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  Zusammenfassung 

Zusammenfassung 

In dieser Arbeit wird mit Laser Induced Backside Wet Etching eine neue Technik zur 

präzisen Strukturierung von Quarz und anderen im ultravioletten Spektralbereich 

transparenten Materialien vorgestellt. Die Methode eignet sich, komplexe dreidimensionale 

Strukturen, wie zum Beispiel beugende und lichtbrechende Mikrolinsen, Random Phase 

Plates, lichtbrechende optische Elemente und Beugungsgitter herzustellen. Diese 

Komponenten sind vielseitig einsetzbar, zum Beispiel in der optischen 

Telekommunikation, für Abbildungstechniken, Wellenfrontmessungen sowie dem 

Homogenisieren von Laserstrahlen. 

Die bisher existierenden Techniken für die Herstellung von Mikrolinsen aus UV-

transparenten Materialien basieren auf mehrstufigen oder langsamen rasternden Prozessen. 

Ein direkter, in einem Schritt erfolgender Herstellungsprozess für komplexe Strukturen in 

UV-transparenten Materialien ist daher erstrebenswert. Die wesentliche Zielsetzung dieser 

Arbeit bestand in der Entwicklung einer Methode, die es erlaubt, binäre lichtbrechende 

optische Komponenten oder komplexere Elemente (eine Anordnung von Mikro Fresnel 

und plano-convexen Linsen) in UV-transparenten Materialien (Quarz, CaF2, BaF2, Saphir) 

herzustellen. Derartige Elemente könnten z. B. einer Verbesserung der Energieverteilung 

in Laserstrahlen dienen. 

Um qualitativ hochwertige Mikrolinsen herzustellen, ist es notwendig den LIBWE Prozess 

zu verstehen. Der Materialabtrag während des LIBWE Prozesses basiert auf der Erzeugung 

starker Temperatur- (>2000 °C) und Druck- (>70 MPa) Sprünge an der Grenzfläche 

zwischen dem zu strukturierenden Material und der das Laserlicht absorbierenden 

Flüssigkeit. Da der tatsächliche Temperaturverlauf nicht experimentell bestimmt werden 

konnte, wurde ein Modell entwickelt, dass den Anstieg und Abfall der Temperatur an der 

Grenzfläche beschreibt. Die Entwicklung des Druckes wurde experimentell mittels 

Schlierenfotographie verfolgt. Der LIBWE Mechanismus erweist sich als sehr komplex 

und wird von einer Vielzahl an Parametern beeinflusst. Als wichtigste experimentelle 

Parameter sind die Wellenlänge des Lasers, die Konzentration des Absorbers in der 

Flüssigkeit, die 
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Energiedichte des Lasers und die ortsabhängige Anzahl an Laserpulsen zu nennen. Ein 

wichtiger Teil dieser Arbeit bestand daher darin, den LIBWE Prozess zu beschreiben um 

die optimalen Prozessparameter zu finden, und um den Ätzvorgang UV-transparenter 

Materialien präzise kontrollieren zu können. Die ermittelten Abtragsparameter flossen 

dann in das Design Gray Tone Phase Mask ein, welche ein Schlüsselelement in der ein-

Schritt-Herstellung von Mikrolinsen in UV transparenten Materialien darstellt. 

Die DTGPM wird benutzt um die Energieverteilung im einfallenden Laserstrahl in die 

gewünschte Linsenform zu modulieren. Die Anwendung einer solchen DGTPM im 

LIBWE Prozess ermöglicht das Herstellen grosser Anordnungen von Mikrolinsen. Die 

Mikrolinsenanordnungen können benutzt werden um das Strahlprofil von Hochleistungs- 

Excimer und Nd:YAG Lasern zu homogenisieren. 

Alternativ zu den Mikrolinsenanordnungen finden Random Phase Plates (RPP) zur 

Strahlhomogenisierung von Hochleistungslasern Anwendung. Die RPP stellt eine binäre 

Struktur dar, die aus einer Anzahl zufällig und schachbrettförmig verteilter Quadrate 

besteht. Im Vergleich zu den Mikrolinsen sind die RPP relativ einfach aufgebaut und 

können mittels LIBWE direkt, d. h. ohne DGTPM erzeugt werden. 

Beide Strukturen, RPP und Mikrolinsenanordnungen, führen zu einer deutlichen 

Verbesserung des Laserintensitätsprofils. Die RPP besitzt Vorteile in Form der einfachen 

Herstellung und Anwendbarkeit, sie ist jedoch lediglich für eine einzelne Laserwellenlänge 

ausgelegt. Die Herstellung von Mikrolinsenanordnungen ist komplexer. Sie können 

hingegen über einen breiten Wellenlängenbereich eingesetzt werden. Der Durchmesser des 

mittels RPP homogenisierten Laserstahls ist stets kleiner als 1 mm, während der mittels 

Mikrolinsenanordnungen homogenisierte Strahl kontinuierlich von wenigen mm bis zu 

einigen Zentimetern variiert werden kann. 

Mikrolinsenanordnungen und Random Phase Plates stellen die bisher anspruchvollsten 

Strukturen dar, die durch Anwendung des LIBWE Prozesses erzeugt wurden. 
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Abstract 

In this work a new technique for precise structuring of quartz and other UV transparent 

material is presented. The process is known as Laser Induced Backside Wet Etching and 

can be utilized to fabricate complex three dimensional structures, such as diffractive and 

refractive micro-lenses, random phase plates, diffractive optical elements and diffractive 

gratings in quartz and in other UV transparent materials. These components can be widely 

applied in optical telecommunications, imaging, wavefront measurements, and beam 

homogenizing, etc.  

The existing technologies for fabrication of micro-lenses in UV transparent materials are 

based on a multistep approach or on a slow scanning process. It is therefore advantageous 

to create a technique for a one step fabrication of complex structures in UV transparent 

materials. The main goal of this project was to develop a technique which allows us to 

fabricate binary diffractive optical components and more complex elements, such as arrays 

of micro Fresnel and plano-convex lenses in different UV transparent materials (quartz, 

CaF2, BaF2, sapphire) with a one process step. These elements must for example be 

applicable for example in the improvement of a laser beam profile.  

