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Abstract

Various laser-based approaches for the fabrication of micro-optical components in
quartz and polymers have been studied. The fabrication of Fresnel micro-lens
arrays in polymers 1s achieved by the combination of laser ablation and the projec-
tion of a Diffractive Gray Tone Phase Mask (DGTPM). Arrays of diffractive and
refractive micro-lenses in quartz are fabricated by a laser assisted wet etching process
and the projection of a DGTPM. An array of plano-convex micro-lenses was utilized
as a beam homogenizer for high power Nd: YAG lasers.
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4.1. Introduction

Recent developments in telecommunication and miniaturization of optoelectronic-
mechanical devices stimulate the investigations of new techniques for fast micro-
machining of optical elements. Arrays of micro-lenses fabricated in polymers or in
quartz are the key elements in modern optics and optoelectronics [1-8]. The unique
properties of micro-lenses such as small dimensions and short focal length are
utilized in high precision imaging systems, e.g. copiers, printers, and fax machines.
The advantages of micro-optical components fabricated in polymers compared to
large scale lenses are the flexibility and easy integration into complex micro-optical
systems [4,7]. Arrays of micro-lenses are widely used in telecommunication and
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The most established techniques for the fabrication of micro-optical compo-
nents in polymers and in plastics are hot embossing and injection molding. These
techniques are commercialized and are applied for the mass production of submi-
cron gratings and micro-lenses in polymers [4,6,14—17]. Replication technology is
the key to the one step process and provides a very economical way of producing
micro-optical elements in polymers. The key issues for this process are the
complex master masks and the limited number of polymers that can be used. An
alternative one step process for micromachining of micro-optical elements in
polymers is direct exposure of polymers to a focused laser beam or a beam which
is imaged through a circular aperture [2,4,7,18-22]. HeCd, ArF, KrF, or XeCl
excimer [2,4,20] lasers as well MID IR CO, laser [13,23] can be used as irradiation
sources.

An alternative one step process for the fast fabrication of complex structures with
continuous profiles, e.g. Fresnel micro-lenses in polymers has been demonstrated by
David et al. [24]. This method will be described in detail later.

UV transparent materials, e.g. quartz, BaF,, and sapphire have much higher
damage thresholds for UV laser irradiation. Therefore, micro-lenses in UV trans-
parent materials, e.g. quartz, are applied in a number of application, such as optical
connectors in telecommunication, imaging, wavefront measurements, and beam
homogenizing [1,4,7,9,13,25-36].

UV transparent materials, e.g. quartz, can be directly ablated with ultrafast
lasers [30,37-48], Vacuum Ultraviolet lasers (VUV) (157 nm, 11 ns) [32,49-53]
or by the combination of a VUV laser with a KrF excimer laser [54-57]. MID IR
lasers, e.g. CO, laser can also be applied for the fabrication of refractive micro-
lenses, e.g. on the end of an optical fiber [9]. Another possibility is the fabrication
of micro-optics in quartz by using the sequential scanning of a focused ion beam
[14,57,58].

An alternative approach for the structuring of micro-optical components in solid
state materials 1s laser assisted etching. The laser light passes through the transparent
substrate and is strongly absorbed by a media which is in contact with the material.
The highly absorbing media can be in the form of a gas [59], a solid material [60,61],
or liquids [62-71], which will be described in detail later. The combination of
laser assisted wet etching with the projection of a Diffractive Gray Tone Phase
Mask (DGTPM) can be applied as an alternative technique for the fabrication of
micro-optical components in quartz [31,72,73], which are applied as beam homog-
enizers for high power lasers.

In this chapter we will give a brief overview of laser ablation of polymers which
is the basis for laser fabrication of micro-optical elements in polymers. The focus of
this chapter will be on the application of laser ablation and Laser Induced Backside
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Wet Etching (LIBWE) combined with the projection of DGTPM for the fabrication
of complex three-dimensional structures, such as plano-convex and Fresnel micro-
lens arrays, in polymers, and UV transparent materials.

4.2. Laser Ablation of Polymers

Laser ablation of polymers was first reported in 1982 by Srinivasan et al. [74]
and Kawamura et al. [75]. The discovery of laser ablation of polymers initiated
research projects around the world and is today industrially used for the produc-
tion of nozzles for inkjet printers [76], to prepare the via-holes in multichip
modules by IBM [77], and for the fabrication of micro-optical components
[2,4,13,18,21,22,78,79].

