflectance in dependence on the pulse number (Fig. 6-6).

On the other side, it is remarkable that the absorbance decreases while the aver-

aged etch depth per laser pulse increases with the number of applied pulses at
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Fig. 6-8: Absorbance change (left axis) as a function of the applied number of laser pulses at a laser
fluence of 0.76 ] /cm? after wiping with a soft tissue. Additionally, the averaged etch depth per pulse
Ah (right axis) is shown. (The lines are used to guide the eyes.)

constant laser fluence (Fig. 6-8). Furthermore, the absorbance decreases also with
increasing laser fluence in the middle fluence region (Fig. 6-7b) while the RBS
measurements show an increase of the thickness of structural modification with
the laser fluence (Fig. 6-4b). Consequently, the kind of modification that affects the
absorbance of the sample must be altered probably during the prolonged
processing; at smaller fluences a chemical alteration due to the products of liquids
decomposition dominates the modification while at larger fluences a structural
damage of the sample causes the value of absorbance. In any case, both mechan-
isms should occur simultaneously and are superimposing in their effect on the ab-

sorbance measurement.

6.3 Analysis of laser-irradiated liquid

A fused silica sample in contact with a 0.5 mol/l solution of pyrene in toluene is
irradiated with 32000 pulses at A =248 nm, ® = 0.98 ]/cm?, As = (140 - 140) pm?,
and f, = 100 Hz. During the extensive laser exposure, two effects can be observed
inside the liquid as a result of the laser-induced decomposition: the formation of
permanent bubbles and a concomitant coloring of the liquid to deep black due to
the generation of particles. The vapor bubbles, which contain also gaseous prod-

ucts resulting from the decomposition, could not be analyzed in situ. In the litera-
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ture, hydrocarbons, such as CHs, C2H4, and CzHz, are found [57]. In this work, the
exposed liquid without black particles is analyzed by GC-MS ion trap system whe-

reas the black particles are examined by SEM/TEM and Raman spectroscopy.
6.3.1 Chemical analysis of the liquid

Fig. 6-9 presents the received total ion current chromatogram of the exposed and
unexposed 0.5 mol/l solution of pyrene in toluene. Before irradiation, the chroma-
togram of the liquid features with 1 and 16 only the two peaks that stand for tolu-
ene and pyrene, respectively. After laser exposure, the GC-MS analysis reveals that
the very major component in the decomposition is bibenzyl (peak no. 12); the oth-
er aromatic hydrocarbons being produced are in significantly smaller yields. Xy-
lene (2), benzaldehyde (3), benzyl alcohol (4), methyl phenol (6), benzenedime-
thyl (7), naphthalene (8), dimethylbiphenyl (9), diphenylmethan (10), 1-ethyl-2-
phenylbenzene (11), o-benzyl toluene (13), p,p'-bitoluene (14), dibuthyl phtha-
late (15), and diisooctyl phthalate (17) are determined. Apart from these unam-
biguously identified compounds, a number of others escaped categorization

whose peaks are shown in Fig. 6-9.

The main product in the decomposition of toluene (bibenzyl) reveals that the do-
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Fig. 6-9: Comparison of total ion mass chromatogram of 0.5 mol/l solution of pyrene in toluene
before and after laser irradiation. Peak No., compound: 1, toluene; 2, xylene; 3, benzaldehyde; 4,
benzyl alcohol; 5, ambiguous compound; 6, methyl phenol; 7, benzenedimethyl; 8, naphthalene; 9,
dimethylbiphenyl; 10, diphenylmethan; 11, 1-ethyl-2-phenylbenzene; 12, not attributed; 13, o-
benzyl toluene; 14, p,p'-bitoluene; 15, dibuthyl phthalate; 16, pyrene; 17, diisooctyl phthalate.
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minant steps of the early stage of these processes are C (sp?)-H and C (sp3)-H fis-
sions to produce benzyl radicals [57]. The recombination of the radicals is accom-
panied by a variety of other reactions considering the formation of the aromatic
hydrocarbons and graphitic and polymeric carbon [57]. Decomposition products of
pyrene molecules, such as cyclohexylaryl derivates [128], are not visible in Fig. 6-9.
This will be related to the only small concentration of pyrene molecules compared
with the presence of toluene molecules (pyrene:toluene = 1:19) and additionally

to the high stability of pyrene molecules against photo degradation [129].

As a consequence of the changed composition of the absorbing liquid, the coeffi-
cient of linear absorption varies, too. The spectrophotometric measuring of the

coefficient yields an increase from 11.0 - 103 cm! to 14.0 - 103 cm1, which is prob-
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Fig. 6-10: Raman spectra (a), SEM (b), and TEM (b) images of particles from a laser-irradiated
pyrene in toluene solution.
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ably not significant for the etching regarding the conclusions made in section 5.5.
6.3.2 Investigation of the solid particles

The analysis of the black particles as result of decomposition of the liquid reveals
carbon as the predominant compound. The Raman spectra of the carbon products
(Fig. 6-10a) show similar double-peaked structure like the spectrum of the etched
fused silica sample in Fig. 6-2 with the peaks at about 1600 cm! (G line) and
about 1350 cm! (D line). Fig. 6-10b shows a SEM image of a carbon particle. It
seems that smaller particles agglomerate to the larger body. The high magnifying
TEM image Fig. 6-10c gives the indication that the carbon soot consists in the mean
of turbostratic carbon [130]. This is a type of crystalline structure where the crys-
tal planes have slipped sideways relative to each other, causing the spacing be-
tween planes to be greater than ideal [130]. Electron probe microanalysis and XPS
measurements show a silicon signal beside carbon that gives evidence for products

from materials etching of fused silica in the soot.

6.4 Summary of solid and liquid analytics

The modification process of the surface due to the effect of liquids decomposition
is confirmed due to the analytics on both absorbing liquid and transparent solid.
The decomposition of pyrene in toluene solution results in the formation of a mul-
titude of aromatic hydrocarbons as well as graphitic and polymeric carbon. These
carbon modifications form a film of carbon onto the previous irradiated fused silica
surface. After exceeding the etch threshold, an incorporation of carbon also into
the fused silica surface is indicated by the presence of the silicon carbide and the
silicon-oxy-carbide bonds in XPS spectra. Hence, not alone the deposition of carbon
on the surface modifies the interface but also structural changes due to the large

temperature and pressure modify the surface.

The depth of modification is larger than the respective value of Ah but it increases
in a similar manner with the laser fluence. On the other side, the strength of mod-
ification, which can be characterized by the reflectance and the absorbance of the
sample surface, offers a dissimilar behavior with Ah and consequently with the
modification depth: both properties decrease with the laser fluence by the transi-
tion from the low to the middle fluences and beyond. The Raman measurements

show that this effect is caused by a changing mechanism of surface modification. At
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small fluences, the deposition of a carbon layer dominates the surface modification
process whereas for larger fluences the fused silica itself - directly defect-enriched
due to the large temperatures and pressures- is supposed as the ruling process of

absorbance alterations.
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7 The effect of surface modification on the etching

In chapter 5 and 6, a modification of the surface is suggested and confirmed by the
analytical measurements. Thus, the proposed thermal etch mechanism (section
3.3) must be extended by the effect of an enhanced interface absorbance. But be-
fore the etch mechanism will be discussed, the influence of an absorbing layer on

the etching process has to be verified by additional experiments.

7.1 Incubation processes at LIBWE

7.1.1 The dependence of the threshold fluence on the pulse number and the

spot size of the laser beam

The determination of material erosion thresholds is of key importance for laser
processes itself. The threshold fluence is a characteristic physical value, which is
constant for a given set of experimental conditions (e.g. pulse number and laser
spot size) [17]. In the case of pulsed laser ablation of transparent solids, the term
incubation usually describes the influence of the pulse number and the spot size of
the laser beam on the threshold fluence [17, 29, 104]. The incubation effect is at-
tributed to a modification of the material during the initial laser pulses (also called
incubation pulses). In particular, laser-generated defects may enhance the absor-

bance of the material for the irradiating laser wavelength (subsection 2.2.2).