In order to produce high quality micro-lenses in UV transparent materials it is necessary to 

understand the LIBWE process. The etching of the material by LIBWE is based on the 

generation of high temperature (>2000 °C) and high pressure (>70 MPa) jumps at the 

interface between the quartz and the liquid, which absorbs the laser light. The actual 

temperature jump could not be measured experimentally, therefore a theoretical model was 

created to evaluate the temperature rise and decay at the interface between the material and 

liquid. The pressure jump was evaluated from the experimentally obtained shadowgraphy 

images. The mechanism of LIBWE is very complex and depends on many different 

parameters such as the laser excitation wavelength, the concentration of absorber in the 

solution, the laser energy density (fluence) and the number of applied laser pulses. 

Therefore a lot of attention in this work was paid to describe the LIBWE process and to 

define the parameters with which the etching of UV transparent materials will be precise, 

smooth and controllable. The etching parameters are included in the design of the 

Diffractive Gray Tone Phase Mask, which is a key element in one step fabrication of 
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micro-lenses in UV transparent materials. The DGTPM is used for modulating the 

incoming laser beam intensity into the desired lens shape. The combination of LIBWE and 

the projection of a DGTPM allows us to fabricate arrays of diffractive and refractive 

micro-lenses in quartz, which can be applied as beam homogenizers for high power 

excimers and Nd:YAG lasers.  

An alternative beam homogenizer for high power lasers is the Random Phase Plate. The 

RPP is a binary structure, which consists of a number of randomly tessellating squares. The 

RPP is much more simple compared to micro-lens arrays and can be fabricated directly by 

LIBWE and requires no DGTPM.  

Both RPP and micro-lens array beam homogenizers deliver clear improvements in the laser 

intensity profile. The RPP is simple to use and it is easy to fabricate, while fabrication of 

micro-lenses are more complex. However, an RPP is only suitable for a single designed 

laser wavelength, while micro-lenses can be used over a broad wavelength range. The 

diameter of the homogenized beam obtained with an RPP is less than 1 mm, while 

diameter of the homogenized laser beam with micro-lens arrays can be continuously varied 

from several mm up to centimeters.  

The fabrication of micro-lenses and Random Phase Plates is up to now a highlight of the 

application of the LIBWE process.  
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Abbreviations 

ATR Attenuated Total Reflection  

CAD Computer aided design 

CCD Charge coupled device 

DGTPM Diffractive Gray Tone Phase Mask 

DC Duty cycle 

e-beam electron beam 

FTIR Fourier Transformed Infrared Spectroscopy 

ISR Intersystem crossing 

IR Infrared (e.g. light or radiation) 

LASER Light amplification by stimulated emission of radiation 

LIBWE Laser Induced Backside Wet Etching 

MLA Micro-lens array 

PVDF Poly vinyldene fluoride 

P-jump Pressure jump 

PMMA Poly methylmethacrylate 

RIE Reactive Ion Etching 

RMS root-mean square 

RPP Random Phase Plate 

SEM Scanning Electron Microscope 

THF Tetrahydrofurane 

T-jump Temperature jump 

QMB Quartz microbalance 

VIS visible (e.g. radiation) 

VUV Vacuum Ultraviolet 

UV Ultraviolet (e.g. radiation) 

XPS X-ray Photoelectron Spectroscop 
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1 Introduction 

Let us go back in history and look briefly on the most important developments in 

technologies for the fabrication of conventional lenses and micro-lenses in band gap 

materials (glass, quartz and others).  

1.1 A brief history of techniques for fabrication of lenses and micro-optics 

The earliest written records of lenses date to Ancient Greece (424 BC) and mention a 

convex lens used to focus the sun's light to produce fire. Ancient writings also show that 

burning glasses were known by the Romans almost 2000 years ago [1]. The Romans were 

first to use lenses for correcting eyesight. The Arabian mathematician Abu Ali Ibn al-

Haitham experimentally investigated the magnification of images using lenses, as well as 

reflection and refraction phenomenon of the light [2, 3]. He also gave a first accurate 

explanation of vision and describes how the lens forms the image on the retina. A number 

of theoretical and experimental investigations of light and the applications of lenses were 

made in 16th – 18th centuries. The most important applications of lenses were made by 

Galileo Galilei (in 1609) and Johannes Kepler (in 1611). They built the telescopes and 

described the principles of microscopes and telescopes. The law of refraction was a 

milestone for lens development. With it, Decartes derived the shape of a lens that would be 

needed to correct spherical aberration. In 1647, Cavalieri linked the focal length of a lens 

to the curvatures of the lens surface and the refractive index in what we now refer to as the 

lensmaker's formula. Finally, around 1670 Newton derived the imaging equation, a 

keystone in optical design that relates the focal length of a lens to the distance between it 

and its object and image plane [4]. The traditional methods for making lenses are grinding 

and polishing. These approaches have stood for several thousand years already. Grinding is 

a mechanical process used to remove material. It provides the surface shape as close as 

possible to the desired lens shape. Polishing is based on mechanical as well chemical 

processes [3]. By polishing a final surface is obtained with a tolerance of well below the 

wavelength of light. In the 1970's diamond turning was added to the list of lensmaker's 

useful tools and was used for the fabrication of "arbitrary" shaped surfaces [1]. Lens 

fabrication technology quickly changed over the past 20-30 years with the recent 
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development of the small semiconductor lasers, laser arrays and guiding of laser light into 

very thin fibers. Thus optical components started to shrink drastically, which lead to the 

development of new methods for fabricating of small dimension lenses, prisms, mirrors 

etc. The new era of optics began. Miniaturization of optical components creates a new 

branch of science which is known as micro-optics, which deals with the design, fabrication 

and application of micro-optical components, such as refractive and diffractive micro-

lenses, micro-mirrors, micro-gratings and micro-prisms. New methods for the fabrication 

of micro-optics in quartz and other UV transparent materials have been developed, as will 

be discussed in the following chapter [5].  
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2 Fabrication methods for micro-optical elements 

Fabrication of optical components with small dimensions requires a precise machining 

process and could not be achieved using mechanical grinding and polishing, therefore 

different technologies were developed for fabrication of micro-optical elements in UV 

transparent materials.  