4.2.1. Mechanisms and Models

The mechanisms of polymer ablation are typically described as photochemical,
photothermal, photophysical or as a combination of those, and can be described
briefly as follows:

Photochemical: Electronic excitation results in direct bond breaking [80-84].

Photothermal: The electronic excitation is thermalized on a ps timescale,
resulting in thermal bond breaking [85-89].

Photophysical: Thermal and non-thermal processes play a role. In this model
two independent channels of bond breaking [90,91] or different bond breaking
energies for ground state and electronically excited states chromophores are
applied [92,93]. This model is most adequate for short laser pulses in the ps and
fs range [94].

Another method to describe the different ablation processes is a separation
into surface and volume models. The volume model describes the ablation process
within the bulk of the material. In the surface models, only a few monolayer of the
material are considered. The different models can be described as follows:

Photochemical surface model: Valid for long pulses and higher irradiation
fluences [95].

Thermal surface model: The model does not consider the sharp ablation
threshold, but can describe the occurrence of an Arrhenius tail, which is the linear
dependence of the ablation rate with the irradiation fluence at low fluences, that is
observed when the ablation rate is determined with mass loss measurements
[85,89,90,96].
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Photochemical volume model: The model describes a sharp ablation threshold,
but the Arrhenius tail is not accounted for [80-82,84,97].

Thermal volume models: These models are often oversimplified by reducing
the movement of the solid—gas interface and results therefore in too high temperatures
[88,98].

In newer models, several mechanisms of the listed above are combined, e.g. in the
volume photothermal model of Arnold and Bityurin [99], that combines features of
the photochemical and the thermal surface models. This model includes many
material parameters. Several of these parameters are obtained from fitting of
experimental data, and have to be adjusted to fit each polymer.

Polymers that show a photochemical ablation behavior at the irradiation wave-
length are preferable for structuring, as the damage of the surrounding material due
to a thermal processes is minimized. A conversion of the polymer into gaseous
product is also of advantage, as no or only minor amounts of ablation products are
redeposited on the structured surface, and additional cleaning procedures may not
be necessary.

The ablation process is often described by an Lambert—Beer law related

Equation (1) [80,100]:
d(F) = —1 In| — (1)
(F) n

aeff th

where d(F) represents the ablation rate per pulse, o, is the effective absorp-
tion coefficient, F is the irradiation fluence, and F, is the ablation threshold
fluence.

The dependence of the ablation rate on the irradiation fluence can often not be
described by a single set of parameters. In Fig. 1 an example of the dependence of
the ablation rate of a polymer on the irradiation fluence is shown. Three fluence
regions can be distinguished. From the low fluence range the ablation threshold
fluence is defined. The threshold fluence is defined as the lowest fluence, where
the onset of ablation can be observed. It is also noteworthy to mention, that in the
low fluence range, ablation does not necessarily start with the first pulse, but after
multiple pulses. This phenomenon is known as incubation and is related to a modi-
fication of the polymer by the previous laser pulses [101], which increases the
absorption at the irradiation wavelength. Incubation is normally observed only for
polymers with low absorption coefficients at the irradiation wavelength.

In the intermediate fluence range an increase of the slope of the ablation rate is
often observed. This increase in the ablation rate may be due to an additional or
more effective decomposition of the polymer by energy that has been gained from
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Figure 1: Schematic illustration of the fluence dependence for the ablation rate of
' a polymer.

decomposing the polymer. In the high fluence range the ablation rates of many
polymers are similar, as the incident laser light is screened by ablation products and
the plasma which are created during the ablation process [82].

4.2.2. Commercially Available and Designed Polymers

Polymer ablation has been a research field for over 20 years, but its full potential
for industrial applications has not yet been explored. One possible reason for this
is the fact that commercially available polymers, such as polyimide (PI), poly-
methylmethacrylate (PMMA), and polycarbonate (PC) [102] that are applied in
many ablation studies have several drawbacks. These include low sensitivity,
carbonization upon irradiation, and redeposition of ablation products on the poly-
mer surface [103].