For direct laser ablation, a defect-dominated mechanism of incubation is discussed,
which assumes that laser-generated defects are responsible for the enhanced ab-
sorption of the laser beam in the transparent material [104, 131-133]. The pheno-
menological model is based on the probability that the laser beam hits randomly
distributed intrinsic or laser-generated defects. It is usually applied to explain re-
duced threshold fluences at direct laser ablation of dielectrics in air with fs [104,
131] or ns [132, 133] pulses. Beside the defect-related incubation mechanisms, the
effect of thermal accumulation is discussed in the literature as another model
[134]. After every laser pulse, even for those with fluences below the single shot
threshold, energy is deposited in the material. If the pulse repetition rate is large
enough, heat accumulation from the previous pulses occurs that increases the
temperature within the irradiated spot size of the laser beam. But the application

of the thermal accumulation model to LIBWE experiments seems not feasible be-
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cause in the case of the LIBWE configuration an accumulative heating of the solid is
possible only up to the boiling point of the liquid. According Ref. [134], ®u de-
pends in addition to the pulse number and the spot size on the pulse repetition
rate and the sample thickness, too, which is not confirmed for LIBWE in additional
experiments. By varying the repetition rate between 1 and 40 Hz the threshold
fluence is constant at 0.33 £0.04 J/cm? Only for larger repetition rates (up to
100 Hz), @ decreases slightly. By use of samples with a thickness from 0.38 mm
to 5 mm, no differences in the etch threshold have been found. In addition, mea-
surements with a thermocouple inside the liquid show no temperature effect due

to thermal accumulation for large pulse numbers and large repetition rates.

As Fig. 7-1a and b show, the threshold fluence for the etching of fused silica by
means of LIBWE is reduced with increasing pulse number and spot size. This be-
havior is similar to direct ablation with laser pulses of ns [132, 133] and fs dura-
tion [104, 131, 134]. Fig. 7-1a illustrates the values of @ versus the numbers of
laser pulses for a constant spot size (4s= (100 - 100) um?). After 10 laser pulses,
@y, drops to about 50% of the single shot level of ®(1) = 1.10 £0.17 J/cm?. A satu-
ration of the threshold fluence is observed for pulse numbers larger than 2000
with a minimal laser fluence of 0.22 +0.025 J/cm?. For laser spot sizes As increasing
from 400 um?® to 422500 ym? @ is reduced from 0.52 #0.05]/cm?® to
0.30 +0.033 J/cm? (Fig. 7-1b) at a constant laser pulse number (N = 300).

In the case of LIBWE, a discussion of the origin and kind of defects has to be
adapted to the process because the experimentally determined threshold fluences
to initiate backside etching (Fig. 7-1) are far below the ablation thresholds for di-
rect ablation in air that are related to the occurrence or generation of point de-
fects [29, 65]. Thus, another type of defects seems to be responsible for the incuba-
tion. As concluded from the surface-analytical and optical measurements in sec-
tions 6.1 and 6.2, deposits from liquids decomposition already cover the irradiated
surface before etching occurs. That means a modification of the surface takes place
at fluences below ®¢ or at pulse numbers smaller than the number of incubation
pulses at a given fluence. The film can be assumed as an areal defect instead of the

point defects.

The reduction of @ with increasing pulse number in LIBWE (Fig. 7-1a) indicates a

defect accumulation during the progressive laser irradiation, which can be de-
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scribed by an increasing absorbance A due to a growing thickness of the modified

layer at interface, d/, with a respective absorption coefficient, o

A=1-—exp(—a!d') =1—exp(—abs) . (7-1)

(The variable abs = a’ d' is included only for mathematical operation.)

With concerning the measurement of reflectance and absorbance in dependence

1.2} -
<
£ 10r O experimental data .
= defect model
e 0.8F .
o
(&)
g
S 0.6 -~ 1
=
o I ]
_8 0.4+ T .
%] T |
5] =
o ]
= Kigiiﬁﬁ
0.2+ i
10" 10' 10 10° 10*
a) number of incident laser pulses
0.60 i
~ 0.55} i

O experimental data

s {

e

Ul

o
T

o

NN

ul
T

1

threshold fluence, @, (J/cm?
o
N
(@)

0.35¢ _; .
030/ %“ IIIIZI% L
| T ITT 1 -
0.25} i
10° 10" 10°
b) spot size of the laser beam, 4, (p.mz)

Fig. 7-1: Experimentally determined threshold fluence (symbols) in dependence on a) the number
of laser pulses for As=(100-100) um? and b) the spot size of the laser beam for N =300. A
0.5 mol/I1 solution of pyrene in toluene is applied as absorbing liquid at A =248 nm. Additionally,
the best fit by defect model in (7-11) is included in a) as solid line. (The y-error bars denote the
uncertainty in determining ®. The x-error bars denote uncertainty due to the lack of experimen-
tal data in the quantity of investigated pulse numbers and spot sizes.)
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on the number of applied laser pulses in Fig. 6-6 and Fig. 6-8, the following me-
chanism of incubation can be discussed. The energy of the first laser pulse is ab-
sorbed in a liquid volume that is defined by the laser spot size As and d,t. The in-
duced rise in temperature does not exceed the critical temperature for materials
erosion. However, molecules fragmentation inside the irradiated volume of the
liquid takes place [57, 59] and leads to the observed deposits (Fig.5-2a and
Fig. 5-3). The subsequent laser pulse is now absorbed by the layer and, thereafter
attenuated in the layer, by the liquid. If the laser-induced temperature exceeds the
critical temperature, etching takes place. If the induced temperature is too small,
both the solid surface and the deposited layer remain intact. In this case, additional
decomposition products are deposited and increase the thickness of the layer and
consequently its absorbance for the next laser pulse. With rising number of incuba-
tion pulses, the absorbance of the interface region increases without interim re-
moval of the layer up to a sufficient value to induce the critical temperature at the

interface for fused silica etching.

According to Ref. [38], the laser-induced temperature raise of the solid surface is

proportional to the absorbed fluence that depends on the absorbance of the layer:

ATc=klIA=k®Az," . (7-2)
Concerning (2-8), the proportionality factor k must summarize the thermal prop-
erties (o, ¢p, and x) of both the solid and the liquid and has the unit (K cm? s)/J. The
critical temperature rise AT¢ required for the etching is constant for one specific

material. Thus, with combining (7-1) and (7-2) the relation between ®, and 4 is:

®, (N) = Tp AT, _ Tp AT, (7-3)
AT R AN) T k{1 — exp[—abs(N)]}

According to (7-3), the threshold fluence must depend on the absorbance of the

materials surface as a function of the number of pulses. (The materials properties k

and T¢ and the duration of the laser pulse are here defined as constant.)

With rising number of pulses, 4 initially increases and converges asymptotically to
a critical value necessary to induce the critical temperature for the etching. The
discrete increase of absorbance per laser pulse must decrease with the number of
pulses because the layer deposited due to the previous laser pulse attenuates the
laser radiation. The lower transmitted fluence reduces the amount of laser-

generated decomposition products inside the liquid volume that contribute to the
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growth of the layer. For mathematical operations, the variable abs (7-1) instead of
the laser-generated absorbance of the sample is used. When the deposition of the
absorbing layer is originated from a photochemical process, the diminished absor-

bance with the time under the consideration of the attenuation of the laser beam in

the layer is given by:
d abs
T = 1" o exp(=abs) (7-4)

with u®t as the rate constant for the film deposition. For calculating the alteration
of the absorbance during the incubation time tixc, (7-4) has to be integrated to:

tinc

fexp(abs) d abs = f u®th I, dt . (7-5)

0

Since photochemical processes are related to the incident photon density (subsec-
tion 2.4.2), the absorbance changes only during the duration of the laser pulse.

Thus, the incubation time is defined with t;;,. = N 7,, and (7-5) can be written as:

N1p
exp(abs) + ¢, = f pPh o dt =N, u®" I, (7-6)
0
and yields to:
(—abs) = ! 7-7
exp(=abs) = g gy o - (7-7)

With the initial condition abs = 0 at N = 0, the integration constant c: is given to be

c1=-1. With (7-1) the absorbance is:
1

uPth d® N +1 -

To describe the model for the incubation-affected threshold fluence at LIBWE,

AN, ®) =1 — (7-8)

(7-2) and (7-8) have to be combined and give:

1
T, AT, 1
Pen =% (1 pPth N+ 1) ' (7:9)

(7-9) can be transformed into quadratic equation and solved for ®:

2
T AT T, AT, T, AT¢ i
&, (N) = + ( ok ) + Ty LB (7-10)

For N = oo and with concerning that only the summation of (7-10) results in phys-

ical relevant values, ®(N) in (7-10) delivers the minimal laser fluence beneath no
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etching is possible (see also Fig. 7-1a; ®&(N > 2000)): the multi-pulse threshold
fluence ®(o0). Thus, the term #-is given to be ®x(0). Consequently, (7-10)
can be now written as:

¢th(N)=¢th2(°°)+ j(cbthz(oo)> +i$§l°°13 . (7-11)

Applying (7-11) to the experiment (Fig. 7-1a), the fit reflects the experimental data
well with the best fit parameters u®% = 0.2 £0.02 ]! and with the experimentally
determined multi-pulse threshold fluence ®u(o0) = 0.22 ]J/cm? as fixed parameter.
For N =1, (7-11) delivers the single-shot threshold @ (1) = 1.11 J/cm? that corre-
lates with the found experimental single-shot threshold (Fig. 7-1a).