2.1 Lithography based techniques 

One of the oldest methods for the fabrication of micro-optics in UV transparent materials is 

a combination of Lithography and Reactive Ion Etching (RIE) processes. Lithography is a 

major technology for the fabrication of micro-electronic devices. In the 1970s the planar 

lithographic process was adapted to the fabrication of micro-lens arrays in semiconductors 

and quartz.  

Lithography is the name of a sequence of processing steps which are applied for the 

structuring of complex features with continuous profiles in a photoresist spin coated onto a 

quartz or CaF2 substrate [1, 6]. The principles for the fabrication of complex structures in 

quartz by the combination of mask lithography and Reactive Ion Etching is shown in       

Figure 1-1.  

 

Fig. 1-1 Fabrication of complex structures in quartz using Mask Lithography and  Reactive 

Ion Etching. 
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The first step in this approach is patterning of a phototresist spin-coated onto a substrate, 

such as quartz by using a chromium mask and Ultraviolet (UV) light. UV light changes the 

chemical properties of the photoresist in such a way that the areas which are irradiated with 

the UV light can be chemically removed by using organic solvents. After the development 

of the photoresist, Reactive Ion Etching is applied in order to transfer features from the 

polymer into the quartz. An RIE system consists of a small vacuum chamber, into which 

the substrate is placed. Etch gases, such as O2 and CHF3 (for etching quartz) are introduced 

into the chamber at low pressure (approx. 100 mTorr). A high power radio frequency (RF) 

discharge results in the generation of a plasma, which contains reactive chemical species 

from the gasses, that reacts with the substrate.  

The use of the lithographic process offers a large amount of flexibility in the design of 

micro-optics. However, due to the large number of repetitive steps, this technique is 

tedious and slow and therefore is rarely used for large scale production of micro-optics.  

The recent development of photoresists and improvements of their characteristics has 

reduced the number of steps required for the fabrication of micro-lenses in quartz by 

photolithography and RIE. An industrial process for the fabrication of plano-convex micro-

lens arrays in quartz combines photolithography, resist melt-reflow and reactive ion 

etching techniques [1, 6]. A schematic of this approach is shown in Figure 1-2.  
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Fig. 1-2 Fabrication of plano-convex microlens arrays in quartz by the combination of 

photolithography, resist melt and reflow and Reactive Ion Etching. 

The first step in this technique is the creation of binary cylindrical structures in a 

photoresist which is coated on a quartz substrate, using photolithography. The two 

dimensional features on the sample are converted into three dimensional structures by 

heating the photoresist above the glass transition temperature (>200 °C). This results in a 

flow of the resist to yield the desired spherically shaped 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 can be fabricated in quartz by using this technique [7, 8]. The drawbacks of 

this technique are that the RIE process is slow (20 nm/min for quartz and 5 nm/min for 

CaF2) and the requirements for the high control of the proportional etching and resist 

characteristics. 

These drawbacks have led to the search for alternative techniques for structuring of UV 

transparent materials.  
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2.2 Laser beam writing 

The development of ultrafast and Vacuum Ultraviolet lasers (VUV) offers a new method 

for direct structuring of quartz [9-18]. These allow a one step micromachining of quartz 

micro-lenses using sequential direct beam writing techniques (as shown in Figure 1-3). 

This approach has a large flexibility in the fabrication of refractive and diffractive micro-

lenses, that are difficult to achieve by a combination of photolithography, resist melt-

reflow and RIE.  

 

Fig. 1-3 Laser beam writing setup. 

The mechanism of band gap material ablation with femtosecond lasers is different to 

nanosecond laser ablation, where thermal processes take place. The peak power density 

delivered by femtosecond lasers is from 3 to 5 orders of magnitude higher compared to 

nanosecond laser pulses. The high power density and short femtosecond laser-material 

interaction time means that multiphoton ionization and plasma formation processes are the 

key mechanisms in the ablation process [14, 15, 19-21]. Due to the fact that thermal 

processes are much less pronounced in the femtosecond laser ablation mechanism, the 

structured areas formed in quartz, using femtosecond lasers, are smooth and without any 

visible cracks. A very promising application of femtosecond laser beam writing is the three 

dimensional microstructuring inside UV transparent materials, which can be utilized to 

create photonic crystals, waveguides, Bragg gratings, etc [16, 22, 23].  

Complex structures with sub-micrometer precision can be obtained in quartz by VUV laser 

ablation, if an F2 excimer laser (157 nm, 11 ns) is used as the irradiation source [15, 17, 

21]. The mechanism of efficient etching of quartz when irradiating with an F2 excimer 

laser is still not clear, because the linear absorption coefficient of quartz at this wavelength 
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is only 10 cm-1, which is too low to account for the smooth etching with etch rates of 150 

nm per pulse. One explanation for the direct structuring of quartz with VUV lasers may be 

related to the generation of defects inside a material, which increases the absorption of the 

laser light. Well defined structures, e.g. submicron gratings can be fabricated by direct 

VUV laser ablation in quartz [18, 24].  

Drawbacks of the direct laser structuring of UV transparent materials by femtosecond or 

VUV lasers are the high photon costs, the requirement of transparent gases for the beam 

path (for VUV laser ablation) and the relatively slow sequential scanning process for the 

fabrication of complex structures. 

2.3 Laser assisted etching of UV transparent materials 

Another approach for structuring of UV transparent materials is indirect laser assisted 

etching using a highly absorbing media, which is in contact with the material. The first 

application of this approach was the etching of semiconductors materials [25]. 

Zhang et al. developed a method in which structuring of quartz is assisted by a laser 

induced plasma [26, 27]. A conventional Nd:YAG laser is applied as an irradiation source, 

while a metal target, which is in contact with the quartz plate is used as an absorber. The 

laser light passes through the quartz and is strongly absorbed by the metal target where a 

plasma is generated. The removal of the quartz is assisted by the generated plasma. Well 

defined gratings can be prepared in quartz by using this method, however, the depth of the 

features is limited to 2 µm [26, 27].  