Therefore, novel photopolymers for laser ablation have been designed. The most
important criteria for the designed polymers are:

 High absorption coefficients (=20,000 cm™) at the irradiation wavelength.
* Exothermic decomposition at well-defined positions of the polymer

backbone.
* Decomposition of the polymer into gaseous products, which are not contam-

inating the polymer surface [104,105].

An XeCl excimer laser (308 nm, 60 ns) has been selected as irradiation source



110 G. Kopitkovas et al.

of this relatively long irradiation wavelength is the possibility to separate the
absorption of the photoactive group from other parts of the polymer.

The most promising photopolymers were triazene (-N = N-N<) containing mate-
rials, which have high etch rates, low threshold fluences, reveal no surface contam-
ination, and a small heat affected zone [103,106]. The diffractive limited optical
resolution which can be achieved by 308 nm irradiation is sufficient for many
applications [107].

A typical UV-Vis spectrum (shown in Fig. 2) reveals an absorption band around
196 nm that correspond mainly to the aromatic groups of the polymer. The second
strong absorption band at 332 nm corresponds to the triazene chromophore [108].
The chemical structure of a triazene polymer is included as inset in Fig. 2.

An example of the improved ablation quality for the designed polymers is shown
in Fig. 3, where the same structure is ablated into a triazene polymer (left) and in
polyimide (Kapton™, right). It is noteworthy to mention that both polymers have
very similar absorption coefficients at the irradiation wavelength of 308 nm. The
structure in the triazene polymer is well defined with no visible debris. For poly-
imide a pronounced ring of redeposited ablation products can be observed. A closer
inspection reveals also contaminations inside the polyimide structure by products
that consist mainly of amorphous carbon [106,109-111].

A polyimide with better ablation properties than Kapton™ (Fig. 3 (right)) is
Durimid 7020™ (Arch Chemical) (structure shown in Fig. 4) [112]. Durimid belongs
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Figure 2: UV-Vis spectrum of a triazene polymer designed for laser ablation at 308 nm
and of the chemical structure of the polymer.
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Figure 3: SEM image of a Siemens Star fabricated by laser ablation in a triazene
polymer (left) and in polyimide (right) (adapted from [106]).
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to the class of photosensitive polyimides, that can be ablated with all common
excimer laser. This polymer and other types, such as Pyrolin™ reveals good spin
coating properties and have also a linear absorption coefficient (Fig. 4) at 308 nm
which is similar to the triazene polymer shown in Fig. 2.

The photosensitive polyimides are after crosslinking, no longer photosensitive
and present the typical polyimide properties, i.e. thermal and photo resistance,
which makes them suitable materials for optical components in the visible range.

4.3. Methods for the Fabrication of Micro-optical
Elements in Polymers

Injection molding is, as discussed in the introduction, one of the key techniques for
the low-cost mass production of the complex structures in polymers [4,6,10,15,16].
The principle of these techniques is copying of a surface-relief microstructure
of a metal into formable polymers, such as polycarbonate (PC), polymethyl-
methacrylate (PMMA), polyvinyl chloride (PVC). Hot embossing is mainly used
for reproducing submicron grating structures and micro-optics in PC and PVC
polymers. The limitation of this method is the depth of the structures, which is
about 1 um [4,15]. Much deeper microstructures (up to 1 mm) in PC or PMMA can
be produced by injection molding [4,15]. The replication technology is capable to
achieve nanometer resolution over large areas and is in principle a low-production
cost process. The major weaknesses of these replication techniques are the limited
aspect ratio and depth of the structures, the complex mask which is necessary for
producing micro-lens arrays, and the limited number of polymers which can be
applied for the replication techniques.

4.3.1. Laser Beam Writing

Laser beam writing techniques, compared to the replication process are more
flexible and do not need the complex masks. This technique is based on the
sequential patterning of polymer surfaces by a focused laser beam [2,4,7,18-22].
Various type of lasers e.g. cw HeCd, pulsed excimers, and Nd: YAG can be applied
as irradiation sources. The fabrication of circular micro-optical elements e.g.
spherical shape micro-lenses in polymer samples is achieved by applying a circu-
lar mask, which is imaged onto the sample surface. The polymer sample 1s posi-
tioned on a translation stage, which allows to perform circular movement during
lasér irradiation [4,7,19,20,78]. For the fabrication of an array of micro-lenses
in polymers, a two-dimensional array of a circular apertures can be used [19].
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This approach allows a relative fast fabrication of micro-lens arrays in polymers.
The advantages of the laser writing technique is its flexibility and that no complex
grayscale masks are necessary, but this method is relatively slow compared to
replication techniques.