The threshold fluence depends also on the spot size of the laser as the experimen-
tal results in Fig. 7-1b show. On the other side, the proposed model summarized in
(7-11) expects an independence of @ from As. From this mismatch it can be con-
cluded that in addition to a photochemical process a photothermal process proba-
bly contributes to the modification of the surface. Such a combination of photo-
chemical and photothermal processes is well known from the laser ablation of po-
lymers [17]. In the case of LIBWE, the laser-induced temperatures far exceed the
boiling temperature of the liquid (that causes the effect of bubble formation) and
can reach temperatures larger than 1000°C [8, 12]. Due to such large tempera-

tures, photothermal decomposition of the organic liquid seems probably.

The determined multi-pulse threshold fluence of 0.22 J/cm? (Fig. 7-1) corresponds
in a good manner with the observations in subsection 6.2.2 that for ® < 0.22 J/cm?®
no modification of the surface takes place. Furthermore, photoacoustic measure-
ments by Tsuboi et al. [58] gave a threshold of toluene ablation in the range of
0.20 J/cm?. It is suggested in [58] that the threshold for toluene ablation coincides
with the beginning of explosive evaporation [58]. Thus, the reduction of the thre-
shold fluence is probably limited by the occurrence of vapor bubbles at the inter-
face. In Ref. [108] is suggested that the laser-generated vapor bubble (subsection
2.4.1) affects the etching because the bubble contains the gaseous decomposition
products [57]. The lifetime of a bubble depends on its size and consequently on the
energy of the laser pulse [53, 54], which is defined by ®-As. The interaction of the

vapor with the surface can result in the deposition of carbon products. Thus, with
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increasing energy the duration of the contact between the gaseous decomposition
products and the solid increases and the absorbance of the modified layer must

grow [108].
7.1.2 The effect of incubation on Ah

The described mechanism of incubation in subsection 7.1.1 can explain the reduc-
tion of @y if the deposited carbon layer remains intact and its thickness increases
due to the prolonged laser irradiation. With reaching the critical absorbance to
exceed T¢ for materials erosion, the surface of the sample is etched. Thereby, the
deposited layer is removed, too. The measured reflectance and absorbance in de-
pendence on the pulse numbers in Fig. 6-6 and Fig. 6-8 show an abrupt decrease in
both attributes (and consequently in modification) for the laser pulse that follows
the pulse, which first etches the sample. Thus, the layer of decomposition products
is not completely renewed but the surface is still distinctly modified. In this con-
text, the measured transmission spectra in Fig. 6-7a reveal a change in the kind of
modification from non-etching to etching: with the beginning materials erosion,
the spectra are characteristic for defect-enriched fused silica whereas below the
threshold spectra that are typically for amorphous carbon have been recorded.
Consequently, the process of surface modification is not finalized with the begin-
ning materials erosion. The observed nonlinear increase and finally the saturation
of Ah with increasing number of applied laser pulses and spot size of the laser
beam (Fig.5-4a and Fig. 5-5) are probably originated from a second incubation
process, which causes the structural damaging of the near surface region of the
fused silica sample. Otherwise, the estimated absorbance of the sample (Fig. 6-8)
decreases with the pulse number. Because the optical measurements made in sec-
tion 6.2 are not able to distinguish between the two kinds of modification, an un-
ambiguous relation between the absorbance measurements, the second incubation
process (structural damaging of the sample), and the nonlinear increase of Ah is

not possible yet.

7.2 Backside etching due to carbon layer ablation

To study the contribution of a thin, highly absorbing carbon layer at the back sur-
face of transparent sample to the etching a fused silica plate is coated on one side

with a carbon layer that can absorb the laser beam (thickness: 20 +5 nm). The
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layer was prepared by scanning the laser across the fused silica back surface in
LESAL set-up (section 3.2) and is well adherent (i.e, it cannot be removed ultra-
sonically or by wiping). Transmittance measurements by UV/VIS spectroscopy
show an absorbance of the layer for A =248 nm of about 0.40. The fused silica
sample with the layer on the back surface is irradiated with a single laser pulse in
LIBWE set-up but with an inert and non-absorbing diluted gas (air) and liquid (dis-

tilled water) as medium at the back surface.

Without the absorbing layer, no etching occurs up to fluences of about 10 J/cm?
after a single laser pulse. This correlates with the findings for direct front side abla-
tion of fused silica in air [65] and with water film [135]. With the carbon layer, the
etching threshold fluence for a single laser shot is determined to be about
0.50]/cm? and is independent from the kind of medium. Between 0.30 and
0.50 J/cm?, only ablation of the carbon layer occurs without any visible effect on

the fused silica. Below 0.30 J/cm?, the carbon film withstands laser irradiation.

In Fig. 7-2, the measured etch depth of fused silica is shown in dependence on the
laser fluence after the irradiation with one laser pulse. In the case of the liquid at
the back surface, the etch depth grows almost linearly with increasing laser fluence
up to about 60 nm at ® = 2.20 ]/cm?. Within this fluence range, a constant efficien-

cy of about 30107 cm?®/] can be calculated. Exceeding ® = 2.20 J/cm?, the effi-
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Fig. 7-2: Etch depth in dependence on the laser fluence after one-pulse treatment of a fused silica
sample covered with a 20 nm carbon layer at the back surface. The backside is immersed in dis-
tilled water (triangle symbols) or in contact with air (circle symbols).
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ciency of etching increases that results in a deep etching of 120 and 230 nm at 3.10
and 4.80 J/cm?, respectively. This behavior is similar to the observed separation
into the middle and high fluence range in section 5.1. For the back surface ablation
of carbon layers with air as medium at the back surface, the measured etch depth
first tends to saturate to about 20 nm for fluences between 0.60 and 2.20 ]/cm?
and shows a fast increase for larger fluences (Fig. 7-2). An etch depth of 60 and

150 nm at 3.10 and 4.80 J/cm? is reached, respectively.

For thermal driven ablation processes of bulk materials, larger fluences cause fast-
er heating rates and consequently larger temperatures and ablation depths per
pulse [17]. Otherwise, larger temperatures due to larger fluences lead to faster de-
sorption rates of adsorbed layers [59, 136]. In the current case, the ablation of the
carbon layer at the fused silica back surface in diluted gas medium (air) results in
an almost constant etch depth within a wide fluence range (Fig. 7-2). The fast laser
heating of the layer probably results in a considerable heat flux from the layer to
the fused silica before the layer is removed due to vaporization. Since a certain
temperature is required to ablate the layer, e.g., the vaporization temperature of
carbon, the further increase of the laser fluence absorbed within the layer reduces
the time to remove the film without a significant change in the temperature of the
fused silica surface. Thus, the time interval to heat the fused silica surface is limited
by the time necessary to increase the temperature of the carbon layer above the
evaporation point. The found constant etch depth in air (Fig. 7-2) gives the evi-
dence that the flux of heat from the layer to the fused silica sample is independent
from the fluence, which is probably the result of an equilibrium state between

layer ablation and fused silica heating.

In contrast to back surface ablation in air, the confinement of the evaporated layer
due to the liquid hinders its expansion away from the surface. Thus, the time inter-
val to heat the fused silica sample is elongated. The confined ablation plume prob-
ably forms a region with large pressure, density, and temperature near the solid-
liquid interface. In particular, the temperature of the near interface region must
depend on the fluence since a larger part of the energy of the laser pulse, which has
been absorbed by the carbon layer, can heat the sample. Thus, the etch depth of
fused silica increases almost linearly with the fluence (Fig. 7-2). The effect of con-

finement of the ablation plume by a liquid that results in an increased efficiency of



86 7 The effect of surface modification on the etching

ablation has already been reported for pulsed laser irradiation of water-covered

aluminum, silicon, and carbon targets (subsection 2.4.3).

The existence of a highly absorbing layer on the back surface of a transparent sam-
ple leads to an etching of the sample due to laser irradiation [137]. Thereby, the
confinement situation (diluted or dense environment) affects the backside etching
effect; a denser medium may enhance the etch depth per laser pulse compared
with a diluted medium and defines the characteristic behavior of the etch depth.
Comparing the characteristic of the etch depth as a function of @ in case of back
surface layer ablation with liquid confinement (Fig. 7-2) with that of Ah of LIBWE
(Fig. 5-1) similar characteristics are visible, e.g., the separation into different flu-
ence regions or an almost linear increase of Ah with the laser fluence. Additionally,
the constant etch depth within a wide fluence range in case of air “confinement”
coincides well with the region of etch rate saturation at LESAL processing (see sec-

tion 3.2; [10]).