The structuring of sapphire and SiC ceramics by the combination of copper vapor laser      

(510 nm, 10 ns) induced ablation with 0.6 M aqueous CrO3 solution which is in contact 

with the sample was demonstrated by Dolgaev et al [28, 29]. This solution was used to 

increase the absorption of the laser photons. The key element in the mechanism 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 temperature increase results in 

heating of the sapphire substrate and thermal decomposition of the solution, which 

generates non-soluble Cr2O3 deposits [29]. These particles form a thin film on the substrate 

which results in a further increase of the laser induced temperature during the absorption of 

subsequent laser pulses. The removal of the sapphire is most probably achieved 
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mechanically, resulting from the difference in the thermal expansion coefficients between 

the Cr2O3 film and sapphire substrate. The typical etch rate of sapphire with this method is 

200 nm per pulse at a laser fluence of 5 J/cm2 [28, 29]. 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 Cr2O3 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 [30, 31]. This technique is similar to the approach of Dolgaev, where 

an increase of the laser light absorption is achieved through the presence of a strong 

absorbing organic liquid, which is in contact with the material to be etched. This method 

has been termed Laser Induced Backside Wet Etching and has been applied for the 

structuring of quartz, CaF2, BaF2, and sapphire [32-44]. Some of the materials, such as 

CaF2, BaF2 and sapphire are extremely difficult to machine with other techniques due to 

the mechanical and chemical properties of these materials. Different excimer lasers, such 

as ArF, KrF, XeCl, XeF can be used as irradiation sources and a number of organic 

solutions, such as pyrene in acetone (or THF), aqueous pyranine and naphthalene, pure 

toluene, and naphthalene in methyl-methacrylate have been tested as “etchants” [32-44]. 

The lowest etch roughness achieved in quartz using this method is 10 nm, while in the case 

of CaF2, BaF2 and sapphire the roughness of the etched features is much higher (400 nm) 

[42, 43, 45].  

Another advantage of LIBWE compared to the femtosecond beam writing technique is use 

of excimer lasers. These lasers provide highly homogeneous irradiation energies            

(500 mJ/pulse) over large areas (20x15 mm), which makes them very suitable for imaging 

applications. Fast fabrication of submicron gratings and arrays of square patterns in quartz 

by LIBWE have been demonstrated by Wang et al. [31, 46]. Another approach for the 

fabrication of sinusoidal gratings in quartz is the combination of LIBWE with an 

interference technique, which was demonstrated by Zimmer at al. [43]. 

A different approach for the fabrication of three dimensional micro-structures with 

continuous profiles (such as Fresnel type microlenses) in polymers was developed by 

David et al. [47]. The key element in this process is the use of a Diffractive Gray Tone 

Phase Mask which is applied to modulate the incoming laser beam intensity. This 
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technique will be described in details in chapter 4. The combination of LIBWE with the 

projection of a DGTPM opens up a new way to fabricate well defined three dimensional 

structures, e.g. diffractive and refractive microlens arrays in quartz and in BaF2 or CaF2, 

which can be used as the beam homogenizers (chapter 4). 

3 Laser Induced Backside Wet Etching: Mechanisms and 

Etching Behavior  

Three different approaches for the fabrication of micro-optics in UV transparent materials 

were presented in chapter 2. One of the simplest method for the fabrication of micro-

optical components in quartz and other UV transparent materials is a combination of 

LIBWE and projection of a DGTPM. This approach requires a UV laser and a solution 

which strongly absorbs the laser irradiation and which is in contact with quartz. The 

intensity profile of the UV laser, which is modulated by the DGTPM into the designed 

micro-lens shape, is projected into the interface between the material and liquid, where 

etching of the material takes place. Using this technique, a micro-lens can be formed in the 

quartz with a single UV laser pulse! No additional etching steps, such as structuring and 

development of the photoresist, etching of the material by RIE [1, 6] or complex scanning 

techniques [22, 23] are necessary in LIBWE. LIBWE can be also utilized for the precise 

and complex structuring of various UV transparent materials, such as CaF2, BaF2 and 

sapphire [30, 33, 42], which are difficult to achieve using other industrial methods.  

The first goal in these studies is to understand the LIBWE process: what are the key 

elements in this approach? Only by knowing the mechanism of LIBWE is it possible to 

apply LIBWE for the fabrication of complex functional optical devices.  

The LIBWE process is much more complex as could be seen in early studies. The pioneers 

and discovers of LIBWE suggested that a key element in LIBWE is an increase in the 

temperature at the interface between the solution and quartz that is due to the strong 

absorption and fast relaxation of the excited molecules. This temperature jump melts a 

quartz layer and results in an explosive evaporation and fast thermal expansion of the 

solution, which generates expanding and collapsing laser induced bubbles. This latter 

process creates a pressure jump which removes the molten surface. However, for long time 
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it was unclear whether it was the pressure jump generated due to the collapse of laser 

induced bubbles or the shock waves which removed the molten material and at which time 

scale after the laser pulse the removal of quartz takes place. First answers to these 

questions are discussed together with experimental results in this chapter.  

Three major questions will be discussed in subchapter 3.1: i) the mechanism of light to 

temperature conversion, ii) modeling of temperature rise and decay, iii) possibilities of 

indirect measurements of the subsequent temperature decay using the fluorescence of the 

solution.  

The subchapter 3.2 will describe the pressure jump in solution. Several questions in this 

subchapter will be discussed: i) the mechanism for generation of the pressure jump at the 

interface between material and solution, ii) an experimental investigation of the pressure 

jump using the technique of shadowgraphy. In subchapter 3.3 an idea for determining the 

time delay at which material removal takes place will be discussed.  