4.3.2. Fabrication of Micro-optics using Laser Ablation and
Half Tone or Diffractive Gray Tone Masks

An alternative method to laser writing is the combination of laser ablation
with the projection of a half tone (gray tone) mask (as shown in Fig. 5) [25,79,
113-116]. The encoding of the desired structure can be achieved either by a mask
with locally variable transmission patterns (the size of the pattern is =5 um)
[25,79,113,116].

A half tone (gray scale) mask consists of a number of patterns with chromium
layers of various thickness. The modulation of the laser light intensity is based on
the local absorption of the laser light by the chromium patterns. One of the major
disadvantages of these masks is the low laser damage threshold, which can cause
defects in the mask. To overcome this drawback, Smith ef al. [117,118] invented
diffractive phase masks which can be used with high power lasers. Further develop-
ments of the DGTPM were performed by David et al. [24,119] and Braun et al. [120].
A DGTPM is a binary structure fabricated in quartz by e-beam lithography and
Reactive Ion Etching (RIE) which is used to modulate the incoming laser beam
intensity [24,120]. No light is absorbed with a DGTPM and, therefore no damage
can occur even for very high laser fluences.

The diffractive gray tone masks consist of periodically spaced line structures with
various line width. The transmission of the laser light in the zeroth order depends
on the ratio between the line width and the grating period, which is also called the
duty cycle (DC). Keeping the grating period as a constant and varying the line width
allows to continuously change the transmission of the mask (as shown in Fig. 6).

Excimer Laser Gray scale mask

L e Beam intensity profile s, / /’\
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Zero order efficiency

Duty cycle

Figure 6: Relation of the Zeroth order efficiency with the duty cycle for a Diffractive
Gray Tone Phase Mask.

The transmission (7°) of the mask or zero order efﬁciency can be described by
scalar diffraction theory:

T=1-2-DC- (1-DC)- (1-cos) (2)

where DC is the duty cycle and ¢ is the phase shift.

The zero order efficiency calculated by Equation (2) is close to zero when the
phase shift is equal to © and the DC = 0.5. A & phase shift is obtained when the
height (k) of the grating structures is equal to A/(n—1), where A is the laser wave-
length and r is refractive index of quartz. A depth of the structure of 310 nm ensures
a complete modulation range for an XeCl excimer laser (308 nm, 60 ns) (shown in
Fig. 6 as solid line), which is used as irradiation source for all our experiments. The
etch rate and threshold fluence of polymers must be included in the DGTPM design
to improve the quality of the complex structures ablated into the polymers with a
DGTPM. An optimized DGTPM for the fabrication of various structures in one
selected polymer has patterns with a depth of 265 nm (instead of 310 nm). The
optimization of the masks yields an improvement of the quality of the complex
structures [119]. The depth of the features in the DGTPM was even more reduced
(d = 175 nm) for the application of these masks to obtain plano-convex micro-
lenses in quartz. The reason for using a DGTPM, with a typical size of 5 mm, with
only half of the modulation depth (shown in Fig. 6) for the fabrication of three-
dimensional structures in quartz is the complex etch rate behavior of quartz which
is completely different to the laser ablation of polymers. The experimental setup
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Figure 7: Experimental setup for the fabrication of micro-lenses in polymers.

for the fabrication of complex structures in a photosensitive polyimide (Durimid
7020™) is shown in Fig. 7 and consists of the combination of laser ablation with
the projection of a DGTPM.

The intensity of an XeCl excimer is modulated by the DGTPM. The beam is then
imaged onto the polymer surface with a 5 times demagnification using a doublet
lens. A two-dimensional Fresnel micro-lens array was fabricated in the polyimide
(shown in Fig. 8) by moving the sample and repeatedly exposing the DGTPM
which encodes the Fresnel lens shape. The size of each micro-lens is 900 x 900 pm.