7.3 Metallic liquid absorber

The distinct influence of the modification of the surface on LIBWE is affirmed (sec-
tions 7.1 and 7.2) but makes the modeling for temperature approximations quite
difficult. The interface offers a sandwich structure that consists of solid, high ab-
sorbing layer, and absorbing liquid. To discuss a thermal-based etch mechanism,
the interface has to be simplified with a liquid that offers: (i) very large (almost
infinite) absorption coefficient and (ii) no laser-induced decomposition. Liquid

metals, such as gallium, meet the requirements appropriately.

The etch depth per pulse and the efficiency of etching of fused silica with liquid
gallium after 10 laser pulses are shown in Fig. 7-3 as a function of the laser fluence.
The given values of the fluence per laser pulse are already corrected considering
the high reflectance of the silica-gallium interface that was estimated with about
80%. Thus, the experimental threshold fluence of about 0.26 J/cm? is comparable

to LIBWE with hydrocarbons (section 5.5).

In principle, the behavior of Ah and the respective E is similar to the results of
LIBWE with organic solutions (section 5.1) concerning the separation into the low
and middle fluence region. After exceeding the threshold fluence, a partial etching

of the surface can be observed with very small etch rates. This results in a distinct
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surface roughening [138] similar to the low fluence region found for organic liquid
absorbers (section 5.5). Furthermore, the efficiency of etching increases with the
fluence, too. The transition from low to middle fluence region can be determined
for a fluence of about 0.54 J/cm. For larger fluences, Ah increases almost linearly
up to an etched depth per pulse of about 620 nm/pulse at 1.60 ]/cm? Such large
values of Ah have not been observed in LIBWE with organic liquids yet (see sub-
section 5.5.2) and even exceed the typical ablation rates of high absorbing solids
[17]. The efficiency of etching is almost constant and is estimated to be about
380 - 107 cm®/] which is 30 times larger than for etching with organic solutions.
However, the surface quality in the middle fluence region is rather good; the
etched pits have well-defined edges and a smooth bottom [138] similar to LIBWE
with the pyrene in toluene solutions. A high fluence region known from organic

absorbers is not found during the experiments with liquid gallium.

By means of gallium outside the etched pit a surrounding region of some micron
width with a higher roughness is observed where a small amount of gallium can be
found as electron probe micro analysis reveals [138]. At the bottom of the etched
pits and the virgin surface area that were also in contact with the liquid gallium no

Ga-contaminations are measurable [138].

In contrast to organic liquids as absorber, the etch process at the silica-gallium in-
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Fig. 7-3: Averaged etch depth per laser pulse Ah (left axis) and the efficiency of etching per laser
pulse E (right axis) as a function of the laser fluence (considering the reflectance of the gallium).
10 pulses are applied with gallium as absorbing liquid at A = 248 nm.
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terface offers two advantages: (i) the boiling point of gallium (75 = 2200°C) is larg-
er than the proposed critical temperature for fused silica’s etching that permits
melting of the solid without liquid evaporation; and (ii) material alterations - ra-
ther expected due to the proposed thermal driven etch processes - do not signifi-
cantly influence the absorption of the laser radiation at the solid-liquid interface

because of the very large absorption coefficient of gallium (o > 106 cm-1 [139]).

For estimating the temperature at the fused silica surface in contact with liquid
gallium, the laser absorption at the interface and the heating of both gallium and
fused silica has to be considered. For selecting an appropriate model for laser heat-
ing, the characteristic length has to be considered that is given either by the ab-
sorption length of the laser radiation into the material or the thermal diffusion
length [17]. Due to the laser absorption in the liquid gallium, the decision on the
heating confinement is derived from the material properties of gallium. In gallium,
d,=(al)1=10nm is the optical penetration depth for the laser radiation. The
thermal diffusivity of gallium is 0.154 cm?/s (calculated with s, =40 W/(mK),
¢p=0.37]/(gK), and ¢ = 5.91 g/cm® [140, 141]). Thus, the thermal diffusion length
of liquid gallium for the duration of the laser pulse is about 1.2 um that exceeds d,
by several orders of magnitude. Consequently, the depth of dissipation of the laser

energy is thermal confined, i.e., by dr.

In the case of indirect laser heating of a material due to an absorber, the laser ab-
sorption in the absorber as well as the thermal flux across the interface into the
transparent material (Fig. 7-4) must be considered. Thus, following boundary con-

ditions are present:



7 The effect of surface modification on the etching 89

TL=T5=T, t=0

(7-12)
Tt =T"% z=0,t>0
with T! and TS as temperatures of gallium and fused silica, respectively.

To describe the temperature field in the fused silica, the relation in (2-9) for
dr > d, can be employed. The thermal fluxes into the gallium /- and into the fused
silica /S are unknown (Fig. 7-4). The sum of the heat fluxes into the solid and the
liquid is equal to the laser intensity according to:

JE+55 =1 . (7-13)
The respective heat fluxes can be calculated by variation of the coefficients consi-
dering the boundary condition at the interface (7-12). The solution of the problem
during the heating cycle of the laser pulse (0 <t < 1), that agrees with a solution

given in [38], is:

21,VDL DSt Z
ATS(z,t) = 0 ierfc( ) ) (7-14)
kL VDS + kS DL 2VDS t

Hence, the maximal temperature at interface (ierfc(z = 0) = \/iﬁ [17]) is:

2 VDL DS
ATS(z = 0,t) = &(1 — R) , (7-15)
Vit kb VDS + kS /DL
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Fig. 7-5: Calculated maximal temperatures Tma of the fused silica-gallium interface at t= 17, as a
function of the laser fluence. The respective Ah (symbols) are included, too. T¢® and T¢(? are the
critical temperatures for etching. @1 and @@ are the thresholds for the beginning etching and
the middle fluence region, respectively.
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where the laser intensity Iy is substituted by the laser fluence (2-6) absorbed at the

interface of fused silica and gallium.

The graph in Fig. 7-5 presents the calculated maximal temperature (7-15) of the
heated fused silica surface. The fluence that is related to the critical temperature
Tc (Fig. 7-5) agrees in a good manner with the estimated threshold fluence. This
supports the melting point of cristobalite (Ty = 1720°C) as the critical temperature
for etching. The beginning of the middle fluence region at 0.54 ]/cm? may coincide
with another assumed critical temperature for the etch process T¢(?: the point of
beginning vaporizing of SiO; melt (Tp=2900°C) [43]. Furthermore, the linear
growth of Ah with the fluence in the middle fluence region is well fitted by the cal-

culated maximal temperatures at interface.

In conclusion, the exploitation of a metal as liquid absorber presents a suitable model to
investigate the primary processes and the thermal etch mechanism of LIBWE. Gallium
offers a sufficiently high absorbance and does not decompose under intense laser irradi-
ation. Thus, the effects from liquid decomposition on the etching can be disregarded. An
analytical model is applied to calculate the temperatures at the solid-liquid interface.
The computations show, that the calculated fluence necessary to exceed the critical
temperature for etching agrees well with the experimentally determined one. This
agreement together with the linear increase of Ah and the surface temperature confirm

in principle a thermal etch mechanism of LIBWE.
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8 Discussion of LIBWE mechanism

8.1 General view onto contributing processes at LIBWE

UV laser irradiation of highly absorbing organic liquids causes complex processes,
such as fast and strong liquid heating, large transient pressure, boiling, bubble
formation and collapse, and decomposition of the molecules of the liquid that re-

sults in materials erosion and, in addition, in surface modification (Fig. 8-1a).

The modification of the surface is based on the laser-induced decomposition of the
liquid followed by deposition and incorporation of decomposition products. Addi-
tionally, the near surface region of the solid is structurally damaged probably as
result of the large laser-induced temperature and pressure. Due to the alteration,
the absorbance of the interface for the incident laser pulse is distinctly enhanced.
Thus, the model of the solid-liquid interface has to be improved to a sandwich
structure which consists of transparent solid, highly absorbing interface layer, and
absorbing liquid (see Fig. 8-1b). Consequently, the laser-induced heating of the
transparent solid occurs by superposition of temperature fields due to interface

and liquid volume absorption.