The application of LIBWE for the fabrication of optical components in UV transparent 

materials requires a knowledge about the etch rates, which determines how much material 

can be removed with a single laser pulse. Therefore the etch rate, roughness of the etched 

features and the number of the pulses required to initiate the etching process were carefully 

studied. The discussion of experimental results is described in subchapter 3.4. The material 

for these studies was quartz, selected because of its low cost and high transparency in the 

UV range. The etching solution, which was also used by the pioneers of LIBWE, [30, 31, 

46] was 0.4 M pyrene in acetone. The surface of the quartz that was etched by LIBWE was 

investigated by X-Ray Photoelectron Spectroscopy (XPS), Raman Microscopy and a novel 

technique, named Fiber Tip Attenuated Total Reflection (ATR)-FTIR Spectroscopy. The 

results of these studies clearly suggest that chemical surface modification occurs during the 

LIBWE process and this will be discussed in detail in the subchapters 3.5-3.6. We could 

prove that the mechanism of LIBWE strongly depends on the applied fluence range: at the 

fluences just above the etch threshold the etching starts with a very low etch rate and a 

very high etch roughness. At the intermediate fluences precise structures with very low 

etch roughness are observed. At high laser energy densities we observe a strong increase in 

the etch rates but also an increase of the etch roughness. Further studies (subchapter 3.7) 

suggest that plasma assisted etching occurs at these fluences.  
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At the end of subchapter 3.4 the LIBWE mechanism is summarized and the best conditions 

for structuring quartz with LIBWE by using 0.4 M pyrene in acetone as an etching medium 

and a XeCl excimer laser as the irradiation source, are defined. But the questions as to 

whether this etching medium and laser wavelength are the optimum conditions for the 

fabrication of complex micro-optical elements in quartz with low etch roughness will 

remain. 

The answers to these questions are given in subchapters 3.8-3.11, where experimental 

studies on the etching parameters using different solutions and different laser wavelength 

are discussed. Finally, LIBWE has not only been applied for structuring quartz, but also for 

etching other UV transparent materials, which are chemically and physically different. The 

etch rates of BaF2, CaF2 and sapphire were investigated experimentally using several 

etching conditions. The results of these experiments are discussed in subchapter 3.12. 

3.1 LIBWE mechanisms: Temperature jump 

Laser Induced Backside Wet Etching starts with the strong absorption of the laser light by 

a solution containing pyrene dissolved in acetone and which is in contact with the UV 

transparent material, as shown in Figure 3-1.  

 

Fig. 3-1 Absorption of the laser light in solution (A) and the generation of a temperature 

jump at the quartz-liquid interface (B) 

Quartz does not absorb UV laser light. In fact the laser light is absorbed by the pyrene 

molecules in a very thin ≤1µm layer of the liquid. The peak power of the absorbed light in 

the LIBWE process corresponds to the combined power required to illuminate a 7 
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kilometer long road! It has already been mentioned that the idea of LIBWE is based on the 

generation of a high temperature jump at the quartz liquid interface due to the strong 

absorption and fast relaxation of pyrene molecules, as shown in Figure 1 B.  

But how is the light converted to temperature? In order to answer this question it is 

necessary to understand the photochemical and photothermal processes of pyrene. Many 

organic molecules are strongly absorbing UV light. Absorption of UV and visible light 

occurs due to resonance with the bonding and non-bonding electron clouds of a molecule. 

When the light interacts with the bonding or non-bonding electron cloud the cloud is 

transformed into a higher energy anti-bonding orbital. This is a transformation from the 

ground state to the excited state. Light is strongly absorbed if the transition is "allowed" 

and weakly absorbed if it is "forbidden". An allowed transition is one in which the light 

can be in high resonance with the electron cloud, meaning that the energy, the symmetry 

and the spin of the transition all match the corresponding features of the light. For 

example, light cannot bring about a singlet to triplet transition directly, so we usually see 

Singlet to Singlet primary photochemical steps. The energy of the transition must match 

the energy of the photon bringing about the transition. Further, the light must be capable 

resulting in a change in symmetry associated with the transition. 

The absorption coefficient of a material, the reciprocal value of which describes the light 

penetration depth, is high for allowed transitions. An absorption coefficient of given 

materials at different radiation wavelength is usually measured with a spectrophotometer. 

A UV absorption spectrum of a c=1.35·10-5 M pyrene solution in methanol is shown in 

Figure 3-2. This spectrum was obtained with a Cary 5000 UV-VIS spectrophotometer.   
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Fig. 3-2 Absorption spectrum of a 1.35·10-5 M pyrene solution in methanol. 

The absorption coefficient of 0.4 M pyrene in acetone, which was typically used in this 

work, can not be measured using the spectrophotometer, due to the fact that in such highly 

concentrated solutions all of the light is absorbed in the first micrometer of the solution. 

Therefore the absorption coefficients, at the irradiation wavelengths used (marked as arrow 

in the Figure 4-2), for highly concentrated pyrene in acetone or THF solutions were 

evaluated from the lower concentration solution's absorption spectrum (shown in Figure 4-

2) using equation 1: 

51035.1 −⋅
⋅

=
ionConcentratrationlowconcent

trationhighconcen
α

α      (1), 

where αhighconcentration and αlowconcentration are absorption coefficients [cm-1] of the high 

concentrated and low concentrated pyrene solutions at the applied irradiation wavelength 

and the Concentration is a concentration of a solution [M]. 

Two lasers were tested as irradiation sources in our experiments: one was a KrF excimer 

laser (248 nm) and the second one was a XeCl excimer laser (308 nm). However for most 

of the experiments, as well as for the fabrication of micro-optical elements in quartz, the 

308 nm was chosen due to its good beam quality, high output energy and better working 

conditions (as will be shown in subchapter 3.9). Therefore, in all later discussion the XeCl 

excimer laser will be assumed to be the irradiation source. The absorption coefficient for 

0.4 M pyrene in acetone solution at the XeCl excimer laser wavelength of 308 nm is 11680 

cm-1. This means, that the energy of the laser light is absorbed by the first micrometer of 

- 



 LIBWE mechanisms: Temperature jump 

  - 26 

the solution in contact with the quartz interface. Such strong absorption results in a high 

density of excited pyrene molecules. During and after the end of the laser pulse these 

excited molecules return to the ground state by loosing energy either by emission of the 

photons (fluorescence) or by non-radiative relaxation. The latter of these mechanisms is 

one of the key elements in the LIBWE technique, because through this pathway the energy 

of the excited molecules is converted into heat. Without going into details about the 

transition of the molecules between the excited states and the ground state (this mechanism 

will be explained later) and assuming that the energy of all excited molecules is converted 

to heat, the temperature (T-jump) generated at the quartz liquid interface at an XeCl 

excimer laser fluence of 1.5 J/cm2 can be estimated. The maximum T-jump can be 

evaluated using equation 2, which was used by Wang et al [30]:  

C
FT
⋅
⋅

=
ρ
α           (2), 

where α is absorption coefficient (11680 cm-1), F is the laser fluence (1.5 J/cm2), ρ is the 

density of acetone (0.82 g/cm3@293 K) and C is heat capacity of acetone (2 J/(g·K)@293 

K). 