66.6um 0041
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Such arrays can for example be applied as diffusers, or for beam shaping of white
light sources.

One of the advantages of the combination of laser ablation and imaging of the
DGTPM compared to the laser writing method is the simple adjustment of the size
of the micro-optical elements in the polymers. The same DGTPM can be applied
for the fabrication of various sizes of optical components with diameters from 250 prn
to several millimeters, by adjusting the demagnification of the DGTPM. A Fresnel
lens was transferred in a photosensitive polyimide that was spin-coated onto
quartz to test the ability of this method for the fabrication of larger optical compo-
nents in polymers. The diameter of this lens (shown in Fig. 9A) is 5 mm while the
focal length is 32 mm. This lens was fabricated with 40 laser pulses. The depth profile
scan of this lens (shown in Fig. 9B) presents the typical features of a Fresnel lens, i.e.
parabolic depth profile in the center and triangular shapes on the sides. The size of
the optical elements is mainly dependent on the available laser power, which is
necessary to induce ablation.

The main disadvantage of the combination of laser ablation with projection of
a DGTPM is high cost of the phase mask. The possibility to apply one mask to
create various sizes of the micro-optical elements in polymers is a clear advantage to
replication techniques, where one mask can be only used for one size of the structure.
Another advantage of laser ablation is the fact that most polymers can be structured
with UV lasers, especially at 193 nm, while hot embossing and injection molding
techniques require thermoplastic or curable polymers that are optimized for the
replication process.

Depth, um
&

T T T T
0 1000 2000 3000 4000
Position, um

Figure 9 Optical image (A) and line scan (B) of a large Fresnel lens fabricated in Durimid.
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4.4. Microstructuring of UV Transparent Materials

UV transparent materials, e.g. quartz, BaF,, sapphire, etc. are very important in
modern optics, mainly due to their wide transparency (from UV to IR), high laser
damage threshold (>20 J/cm? (at 308 nm)), and high mechanical and chemical
stability. One of the commercial applications of micro-lens arrays fabricated in
quartz is high power laser beam shaping and homogenizing. However, the fabrication
of micro-optics in UV transparent materials 1s also restricted due to the properties
of these materials. Industrial technologies for the fabrication of micro-lens arrays
in quartz are based on the combination of photolithography, resist melt-reflow, and
RIE [7,34,121-123]. The first step in this approach is the creation of binary cylin-
drical structures in a photoresist coated on a quartz substrate by photolithography.
The two-dimensional features on the sample are converted to three-dimensional
by heating the photoresist above the glass transition temperature (>200°C). This
results in a flow of the resist to yield the desired spherical shape structures. Finally,
the micro-lenses are transferred from the photoresist to the quartz by RIE using a
proportional etching process. High-quality refractive micro-lenses with good
spherical shape and low etch roughness in quartz can be fabricated by this technique.
However, this method has several drawbacks, such as the multiple steps, the neces-
sity for a high control of the proportional etching and resist characteristics, and
a relatively slow RIE process (20 nm/min). The drawback of this method resulted
in the development of alternative techniques for structuring of UV transparent
materials, which are briefly mentioned in the introduction.

Direct laser ablation of quartz can be achieved by ultrafast (femtosecond) lasers.
The removal of the material occurs due to the strong multiphoton absorption.
A very promising application of femtosecond laser ablation is the three-dimensional
microstructuring inside a material [37,44], which can be utilized to create photonic
crystals, waveguides, Bragg gratings, etc.

Complex structures with sub-micrometer precision in quartz can be obtained by
VUV laser ablation [51,124], where a F, excimer laser (157 nm, 11 ns) is used as
irradiation source. Well defined structures with the very low etch roughness can be
fabricated by this technique in quartz [32,51,52,55]. This method requires trans-
parent gases for the beam path and expensive optics. Fabrication of high quality
Fresnel micro-lens arrays in quartz by a focused ion beam was demonstrated by
Fu et al. [57,125,126]. The drawback of this process is an increase of the absorption
in the UV range of the etched areas in quartz due to the exposure of quartz to the
Ga* ion beam.

Another approach for structuring of UV transparent materials is indirect laser
assisted etching using highly absorbing media, which are in contact with the material.
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The first application of this approach was performed for the etching of semicon-
ductors materials [59].