With considering the experimental results in the chapters 5, 6, and 7, the etch me-
chanism of LIBWE can be formulated as followed. The first laser pulse irradiates
the pristine solid-liquid interface, is absorbed by the liquid, and heats a liquid vo-

lume within the optical penetration depth d%. Due to the small thermal diffusion

Laser Laser
Thermo-elastic T ¢
expansi ransparen
on solid
Etchingand Temperature
modification

field Modified

CLEE L TR surface layer
Bubble Co i ? Y
fon@lu

Absorbing
e liquid
Shock and sound
a) waves b)

Fig. 8-1: a) Sketched processes at laser-irradiated solid-liquid interface and b) optical sandwich
structure of solid-liquid interface after and during irradiation which consists of transparent solid,
high absorbing interface layer, and absorbing liquid.
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length of organic liquids within the time duration of the laser pulse (toluene:
d% ~ 0.1 pm) compared with the respective optical penetration depth d} ~ 1 um
(0.5 mol/l solution of pyrene in toluene), only the laser energy absorbed within d&
is able to contribute to the heating of the solid. Recent calculations of Zim-
mer [142] show that for d: ~ 1 um only 2.5% of the overall energy of the laser
pulse are utilized for solids heating. The remaining energy heats the liquid and
causes the described effects of liquid decomposition and bubble formation. Thus,
an etching with the first pulse takes place only at large fluences due to the poor
energy utilization. Applying the calorimetric approach as illustrated in (3-2), a la-
ser fluence of at least 1.20 J/cm? is necessary to exceed the critical temperature for
etching at the surface. This is in a good agreement with the single-pulse etching
results in subsection 7.1.1. Due to the presence of a highly absorbing interface
layer, a part of the laser energy is directly absorbed at the solid surface and the
heating becomes more effective than without the surface modification. Thus, the

critical temperature for etching can be exceeded already at smaller laser fluences.

8.2 Analytical temperature calculations at solid-liquid interface

The principle of superposition of heat fluxes can be used to find an analytical solu-
tion for the temperature at solid-liquid interface within the time duration of the
laser pulse. The solution must consider the enhanced absorbance at the interface
by the surface modification and the absorbance of the liquid to estimate the tem-
perature at the interface as result of the heat fluxes into solid and liquid. This first
model does not consider phase changes and temperature- or pressure-dependent

material properties.

For the calculations of the temperature at the interface, the temperatures due to
the two heat sources resulting from interface and liquid volume absorption have to
be superimposed. Hence, the temperature raises induced by laser absorption at
interface (ATi) and in liquid volume (AT.v) determine the maximal interface tem-

perature raise as follows:

AT e = AT, + ATy . (8-1)
The heating from the modified layer at interface meets the requirement for surface
absorption (d3 >» d') in a good approximation. Thus, the special solution of heat

equation (7-15) can be used considering the fluence absorbed by the layer:



8 Discussion of LIBWE mechanism 93

2 VDL DS
AT,(z = 0,t) = ®[1 — exp(—a’ d!)] Tt VS VDT (8-2)

The description of the temperature raise at the interface induced by the heated
liquid volume is much more complex [142] due to the finite absorbance of the lig-
uid and the optical confined energy dissipation (d% « d%). An approximation of
the temperature can be made regarding the heat balance of absorbed laser energy
within a material volume limited by the heat diffusion lengths d% and d3 (section
3.3). The average temperature raise due to energy absorption can be approximated
according to (3-2) with:

[1— exp(—a’ dp)]

AT =0,t)=o —a'd! .
LV(Z ) exp( a )QS Cg d¥-+QL C;l,‘ d%

(8-3)

The estimated temperatures derived for the energy balance are smaller than the

real ones at the interface due to an averaging over the whole near interface region.

With (8-1), (8-2), and (8-3) the final expression for the interface temperature con-

sidering the absorbance A due to the modified interface is:

AT (z =0,t) = ®[C, + (C; — C,) A] , (8-4)
with
A=1-exp(—aldh)
= 2 VDL DS
VTt VDS 110 VD (8-5)

_ [1—exp(—a*dy)]
2 _Qscgd§+QLc,§d%

In Fig. 8-2 the maximum temperatures calculated with (8-4) at the solid-liquid in-
terface without (line labeled with A =0.00) and with an assumed partial interface
absorbance (lines labeled with A = 0.05, 0.10, 0.15, and 0.30) in dependence on the
laser fluence are shown. The temperatures are estimated for the interface between
fused silica and a 0.5 mol/] solution of pyrene in toluene considering the respective
materials properties (Table A 1 and Table A 2). Without a partial interface absor-
bance, the temperature exceeds a critical temperature for etching (7T¢() = 1720°C)
not until a fluence of 1.15 J/cm? This fluence value corresponds with the found
single shot threshold ®(?) (see also Fig. 7-1a) where the laser irradiates a pristine
solid-liquid interface. Thus, the melting temperature of cristobalite (Table A 1)

seems most probably as critical temperature for the beginning etching process
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Fig. 8-2: Calculated Tmax (lines) of solid-liquid interface (fused silica, 0.5 mol/1 solution of pyrene in
toluene) at t = 7, in dependence on the laser fluence. Different values for A are applied. The experi-
mentally determined threshold fluences after 300 pulses (©#®) and 1 pulse (®®) (sections 5.1
and 7.1.1) as well as the melting point (T¢(!)) of cristobalite (Table A 1) as critical temperatures for
etching are included.

(section 7.3). With supposing a partial interface absorbance of 0.05, twice the tem-
perature raise at interface and consequently solid surface can be achieved com-
pared to that of A=0.00. To exceed T¢(!) at the experimentally determined thre-
shold fluence after 300 pulses (@1 = 0.33 J/cm?, Fig. 5-1a), a minimal absorbance

at the interface of 0.10 is necessary.

In Fig. 8-3, the contribution of the interface heat source (AT;) and the liquid volume
heat source (AT.v) onto the interface temperature ATmqx are pointed out with re-
spect to the increasing absorbance at the interface. The laser fluence is fixed and
the temperatures are normalized onto the maximal possible temperature (4 = 1.0).
Since ATmax and AT increase with rising absorbance, AT,y must decrease simulta-
neously. The right axis in Fig. 8-3 shows the ratio of AT,y and ATnax and emphases
the importance of the surface modification on the LIBWE mechanism; at A= 0.06
and 0.20 the contribution of T,y to Tmax decays to 1/e and 1/e? respectively. At
A=0.35 as typical value of absorbance due to the surface modification (subsec-
tion 6.2.2), the ratio Trv/Tmax becomes 0.07. In consequence, an only small absor-
bance at the interface is more effective than a large absorption coefficient of the
liquid. Nevertheless, the liquid initiated the surface modification due to the laser

irradiation. Thus, for an appropriate choice of the liquid, the ability to form an ab-
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Fig. 8-3: Calculated temperatures AT, ATy, and ATmex for t = 7, according to (8-2), (8-3), and (8-4)
in dependence on the interface absorbance A. The laser fluence is fixed and AT}, AT.y, and ATmqx are
normalized to ATma at A = 1.00. The right axis shows the percentage of AT,y contributing to AT max.

sorbing layer at the solid-liquid interface is important.

The incubation effect at LIBWE for progressive pulsed irradiation is caused by the
increasing absorbance at the solid-liquid interface up to a sufficient value to exceed
the critical temperature for etching (subsection 7.1.1). To calculate the threshold
fluence as a function of arbitrary partial interface absorbance, the relation in (8-4)
can be used in a transposed form:
B AT,

(C1—C) A+ G

The necessary laser fluences to exceed T¢ are calculated with (8-6) and depicted in

Dy (8-6)

Fig. 8-4 for fused silica and a 0.5 mol/] solution of pyrene in toluene as solid-liquid
interface. As expected, the threshold fluences decrease with increasing A. At pris-
tine fused silica surface (4 = 0.0), the etch threshold is calculated to be about
1.15 J/cm?. This value corresponds well with the found single shot threshold flu-
ence @3 in Fig. 7-1. At the experimentally determined multi-pulse threshold flu-
ence @y =0.22 ]/cm? an absorbance of about 0.17 is necessary to reach T¢. A
reduction of the threshold fluence beneath the found multi-pulse threshold is poss-
ible when A will be further enhanced. On the other side, if the laser fluence is less
than a liquid-specific value, no liquid decomposition and consequently no surface

modification take place (subsection 6.2.2). Thus, the liquid probably defines the
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In Fig. 8-5, the induced temperature raise ATmax at the interface between fused sili-
ca and a 0.5 mol/I solution of pyrene in toluene is calculated with (8-4). For the
calculations, the experimentally estimated absorbance of the sample after wiping
with a soft tissue (Fig. 6-7b) is considered as A of the interface layer. Additionally,
the respective etch depth per laser pulse is shown. The calculated temperatures at
the interface are distinctly larger than the proposed critical temperature for etch-
ing of 1720°C; for ® > @, Tmax(z= 0, t = 7p) increases from 4200 to 8500°C for the
measured respective absorbance but follows the increase of Ah with the fluence.
Since the absorbance is measured after applying 50 laser pulses (subsection 6.2.2),
the etch process has began earlier and the modification of the surface is probably
advanced due to the second incubation process (subsection 7.1.2). Consequently,
the calculated temperature at ® = 0.32 J/cm? (the smallest laser fluence at which
after 50 pulses a measurable etching occurs) can be larger than the proposed value
of the critical temperature. In the case of ® < @y, the temperatures are already
larger than T, too. On the other side, the very large temperatures below and at the
threshold fluence become plausible, if the point of beginning vaporizing of SiO>

(T =2900°C) [43] is considered as the critical temperature for etching instead of



8 Discussion of LIBWE mechanism 97

10.0 | <& calculated temperature
| —e—Ah @ 120
s 80Ff s o%—
mo {E ./ ’5\
= ol %3 e 10 3
e 6.0} * 110 2
1l e} E
= o E
(=1 —
le 4.0 ?/ 1o -g
: &
&~ 20f
@ 4-10
0.0 ' !