The temperature rise at the quartz-liquid interface evaluated using this equation is T=9500 

K! This value however is much too high, as will be shown later, because this evaluation 

does not include radiative relaxation of molecules and other energy losses as well as 

considering the effects of the laser pulse shape. A more sophisticated model for the 

evaluation of the temperature jump generated by the multiphotonic process of anthracene 

in polysterene film was developed by Fukumura et al [48]. The authors claim, that below 1 

J/cm2 anthracene does not decompose and transforms the light energy into heat. The key 

mechanism in this process is, according to the authors, a cyclic multiphotonic absorption 

and radiationless transition between the long living excited states. This idea can be used in 

theoretical modeling for the evaluation of the temperature rise at the quartz-liquid interface 

during LIBWE. However, before this can be done, the different excited states and 

transitions of the excited electrons between these states in pyrene molecule must be 

discussed.  

The pyrene molecule has several electronic states. These are the ground state, the first, 

second and higher excited singlet and the excited triplet states, as illustrated in Figure 3-3. 
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Fig. 3-3 Diagram of light absorption and transition of the excited pyrene molecule between 

the states  

The ground state is marked as S0 (marked in Figure 3-3). The character S is used for the 

description of a singlet state, which consists of valence electron pairs with spin-up and 

spin-down orientation. Excited singlet states named as S1, S2, Sn, where n=3, 4 and etc. 

(marked in Figure 3-3) are the states of the electrons, which have been excited from the 

ground state. These states are energetically higher than the ground state, however, the 

electronic spin configuration of the electrons is similar to that obtained in the ground state. 

In addition to the ground and excited singlet states pyrene also has excited triplet states 

(marked as T1, Tn, where n=2, 3 and etc. in Figure 3-3) in which all of the unpaired 

electron's spins are oriented in the same way: either spin up or spin down. These states are 

found in many other organic molecules, such as anthracene, perylene, acetone, etc [49]. 

Triplet states (T1) are, in general long living states, which can survive milliseconds or even 

longer [49], while electron in the excited singlet state S1 exist for only a few hundred 

nanoseconds in the case of pyrene and usually for much less time for other organic 

molecules. Let's first analyze the conversion from light to the temperature in pyrene. 

During the laser pulse the electrons of the pyrene molecules absorb the UV radiation 

(marked as thick violet arrow in the Figure 3-3) and undergo a transition to the excited 

state. There are three major different absorption mechanisms which occur during the XeCl 

(308 nm) or KrF (248 nm) excimer laser pulses: pyrene molecules can be excited either 
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from their ground state (S0) to the higher vibrational levels of S2, ii) absorption from the 

first excited singlet state (S1) to the higher excited singlet state (Sn), iii) absorption from the 

first excited triplet state (T1) to the higher excited triplet state (Tn). In principle the 

excitations from S1->Sn or T1->Tn occur when the states S1 and T1 are filled. Absorption of 

the UV laser light is described by an absorption cross section σ, which specifies a number 

of photons absorbed per unit area. The ground state absorption cross section 
0Sσ  depends 

on the linear absorption coefficient and on the concentration of pyrene in solution and can 

be described by equation 3: 

A
S Nc ⋅
=

ασ
0

         (3),  

where α is absorption coefficient (α=11680 cm-1@ 308 nm (0.4 M pyrene/acetone)), NA is 

Avogadro's number (NA=6.022·1023 molecules/mol) and c is pyrene concentration in 

solution in mol/cm-3.  

The ground state absorption cross section value for XeCl excimer laser irradiation (308 

nm) and 0.4 M pyrene in acetone solution, evaluated using equation 3, is 4.8·10-17 cm2. 

This value will be used latter in the evaluation of the conversion from light to the heat. As 

already mentioned above, the molecules, which absorb laser radiation, undergo a transition 

from the ground state to the second excited singlet state. But the lifetimes of high excited 

singlet (S2, Sn) states are very short (10 ps) and therefore excited molecules rapidly relax to 

the first excited singlet state (marked as red arrows in Figure 3-3), which has a lifetime of 

30 ns [49, 50]. This relaxation is non-radiative and therefore increases the temperature in 

the solution. Molecules from the first excited singlet state loose their energy either by 

emitting photons (this transition is marked as blue arrows in Figure 3-3), or by non-

radiative relaxation, which also generates a heat. Emission from the first singlet state is 

called fluorescence and is marked as FL in Figure 3-3. The fluorescence efficiency (ratio 

between radiative and nonradiative relaxation) in pyrene is 0.6-0.9 and strongly depends on 

the solvent [51] and concentration. This means that only 10%-40% of the excited 

molecules from S1 transfer their energy to heat. In the case of an acetone solution the 

fluorescence efficiency of the solution is ≈80% [51]. Because of the fact that the first 

excited triplet state (T1) is energetically lower compared to the first excited singlet state (as 

shown in Figure 3-3) [49, 50, 52], some of the excited molecules from S1 are converted 
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into the metastable long living triplet state T1. The transition from S1 to T1 is known as 

intersystem crossing and marked as ISC in Figure 3-3. The proposed mechanism of 

efficient generation of heat in pyrene and other organic molecules, such as anthracene, 

pyranine, etc. is based on the repeatedly excitation of the molecules from S1 to Sn and T1 to 

Tn (marked in Figure 3-3 as violet arrow). The higher excited states S2, Sn, as mentioned 

before, and also Tn have very short lifetimes. Rapid non-radiative relaxation from the Sn or 

Tn to the lower energetic states S1 or T1 also produce heat. These transitions are one of the 

most important transitions for understanding the light to temperature conversion in the 

LIBWE process and for modeling of temperature jump.  