Sugioka et al. developed a method in which structuring of quartz is assisted by
a laser induced plasma [54,60,61,127]. A Nd:YAG laser is applied as an irradia-
tion source, while a metal target, which is in contact with the quartz plate acts as
an absorber. The laser light passes through the quartz and is strongly absorbed by
the metal target, acts where a plasma is generated. The removal of the quartz is
assisted by the plasma process. Well defined gratings in quartz can be prepared by
this method, however, the depth of the features is limited to 2 pm. |

Another approach for the structuring of sapphire and SiC ceramics with a copper
vapor laser (510 nm, 10 ns) laser was demonstrated by Dolgaev et al. [64,65,128].
A 0.6 M aqueous CrOs solution which is in contact with the sapphire sample was
used to achieve the absorption of the laser photons. The key element of the etching
process is a temperature jump at the thin sapphire-liquid interface which originates
from the strong absorption of the laser light. The rapid rise of the temperature results
in heating of the sapphire substrate and thermal decomposition of the solution,
which generates non-soluble Cr,05 deposits [129]. These particles form a thin film
on the substrate which results in a further increase of the laser induced temperature.
The removal of the sapphire is most probably achieved mechanically, resulting
from the difference in thermal expansion coefficient between the Cr,O; film and
sapphire substrate. A typical etch rate of sapphire with this method is 200 nm per
pulse at a laser fluence of 5 J/cm?. The roughness of the etched features is in the
range of several micrometers. The major disadvantage of this method is the high
roughness and the deposition of a Cr,0O5 layer on top of the etched features, which
has to be removed by an additional cleaning process.

In 1999, Yabe and coworkers developed a method for precise micromachining
of UV transparent materials [69,130]. This technique is similar to the approach of
Dolgaey, i.e. in order to increase the absorption of the laser light a strong absorb-
ing organic liquid is used which is in contact with the material. This method has
been termed Laser Induced Backside Wet Etching (LIBWE) and was applied for
the structuring of quartz, CaF,, BaF,, and sapphire [62,63,66,69,71,130-136].
Different excimer lasers, i.e. ArF, KrF, XeCl, XeF can be applied as irradiation
sources. A number of organic liquids, such as pyrene in acetone (or THF)
[31,69,137], aqueous pyranine and naphthalene [63], pure toluene [134,138,139],
and naphthalene in methyl-methacrylate [68] can be applied as ‘etchant’. An exper-
imental setup for LIBWE is shown in Fig. 10, where an XeCl excimer laser (308 nm,
60 ns) is used as irradiation source with a repetition rate of 5 Hz, while 0.4 M pyrene
in acetone and 1.4 M pyrene in tetrahydrofurane were applied as etching media.

- A possible mechanism for the LIBWE process is based on the strong absorp-
tion of the intense laser light by the organic liquid, which is in contact with the
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Figure 10: Experimental setup for Laser Induced Backside Wet Etching.

UV transparent material. Rapid relaxation processes of the excited dye molecules
generate a fast increase of the temperature at the substrate-liquid interface and
may result in softening, melting or even boiling of the UV transparent materials.
Secondary processes, which take place at the interphase between the substrate
and the liquid, are the creation of a shock wave and the boiling of the solvent. The
latter results in the creation of expanding and collapsing bubbles, which generate
another strong pressure jump at the interface between the heated material and the
liquid. The pressure jump from the shock wave or from the bubble may remove
the softened material from the surface [68-70,134,135,137,140].

One characteristic of the structuring of UV transparent materials by LIBWE is
the existence of a threshold fluence. The threshold fluence for quartz is defined as
the highest fluence, for which no etching can be achieved even if thousands of
pulses have to be applied. The threshold fluence is obtained experimentally by
measuring the etch rates at various laser fluences (shown in Fig. 11).

The experimentally obtained threshold fluence for quartz using 0.4 M pyrene in
acetone solution as etchant is 0.66 J/cm?, which is much lower than the ablation
threshold without solution (=20 J/cm? [142]).