0.2 0.3 0.4 0.5 0.6 0.7 0.8
energy fluence per laser pulse (J/ cm’ pulse)

Fig. 8-5: Calculated temperatures in dependence on laser fluence for ¢t = 7, by means of (8-6) of
solid-liquid interface (fused silica, 0.5 mol/l solution of pyrene in toluene) considering the expe-
rimentally determined absorbance data (subsection 6.2.2). The respective etch depths per pulse
are included. (The lines are used to guide the eyes.)

the melting point. In this case, the calculated temperature at ® is larger than T¢
while the calculated temperatures for ® < @, are smaller. On that condition, in Fig.
8-5 an appropriate relation between the analytical temperature model, the expe-
rimentally measured etch threshold, and the estimated surface absorbance of the

modified samples is presented.

8.3 The discussion of the etch process by an improved model of

LIBWE

As shown in the chapters 5, 6, and 7, the mechanism of LIBWE is very complex.
Transient photochemical and photothermal processes are involved and may inte-
ract to each other. The optical, chemical, and structural properties of both the solid
and the liquid are altered due to a prolonged laser irradiation (incubation). There-
fore, only the most important situations of the LIBWE process will be discussed to

establish an improved model of the etching process.

For a pristine solid-liquid interface, the etch mechanism as proposed by the litera-
ture [8, 72, 73] is a sequence of heating the solid surface by the laser-heated liquid
up to T¢ followed probably by a mechanical removing of the molten or softened

layer. But, this mechanism seems only valid for the first laser pulse. During and
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after the etching laser pulse subsequent processes such as decomposition of the
liquid, the formation of a bubble and its interaction with the solid surface, and the
resolidification of a thin molten layer of the sample cause the modification of a
near surface region of the material. Consequently, for a multi-pulse irradiation em-
ploying UV ns pulses and organic absorbing liquids, the discussion of the etch me-
chanism has to be improved by a highly absorbing layer at the interface between

solid and liquid.

The properties and the thickness of this modified layer alter during the prolonged
etching process. Basically, it can be distinguished between incubation pulses and
the steady state etching situation whereas a transition period can be expected, too.
The period of incubation pulses is characterized by the deposition of a carbon layer
(decomposition products from the liquid). When the absorbance is large enough,
the etching starts. Now, the near surface region of the sample is damaged due to
the melting and fast resolidification of a thin material layer and the etching process
is in the steady state. The deposited layer is important for the beginning materials
erosion but the etching process itself and consequently Ah is probably triggered by
the process of structural damaging of the near surface region of the solid sample
due the large temperatures (and probably pressure). Thus, there probably exists a

positive feedback between the processes of surface modification and etching.

Customarily, the melting temperature is proposed as the critical temperature for
starting materials erosion [8, 72, 73]. In this presented work, the validity Tc= Tu
(in the case of vitreous fused silica Tm of cristobalite) is not unambiguously subs-
tantiated by the calculations of the interface temperature in section 8.2. In fact, the
computations show that the point of beginning vaporizing of SiO; melt

(Ts =2900°C) seems more probably as T¢ than the melting temperature.

No evidence like resolidified ridges at the edge of etched area for a viscous flow of
the heated material due to a large-pressure impact of the heated liquid is found
during the experiments. The calculated temperatures at the interface can exceed
4000°C within 25 ns also for small fluences. Thus, a materials overheating beyond
the temperature of vaporization is possible and fast and explosive evaporation
takes place. In this case, the dominating mechanism for multi-pulse irradiation of
LIBWE is probably the ablation of the modified back surface due to an effective
absorption of the laser energy by a highly absorbing interface layer.
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9 Applications for microstructuring with LIBWE

The knowledge of the influence of processing parameters on etching and contri-
buting mechanisms is of fundamental importance to apply LIBWE for high-end
applications in microoptics or microfluidics. Based on the results (chapter 5 and 6)
a parameter window for optimized surface quality can be defined in the case of
fused silica and pyrene in toluene solutions: (i) the pyrene molarity should be at
least 0.3 M; (ii) the etch rates must be limited to a range extending from 5 to
15 nm/pulse; and (iii) the final etch depth should not distinctly exceed 20 um to
guarantee a sufficient surface quality. This can be reached usually with fluences in
the middle fluence region but the etch rates depend at a fixed fluence on the cho-
sen size of irradiated area, too. Additionally, since incubation influences the LIBWE
process distinctly (section 7.1), the pulse number necessary for a certain depth
must include the pulse number to overcome the incubation (incubation pulses)

and the pulse number to achieve the desired etch depth.

To demonstrate the capabilities of LIBWE, the fabrication of surface features appli-
cable in microoptics with both binary and analogous depth profiles is shown ap-
plying suitable laser techniques for microstructuring (see section 4.2). The
achieved structure widths range extending from a few hundred micrometers to
half of a micron whereas the etch depth can be adjusted between a few ten nano-
meters and 20 micrometers. After processing, the samples are cleaned by the gen-
tle oxygen plasma etch process (4.4.2) to remove the modified near surface region
of the fused silica samples. Measurements of the transmittance are carried out and

show that no difference between etched and unetched fused silica exists.

9.1 Binary structures

9.1.1 Multi-stepped binary element

To verify the processing parameters and to examine the reproducibility of the laser
etching, test structures are etched into fused silica. Fig. 9-1 shows an etched binary
structure measured by interference microscopy. The footprint of a single element
is set to (30 - 30) um?. The large reproducibility of the etching is demonstrated in
the rows with the same applied pulse numbers (R3-R6). In other rows (R1, R2, R7,

R8) multi-step topographies are machined with different pulse numbers. The
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Fig. 9-1: WLIM image of laser-machined multi-stepped binary elements etched into fused silica at
a laser fluence of 0.90 J/cm? with As = (30 - 30) um?. In the rows 3 to 6 etching is processed with a
constant pulse number of 30, 50, 70, and 80 pulses, respectively. In the other rows multi-stepped
topographies are etched with increasing pulse numbers. Rows 1, 7, and 8 starts with 10 laser
pulses and the etch depths increase with an increment of 5 (R1 and 7) and 10 (R8) pulses.

etched pits feature a slightly convex bottom that is not caused by energy density
distribution of the laser beam. The reasons for this surface features are not known
yet. However, this curved bottom appears also very reproducible so that this can
be taken into account into the calculations of diffractive elements. Moreover, with
gray scale masks instead of square contour masks an appropriate laser fluence dis-

tribution can be adjusted in this way that an almost flat etched bottom results.
9.1.2 Fabrication of stepped phase gratings

Both reflection and transmission line gratings are widely used for optical applica-
tions. Especially transparent phase gratings can be used for laser applications, such
as beam splitters, phase masks, or gray scale masks [2]. Phase masks with a binary
rectangular profile are fabricated for these applications by standard lithographic

methods.