It is also noteworthy to mention, that the above described processes are well studied for 

"normal" photochemical conditions, with low concentration of pyrene in solution and 

much lower laser fluences. In our case everything is much more complex, i.e. high 

concentrations of absorber in solution, with a very pronounced formation of excimers and 

very high fluences, which may change some features. We also do not take in to account 

that the solvent and dissolved gasses such as oxygen have an influence on the transition of 

the excited molecules in the states (e.g. triplet-triplet or singlet-singlet annihilation) and 

that the model of Fukumura [48] was developed for polymer matrices doped with an 

absorber were the diffusion and mobility may be different. In spite of all these facts which 

show that our description is quite simplified the model, which is presented here, is still 

much further developed than other models which do not consider the photochemical 

features of pyrene at all.  

In order to evaluate the laser induced temperature generated at the quartz -liquid interface 

during the laser pulse, it is necessary to know the number of molecules which loose their 

energy by non-radiative transition. Therefore it is necessary to solve a system of population 

dynamic equations, which describe all possible non-radiative and radiative transitions.  

The population dynamics in the ground can be expressed by the following equation (4):  

T
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−=    (4), 

where the first term describes ground state absorption (S0->S1 transition), the second and 

third terms describe relaxation of the excited molecules from the first singlet and triplet 

states.  
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Population dynamics in the first excited singlet state can be evaluated by equation 5: 
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where the first term characterizes the transitions S1->S0, S1->T1 and S1->S2, while the 

second term describes transitions from the higher excited states S2 and Sn to S1.  

The population dynamics in the second and higher excited states can be expressed by the 

following equations (6, 7): 
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where the first term in equation (6) describes the transition between S0 and S2 states 

(ground state absorption), while the first term in the equation (7) describes an absorption 

from the S1 to S2. The second terms in equations (6) and (7) describe S2->S1 and Sn->S1 

transitions, respectively.  

The population dynamics in the first triplet state T1 can be expressed by following        

equation (8): 
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where first term describes intersystem crossing of the singlet molecules, second term 

expresses losses of triplet molecules due triplet to ground state relaxation and excitation 

loss of molecules into higher excited triplet state Tn, and third term describes Tn->T1 

relaxation. 

Finally, population dynamics in the higher excited triplet state Tn is expressed by the 

equation (9): 
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    (9), 

where the first term is associated with the triplet to triplet absorption (T1->Tn transition) 

and the second term describes losses of molecules in the Tn state, due to the rapid 

relaxation into the first excited triplet state. 
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While the number of molecules in the higher excited singlet and triplet states is known, it 

is possible to evaluate temperature at the quartz liquid interface which is created during the 

laser pulse using equation (10): 
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  (10),  

In all above mentioned equations (4)-(10) TSS σσσ ,,
0

are absorption cross sections of the 

ground state, of the first excited singlet state and of the first excited triplet state, 

respectively, LSTISCTS nn
ττττττ ,,,,,  are the lifetimes of S1 and T1 states, intersystem 

crossing of molecules time, lifetimes of the Sn and Tn states and the laser pulse duration, 

respectively, Φfluor is fluorescence quantum efficiency, ∆E=5.8·10-19 J is energy difference 

between S2 and S1 states, excλ is excitation wavelength, h=6.62·10-34 J·s is the Plank 

constant and c=3·108 m/s is the speed of light.  

The temporal intensity profile of the XeCl excimer laser is slightly more complex 

compared to other lasers, and consists of two peaks, as shown in Figure 3-4 (solid line): 

one of them has a similar shape to the temporal profile obtained for other lasers, while 

second feature, which is much lower in intensity, is only observed for this type of lasers.  

 

Fig. 3-4 XeCl excimer laser temporal beam profile 

The temporal laser fluence profile is described therefore by the complex equation (11): 
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where F0 is the peak fluence, t is time, τL is the peak laser pulse duration (24 ns), t0 is 

initial time variable, used to fit the experimentally obtained laser pulse profile (shown in 

Figure 3-4 as dotted line).  

The parameters used for the simulation of the temperature jump at quartz-liquid interface 

for applying a XeCl excimer laser (308 nm) and 0.4 M pyrene in acetone solution are 

summarized in Table 1.  

Table 1. Parameters used in temperature jump evolution model. 

τL, ns τS, ns τISC, ns τT, ns 
0Sσ , cm2 Φfluor, % 

24 30 [53, 54] 160 [49, 50, 53, 54] 1000 [50, 54] 4.8·10-17 80 [51] 

 

The values of the absorption cross sections for higher excited triplet and singlet states (σS 

and σT) are difficult to find in the literature. These values are obtained experimentally by 

using a pump-probe technique [55]. However, the measured sample must transmit at least 

10 % of the incoming laser beam intensity. In the case of 0.4 M pyrene in acetone solution 

the thickness of the liquid layer should be about 1 µm in order to fulfill this requirement. 

This thickness, however, is not easy to achieve. Therefore it was assumed that the 

absorption cross section of S1 and T1 states are the same as 
0Sσ .  

The three major multi-cyclic non-radiative relaxations S2->S1, Sn->S1 and Tn->T1 are 

contributed to the temperature rise at the quartz-liquid interface. It is therefore very 

interesting to investigate which of these relaxations have the highest impact in the 

formation of the temperature jump. For this reason the temperature jump during the 1.5 

J/cm2 XeCl excimer laser pulse at the interface between the quartz and 0.4 M pyrene in 

acetone solution was evaluated for three different relaxations (shown in Figure 3-5 A).  
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Fig. 3-5 Evaluated temperature rise at the quartz liquid interface during the XeCl excimer 

laser pulse: influence of the non-radiative relaxation transitions on the T-jump (A) 

and complete T-jump (B). 