The etching of UV transparent materials by LIBWE is a complex fluence
dependent process, which can be divided into several etching regions (marked in
Fig. 11 as A, B, C). In the low fluence range the etch rates increases only slowly with
an increase of the laser fluence. The roughness of the etched features is in the range
of 800 nm and decreases rapidly to 100 nm for higher laser fluences (shown in
Fig. 11). Another effect which is observed at these fluences is incubation, which
means that the removal of quartz occurs after a number of laser pulses (shown in
Fig. 12). Incubation, which is also observed in the case of laser ablation of polymers,
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Figure 11: Etch rates and etch roughness of quartz at different laser fluences using a 0.4 M
pyrene in acetone solution (irradiation wavelength 308 nm) (adapted from [73]).
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Figure 12: Number of incubation pulses at different laser fluences for a 0.4 M
pyrene/acetone solution and 308 nm as irradiation wavelength (adapted from [73]).
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On the basis of the experimental results, the following etching mechanism for
low laser fluence range can be suggested: the laser induced temperature at the
quartz—liquid interface is probably below the melting point of the quartz, but is
still high enough to cause boiling of the solution. The pressure waves, generated by
the shock wave and collapsing of the laser induced bubbles are also not strong
enough to remove the heated material, and no etching occurs. The temperature at the
quartz-liquid interface, may however, be high enough to decompose the solution,
i.e. solvent or pyrene. This results in the formation of carbon deposits, which
strongly adhere to the heated quartz surface [72,131]. The formation of the carbon
layer alters the absorption of the laser light, which results in an increase of the
temperature jump at the interface between the quartz and the liquid, which is similar
to the process described by Dolgaev [65]. The removal of the quartz is possible at the
higher temperatures, which may reach the melting point of quartz. Another process
which may influence the etching of quartz at the low laser fluences is associated
with the mechanical stress, resulting from the different thermal expansion coefficients
of quartz and the carbon layer.

The increase of the etch rates with higher laser fluences, i.e. above 1.2 J/cm?,
(marked as B in the Fig. 11), is associated with the generation of higher temperatures
at these laser fluences. An increase of the temperature also results in stronger
pressure jumps, which remove the softened-molten material yielding smooth etch-
ing with a very low etch roughness (=20 nm). This fluence range is utilized for the
fabrication of the micro-optical components in quartz.

A further change of the etch rate is observed for higher fluences (marked as
Cin Fig. 11) and is accompanied by the formation of a plasma in the solution [73].
The onset of the plasma generation in the solution coincides with the increase of
the etch rates but also with an increase of the etch roughness. It is therefore very prob-
able that the plasma assists the etching process but probable in a different way then
reported by Sugioka et al. [54,60,61,127].

The quality of the etched features in UV transparent dielectrics depends on vari-
ous etching parameters, such as the laser fluence, pulse number, and concentration
of the absorbers (pyrene). In order to obtain the optimum etching conditions for the
fabrication of micro-optical elements in quartz different solutions containing various
concentrations of absorbers have been studied.

An increase of the pyrene concentration (shown in Fig. 13A) results in the
absorption of the laser light in a thinner layer which results in higher temperatures
and pressures. The increase of the temperature and pressure jumps is indicated by
a shift of the threshold fluence to lower fluences and a reduction of the etch rough-
ness. The number of incubation pulses is also decreasing with an increase of the
pyrene concentration [73]. The optimum etching conditions in terms of lowest
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Figure 13: Etch rates (A) and etch roughness (B) of quartz using different concentrations
of pyrene in THF (irradiation wavelength 308 nm) (adapted from [73]).

fabrication of micro-optical components in quartz are obtained for a 1.4 M pyrene
in THF solution and laser fluences in the range between 0.9-1.6 J/cm?.

4.4.1. Fabrication and Applications of Micro-optical
Elements in Quartz

An array of Fresnel (shown in Fig. 14) and plano-convex (shown in Fig. 15) micro-
lenses were fabricated in quartz by the combination of LIBWE and the projecting
of a DGTPM. The DGTPM which encodes the Fresnel lens shape was optimized
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Figure 14: The light microscope image (A) and line scan (B) of a Fresnel micro-lens
array fabricated in quartz (adapted from [73]).
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Figure 15: Three dimensional image (A) and horizontal scan (B) of the plano-convex
micro-lens array in quartz.

for the fabrication of Fresnel lenses in polymers, which results in the formation of
a small plateau in the center of the Fresnel lens in quartz (shown in Fig. 14B). This
is caused by the different etch rates and threshold fluences of the photosensitive
polyimide compared to quartz.