LIBWE in conjunction with scanning small spot technique (section 4.2) is exploited
for the fabrication of a phase grating to demonstrate the capabilities of direct laser
etching for machining binary optics. The grating properties, such as grating profile,
line-space ratio, and depth, can be adjusted to the application by the selection of an

appropriate mask and suitable processing parameters. Fig. 9-2 shows a SEM image
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Fig. 9-2: SEM image of an
etched phase grating with a
period of 22 um and an
etch depth of 350 nm. The
patterning is achieved by
scanning a rectangular
mask across the surface.

of a grating etched in fused silica by means of small spot scanning. The phase grat-
ing is fabricated at a fluence of 0.90 ]/cm? by means of an (11 - 50) um? rectangular
mask. According to the used mask the grating period is about 22 pm with a line-
space ratio of one. The etched grating grooves have a uniform depth of 350 nm
with an estimated roughness of less than 2 nm rms. The SEM micrograph of the
etched grating additionally confirms the very good surface quality (no texture, con-

tinuous transition between the pulses) and the small roughness.
9.1.3 Submicron gratings

By means of projecting a transmission phase grating with a Schwarzschild objec-
tive (see section 4.2) a periodical fluence distribution is generated onto the back
surface of the fused silica sample and gratings with a period obeying to the theory

are etched [77].

Fig. 9-3a presents a SEM image of a sinusoidal line grating (1D) etched with 10
pulses at a laser fluence of 1.30 J/cm? The grating depth and period are estimated
by AFM measurements to be about 120 and 760 nm, respectively. The period of the
etched gratings depends on the used optical set-up for phase mask projection, the
grating period of projected phase grating, and the demagnification provided by the
imaging objective (see section 4.2). The angle of the two interfering laser beams
can be calculated from the diffraction angle after the phase grating given by A/a
and the magnification of projection optics. By means of a phase mask with a grat-
ing period of 22 pm and an objective having a demagnification of 15x a line spacing

of 730 nm can be calculated. This is in good agreement with the measured 760 nm
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150 nm

D U b)), e
Fig. 9-3: a) SEM image of a 1D grating etched by projecting a line phase mask onto the fused silica
back surface. The cross section in the inset well describes the sinusoidal profile with the 760 nm
period as result of the intensity distribution due to the interfering beam lets. b) AFM image of
etched 2D patterns wit a period of about 550 nm by projection of a chessboard-like phase mask.

grating period. The difference presumably arises from the influence of the sample

thickness, which is part of the optical beam path.

Beside line gratings also 2D gratings can be easily fabricated by exchanging line
grating phase mask against chessboard-like phase mask. As result of the projection
of such a mask well and regularly ordered dot pattern can be achieved as the AFM
image in Fig. 9-3b depicts. The period and depth of the structure is estimated to be

550 nm and 80 nm, respectively.

Generally, after etching the fabricated surface features two main characteristics,
the development of expected surface gratings and a homogeneous material etching
over the entire illuminated area, further called over-all-etching (OAE) [77]. The
laser fluence and the pulse number influence both the grating depth as well as the
OAE depth. The evolution of etched grating profile from deep, acute-angled
grooves to sinusoidal relief and the decrease of the grating depth with increasing

laser fluence is described elsewhere [77].

In addition, LIBWE of sub-micron sinusoidal relief gratings by projection of trans-
mission phase masks shows a limitation in grating depth with increasing pulse
number whereas the OAE-depth increases linearly. Therefore, the etch rates, which
are similar at the peaks and the valleys at larger pulse numbers, disagree with the
fluence distribution of the interfering laser beams. Moreover, over-etching of sinu-
soidal relief gratings (period 760 nm) with a homogeneous distributed laser beam
causes vanishing of the grating with increasing pulse number, which is related to a

proposed LIBWE inherent smoothing effect [78].
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9.2 Analogous/curved structures
9.2.1 Microprism array and microlens

Fig. 9-4 illustrates a microprism array in fused silica with a period of 24 um and a
final depth of 900 nm and a microlens with a depth of about 10 um. Here the scan-
ning contour mask technique is applied that makes use of special designed masks
whose contour corresponds to the desired profile. The inset in Fig. 9-4a shows the
cross section of the etched microprism structure measured by AFM. Additionally to
the plane and smooth surfaces and sharp edges of etched prisms the etched sur-
face roughness is below 5 nm rms that complies the quality of technical optics. The
prism is etched by line scanning of a triangle mask (equilateral) with a side length
of 30 um. The laser fluence, pulse repetition rate, and scan velocity are set to
1.00 J/cm?, 100 Hz, and 30 um/s, respectively. Large arrays of the microprisms are
achieved by adjoining of single line scans with a virtual overlap of 6 pm. The micro-
lens (Fig. 9-4b) is fabricated by a single scan of a semicircle mask with a radius of
200 pm. The microroughness of concave cylindrical structure is below 10 nm rms

at an etch depth of about 10 pum.
9.2.2 Phase grating to homogenize a laser beam

Beside beam splitting applications (see subsection 9.1.2) special designed laser
etched gratings can be used as laser beam homogenizing optics for high power ap-
plications. Such phase masks feature large laser damage threshold and allow the
application of low demagnification optics. For demonstration of the capabilities of
direct laser machining with LIBWE a phase grating for homogenizing a Gaussian

shaped HeNe laser beam is etched. The depth of the grating is calculated consider-
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Fig. 9-4: SEM image of analogous/curved structures etched by scanning a contour mask. a) Micro-
prism array in fused silica featuring sharp edges and smooth surfaces. The inset presents a cross
section measured by AFM. b) A microlens etched by single scan of a semicircle mask.
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ing wavelength and measured laser intensity distribution of the HeNe laser beam.

The grating structures are written into the surface with a rectangular mask of
(15 - 50) um?. The different depths of the grating grooves can be achieved by vary-
ing the scan velocity of the mask. The velocities are calculated on the base of mask
size, used processing parameters, and local depth of the grating that is required to
realize the optical function. The phase grating etched by this method features a

depth distribution in the range of 0-350 nm to cause an equivalent phase shift.
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Fig. 9-5: a) Depth of etched grating in comparison to the calculated profile. b) Intensity distribu-
tion of a HeNe laser beam homogenized with the grating microoptic in comparison to the original
laser beam.
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Thus, the diffraction of the grating can be adjusted locally. The measured depths
across the center of laser-etched grating are depicted in Fig. 9-5a in comparison to
the calculated depth distribution. The depth of the grating grooves coincides with
the calculated depth distribution well. The roughness of the groove bottom is
about 3 nm rms. The optical functionality of the laser-written phase grating is stu-
died by means of a HeNe laser beam. The laser intensity of the HeNe laser beam
measured by CCD camera with and without beam shaping diffraction grating is
shown in Fig. 9-5b. The original Gaussian intensity distribution of the laser beam is
tailored in the center of the beam to a homogenized distribution. Other laser beam
properties, e.g., the divergence, are basically not changed by the diffraction grating.
Furthermore, other designs of gratings result in further shapes of the laser beam,

e.g., annular profile [80].
9.2.3 Asphere

Patterning large areas with repetitive elements may be achieved by a step-and-
repeat as well as with scanning processes. In the case of processing large areas
with small spot laser techniques, the adjacent laser processed areas must be fit to
achieve smooth etched surface at extended areas. Quadratic masks should give
perfect surfaces but inaccuracies of the work piece handling system and real-world
physical effects, such as scattering of the laser beam at edges of the previously ma-
chined structure, result in narrow trenches or ridges. A much better surface quality
and a larger tolerance to machining inaccuracies associated with the laser
processing can be expected for a scanned rhombic masks [143]. Consequently, to
make use of the flexibility of the laser beam and to achieve sufficient lateral resolu-
tion a small homogenously illuminated rhombic mask with a side length of 70 um
is selected for etching free-form elements with nanometer depth resolution into a

plane fused silica substrate by means of LIBWE (Fig. 9-6a).

However, as known from [4] the depth of 3D-topographies, which are processed by
means of the scanning contour mask, is controlled by the number of locally applied
laser pulses. Hence, incubation effects have to be considered. One result of incuba-
tion effect on the etch process with the scanning rhombic-sized small spot mask is
the lower width of the etched tracks in comparison with the diagonal of the mask.
Hence, the distance of the adjacent scans has to be optimized. To achieve different

etch depths the scanning velocities of the mask are calculated on base of the etch
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depth taking into account the incubation processes.

To demonstrate the capabilities of the direct laser processing a free-form surface
has been etched with nanometer depth precision (Fig. 9-6a). As processing para-
meter a fluence of 1.00 J/cm? and a (70 * 70) pm? rhombic mask are applied. From
the given target surface, a saddle function according to z(r, ¢) = r?sin(2 ¢) with a
final depth of Zmax = 500 nm (Fig. 9-6b), the velocity distribution of the laser beam
is calculated. Such very shallow refractive elements can be used, e.g., for wave front
correcting of optical elements. The etched surface measured by interference mi-
croscope as well as respective cross sections corresponding to the dashed lines are
depicted in Fig. 9-6a and c and represent the target surface very well. The maximal
depth of the free-form surface has been attainted with a deviation of less than
10%. The surface roughness measured optically within small areas is as small as
10 nm rms. The surface quality can be further improved with specific designed
masks with gray scale features, by enhancing the homogeneity of the used laser

beam, and by optimization of the processing parameters.
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10 Summary and concluding remarks

The laser-induced backside wet etching (LIBWE) is a promising technique for di-
rect patterning of transparent materials with high quality. In this work the etch
process has been experimentally investigated to study the etch mechanism and
ascertain the dominating processes. Therefore, correlations between the model

and the experimental results have been drawn.