Another type of micro-lenses, i.e. an array of plano-convex micro-lenses in quartz
(shown in Fig. 15) was also fabricated using LIBWE and imaging of a DGTPM.
The etch rates and threshold fluence for quartz was included in the design of this
DGTPM. The modulation depth of these masks was reduced in order to modulate
only the intermediate fluence range (between 0.9-1.6 J/cm?) where the lowest
etch roughness of quartz is observed for a 1.4 M pyrene in THF solution as an
etchant.

The focal lengths of the Fresnel and plano-convex micro-lenses are calculated
from the depth profile measurements using Equation (3):

(ro/2) + (D2/8 - h)

2 - (n(A) — 1) )

f =

where hj is the lens sagitta (the distance from the midpoint of an arc to the midpoint
of its chord), D is the diameter of the micro-lens and n(A) is the refractive index of
quartz (n = 1.485@308 nm) as a function of the wavelength.

The focal length of the Fresnel micro-lens is S mm which corresponds well to the
measured value [73]. The focal length of the Fresnel lens is however too small for
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focal lengths, an optimization of the DGTPM design is necessary, i.e. including the
etch parameters into the mask design.

The plano-convex micro-lenses have a much larger focal length (f = 70 mm)
and are therefore suitable for beam shaping and homogenizing of high-power
lasers. Arrays of diffractive and refractive micro-lenses in quartz, as discussed
above, are used for the shaping and homogenizing of high-power laser beams. The
concept of beam homogenizing is based on splitting of the laser beam intensity
into a number of beamlets, which are collected in the focal plane of the collecting
lens, as shown in Fig. 16.

The homogenized beam size D obtained at the focal plane of the collecting lens
is proportional to the focal length of the collecting lens, the diameter and focal length
of the micro-lens, and can be calculated using Equation (4):

p- G F @)

where d,, and f,, are the diameter and the focal length of the micro-lenses, and
F 1s the focal length of the collecting lens.

The homogenizing of a quadrupled Nd: YAG laser beam profile was tested with a
quartz micro-lens array which consists of 20 X 22 plano-convex micro-lenses (same
as shown in Fig. 15). The focal length of the collecting lens used for the homoge-
nizing of the Nd: YAG laser was 250 mm. The Nd: YAG laser beam profile with and
without the beam homogenizer is shown in Fig. 17. The homogenized beam size
obtained at the focal plane of the collecting lens is 1.6 mm, which corresponds well
to the value calculated from Equation (4).

Microlens Field lens
array _

Figure 16: Experimental setup for beam homogenizing (adapted from [72]).
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Figure 17: The spatial beam profile of a quadrupled Nd: YAG laser without (A) and with
a plano-convex micro-lens array (B).

A clear improvement of the Nd:YAG laser beam profile is obtained when the
micro-lens array is applied. However, the line scan profile suggests the existence of
energy fluctuation in the intensity of the homogenized laser beam, which is in the
range of 30% (RMS). These energy fluctuations are most probably caused by an
interference effect, resulting from dividing of the laser beam into a number of beam-
lets [8,26]. This interference effect is associated with the coherence of the laser and
depends on the diameter of the micro-lenses and the focal length of the collecting
lens [26]. A further improvement of the micro-lenses is necessary to achieve a
more homogenous laser beam profile.

4.5. Conclusions

The development and application of polymers designed specially for laser ablation
is a promising approach to optimize the ablation properties, such as reducing the
amount of debris and improving the quality of etched surface. Micro-optical
elements with dimensions from 250 um to several millimeters can be fabricated in
these polymers by laser ablation and projection of a Diffractive Gray Tone Phase
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The combination of Laser Induced Backside Wet Etching (LIBWE) and the
projection of a DGTPM can be utilized for the one step fabrication of plano-convex
and Fresnel micro-lenses in quartz. Quartz and other UV transparent materials can
be structured with this method with fluences well below the damage threshold of
these materials. The roughness of the etched features in quartz is low enough to
create micro-optical elements that can be applied as beam homogenizers.

A clear improvement of the Nd: YAG laser beam profile laser is obtained for a
plano-convex micro-lens array.
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