At first the influence of process parameters and processes on the etch rate and the
surface quality have been systematically studied for LIBWE with organic solutions
employing an excimer laser with nanosecond pulses. In particular, the effects of
laser fluence, pulse number, spot size, pulse repetition rate, laser wavelength, ab-
sorbing organic liquid, and the kind of the transparent material on the etching have
been determined. The main characteristics of the etching process are a specific
etching threshold, a certain etch efficiency, an incubation behavior, and a surface

microtopography that depend on the etched material and the used solution.

The surface quality of fused silica has been investigated in detail by means of white
light interference microscopy, SEM, and AFM to study the figure, the waviness, and
the roughness of the etched surface. To characterize the chemical and physical
properties of the etched surface, Raman spectroscopy, XPS, and RBS/channeling
measurements are performed. Additionally, in situ reflection measurements and
UV/VIS transmission spectroscopy have been carried out. These results have
shown that a near surface region suffers from chemical and structural modifica-
tions that cause the alteration of the materials absorbance also at the used laser
wavelengths. The irradiated liquid has been analyzed by means of GC-MS, Raman
spectroscopy, SEM, and TEM. These results indicate to specific decomposition

processes causing the formation of carbon products or even carbon.

Concluding from the experimental results, an optimized parameter window for
high-quality surface processing of fused silica is proposed: (i) pyrene in toluene
solutions with molarity of at least 0.3 M; (ii) etch depth per pulse limited to a range
from 5 to 20 nm/pulse; (iii) pulse number per place exceeding 30 to 50 pulses to
overcome incubation effects and achieve steady state etching, and (iv) final etch
depths from 200 nm to 20 um. This can be reached with laser fluences in the range

from 0.60 to 1.20 J/cm? but also depends on the size of the irradiated area.
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The currently discussed mechanism of LIBWE cannot sufficiently interpret the ex-
perimental results and is unable to explain LIBWE-related processes such as incu-
bation, liquid decomposition, and surface modification. Based on correlations of
the experimental results and physical models of selected processes, the dominat-
ing processes are discussed and an improved model of LIBWE has been developed.
The main improvement of the model is the introduction of a layer at the interface
between the solid and the liquid with altered materials properties. In particular,
the layer offers a large absorbance for the incident laser radiation and therefore
distinctly affects the possible temperatures at the solid-liquid interface. Based on
the improved etching model and the results from surface analytical measurements,
the computed temperatures at the interface far exceed the boiling point of the sol-
id. Recapitulating the influence of liquids decomposition and surface modification
on the etch behavior and the temperature modeling materials erosion in LIBWE

follows a liquid-induced backside ablation mechanism.

The fabrication of well-defined and high quality surface features into transparent
dielectrics, such as fused silica, by LIBWE is demonstrated. With organic solvents
and solutions as absorbing liquids, materials erosion takes place at laser fluences
that are more than one order of magnitude smaller than those required for direct
laser ablation in air. Depending on the applied laser processing technique, the
etched surfaces feature stepped binary elements, analogous smooth curvatures,
and regular periodic structures with a lateral resolution smaller than 1pm, which

are potentially applicable for the shaping of microoptical components.

With the experimental results and the improved etch model, basic tools for the
further optimization of the process and a more accurate control of the process pa-
rameters are now available and enable new developments for industrial applica-

tions of this promising etching technique.
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11 Outlook

Further developments related to LIBWE should comprise at least the following
main topics: (i) Further investigations of the laser-liquid-induced modification of
the near surface layer of the solid material. (ii) The improvement of the thermal
model of LIBWE considering additional processes such as melting and vaporiza-
tion, temperature dependent material properties, and graded absorption near the
surface. Furthermore, the current 1D temperature model has to be extended to a
3D model. (iii) The extension of the etching technique with regards to new mate-
rials and industrial lasers using the metallic liquid approach. (iv) The development
of industrial technologies that utilizes the scientific findings to apply the LIBWE

technique for the etching of pattern for microfluidics and microoptics.

In detail, time-resolved in situ measurements of the reflectance and transmittance
(pump probe set-up) during the duration of the laser pulse together with emission
spectroscopy will be necessary. Furthermore, studies with spectroscopic ellipso-
metry and SIMS (secondary ion mass spectroscopy) are planned to determine
more precisely the properties of the modified layer, e.g., the thickness and absorp-
tion coefficient, to facilitate analytical interpretations and yield more precise pa-

rameters for numerical simulations of laser-induced backside wet etching.

The presented analytical temperature model has to be upgraded with an analytical
solution for the liquid volume heat by implementation of a proper heat transition
function. In a further step, numerical simulations with finite element method
(FEM) program code concerning phase transitions and temperature-dependent
materials properties have to be carried out to derive models of the dynamic ther-
mal processes involved in etching with more quantitative and numerical explicit-
ness. The simulations must consider the cooling cycle to gain information or evi-
dence about the depth of heated material as well as the point in time for material

erosion.
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Table A 1: Properties of fused silica at room temperature [144]

Parameters Symbol  Value
Refractive index n 1.51 (1 =248 nm)
1.45 (4 =820 nm)

Density 0 2.20 g/cm3

Specific heat capacity Cp 0.70]/(gK)

Thermal conductivity K 1.38 W/(mK)

Coefficient of thermal expansion J 55-107K1

Thermal diffusivity D 9.49 - 103 cm?/s

Glass transition point of fused silica Ty 1200°C [41]

Melting temperature of cristobalite Tu 1720°C[17,41,47]

Temperature of beginning evaporation of

SiO2 Ts 2900°C [43]

Compressive strength 1100 MPa

Tensile strength 50 MPa

Table A 2: Properties of toluene at room temperature

Parameters Symbol Value

Molar mass M 92.14 g/mol

Density 0 0.87 g/cm3

Refractive index n 1.60 (1 =248 nm) [145]
(estimated from refractive
index dispersion formula)
1.49 (1=820 nm) [145]

Boiling temperature Ts 110°C

Specific heat capacity Cp 1.71]/(gK)

Thermal conductivity K 0.13 W/(mK)

Thermal diffusivity D 0.87 - 103 cm?/s

Coefficient of thermal expansion Yij 100-10-> K1

Sound velocity Cs 13.2-10%cm/s

Critical temperature (supercritical fluid)
Critical pressure (supercritical fluid)

319°C[146]
41 bar [146]
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Table A 3: Selected properties of used liquids at room temperature

Liquids Molar Boiling Density Specificheat Thermal Sound ve-
mass tempera- capacity diffusivity locity
ture
M 0 Cp D Cs
(g/mol) (°C) (g/cm3) (J/(gK) (103 cm?/s)  (10*cm/s)
Acetone 58.08 56.2 0.79 2.16 0.96 11.7
(C3H60)
Xylene 106.17 139 0.87 1.71 0.87 13.4
(CsH1o)
Acethylacetone 100.12 140 0.96 2.08 NA 13.8
(CsHgO2)
Chlorobenzene 112.56 130 1.02 1.35 0.87 12.9
(CeHsCl)
Dichloroben- 147.00 180 1.30 1.16 0.70 12.3
zene (CeH4Cl2)
Fluorobenzene 96.10 85 1.11 1.52 NA NA
(CeHsF)

Table A 4: Selected physical properties of used transparent solids [144] at room temperature

Material Glass transi- Density Specific Coefficient Thermal Thermal
tioni or mel- heat of thermal conductivity diffusivity
tingt tempe- capacity  expansion
rature 0 Cp ) K D
Q) (g/cm3)  (/(gK) (107KY)  (W/(mK))  (103cm?*/s)
D263 7191 2.51 0.82 72 0.92 4.5
BK7 736! 2.51 0.86 83 1.11 5.2
Pyrex 7191 2.23 0.75 32.5 1.1 6.54
C7059 821i 2.76 NA 46 NA NA
Quartz 1720 2.64 0.71 80 (o) 10.7 (o) 57
134 (a0) 6.2 (ao0)

Sapphire 20501 3.98 0.75 53 (o) 40 133
45 (ao)

MgF; 1528ii 3.18 1.01 140 (o) 21 66
85 (ao)

CaF: 14201 3.18 0.85 188 (o) 9.71 36
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