The major impact on the temperature formation process is obtained for non-radiative multi-

cyclic transitions of the pyrene molecule from the highest excited singlet state Sn to the 

first excited singlet state S1. The transition of Tn->T1 is a bit less important than Sn->S1, but 

it still has a high impact in the temperature creation process. This result is contrary to the 

scheme proposed by Fukumura et al. [48] and Fujiwara et al. [54], which suggest that the 

cyclic non-radiative relaxation process between the triplet states is a key element in the 

temperature generation process. The explanation for the different results obtained by the 

above described theoretical modeling and results obtained in the literature [48, 54] can be 

ascribed to the higher absorption cross section of the triplet state compared to the singlet 

state absorption cross section. The values which were used in our model are the same. 

Nevertheless it can be concluded that the T-jump at the quartz-liquid interface is generated 

due to the multi-cyclic absorption and relaxation processes between the singlet and triplet 

states (transitions Sn->S1 and Tn->T1, respectively). The value of the temperature jump is a 

sum of the temperatures generated by the non-radiative transitions between the singlet and 

triplet states as described above shown in Figure 3-5 B.  

The temperature jump at the quartz liquid interface at a laser fluence of 1.5 J/cm2 with 0.4 

M pyrene in acetone solution reaches a temperature of slightly above 2500 K. This value is 

much smaller compared to the temperature evaluated using the simple approach described 

by equation (2). The reason for this difference between the two models can be explained by 

the fact, that in the theoretical modeling of the laser induced temperature, expressed by 
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equations (4)-(10) the radiative energy losses between the states and pulse shape are taken 

into account. This model therefore represents a more real situation and temperature rise. 

The modeled temperature jumps at the quartz-liquid interface at various XeCl excimer 

laser fluences for 0.4 M pyrene in acetone solution are illustrated in Figure 3-6.  

 

Fig. 3-6 Laser induced temperature at quartz-liquid interface evaluated using theoretical 

model. 

It is important to mention, that these temperature jumps were evaluated without taking into 

account the cooling processes, which will be mentioned latter. The cooling of the 

temperature by dissipation to the surrounding solution also occurs during the laser pulse, 

however this is not included in this model.  

The modeled laser induced temperature increases linearly with an increase of the laser 

fluence. An increase of the laser fluence also means a higher density of the photons, and a 

higher number of absorbed and relaxed molecules.  

The etching mechanisms of LIBWE, as will be shown later, strongly depend on the applied 

laser fluence, i.e. on the laser induced temperature generated by the fast relaxation of 

pyrene molecules. Therefore it can already be concluded, that the temperature at the 

quartz-liquid interface plays a key role in LIBWE process.  

The modeling also shows that the vaporization temperature of quartz is also exceeded for 

fluences above 2 J/cm2. This suggests that direct vaporization is also possible and an 

important process. The fluence range between the melting and vaporization temperature 

coincides quite well with the "preferred" etching fluence (described later). In the fluence 
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range below the melting point of quartz other processes are important, i.e. incubation and 

the formation of carbon layers (discussed later in detail). At the high laser fluences, above 

2 J/cm2 etching mechanism is influenced by a number of processes, i.e. formation of 

plasma, or evaporation of quartz. The mechanism at this fluence range is again very 

different. The best etching conditions in terms of the etch roughness for quartz is achieved 

for 0.4 M pyrene in acetone solution at the fluence range of 1.2-2 J/cm2. This fluence range 

is used for the fabrication of micro-optical elements. Therefore the pressure jump behavior 

was studied in the detail for this fluence range.  

The fast temperature rise at the quartz liquid interface does not remain constant for a long 

time, after the laser pulse has been absorbed by the solution. An efficient cooling process 

results in a fast decrease of the temperature with a rate of several hundred thousands of 

K/s! Such rapid cooling of the laser induced temperature jump in solutions has previously 

been reported in the literature [56-58]. The fast temperature increase and decrease at the 

interface between quartz and liquid results in several effects, which are mentioned above, 

but also other effects such as rapid boiling of the solution, which will be discussed in 

details in the following subchapter, chemical modification of the quartz, as will be 

described in subchapter 3-5, as well as others. All of those effects, such as the generation 

of shock waves due to the rapid boiling and thermal expansion of the solution or changes 

of the quartz composition, strongly depend on the rates of temperature increase and 

decrease. Rapid cooling also explains why high quality structures with the sharp etching 

edges can be obtained. Therefore, it is also important to investigate how fast the 

temperature at the quartz-liquid interface will decrease. Unfortunately up to now there 

have been no direct experimental methods for measuring temperature decays at this time 

scale and under these conditions, although some ideas for proving that there is a fast T-

jump will be mentioned latter in this chapter. Initially an existing theoretical model for 

investigating the temperature decay at the quartz-liquid interface [48, 54] will be applied. 

The heat conduction equation which is used for modeling of temperature decay in 

materials is described by equation (12): 
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where t is the time, Dx, Dy, Dz are lateral and vertical thermal diffusivities, and x, y, z are 

the coordinates. 

Taking into account that the lateral area irradiated by the laser is much bigger than the 

thermal diffusion length, equation 12 can be simplified to the one dimensional heat 

equation (13): 
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Even this equation is difficult to solve, because the two parameters time and space are 

interrelated. The solution of this equation is given in equation (14) [59]: 
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This form of the heat equation is derived from solving equation (12) by separating its 

variables and taking into account the boundary conditions, such as T(0)=Tmax and T(∞)=T0, 

where Tmax is the maximal temperature generated at the quartz-liquid interface during the 

laser pulse, while T0 is room temperature. The z represents the depth, which will be equal 

to the thermal diffusion length of fused silica, expressed by equation 15: 

τ⋅= silicath DL  (15),  

where τ is the time, at which the temperature reaches its maximum, which in most cases is 

equal to the laser pulse duration and Dsilica=5.8·10-7 m2/s is the thermal diffusivity of fused 

silica [60].  

The thermal energy only penetrates 250 nm into the quartz during the XeCl excimer laser 

pulse, according to the equation (15). The temperature decay in the very thin 250 nm 

quartz layer at various times after the beginning of the XeCl excimer laser pulse at a 

fluence of      1.5 J/cm2 and for 0.4 M pyrene in acetone solution is shown in Figure 3-7.  
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Fig.3-7 Temperature decay at the quartz liquid interface.  

The temperature decrease from 2600 K down to 1000 K, suggested by this theoretical 

model, is very fast. A similar modeled temperature decay rate was also obtained at the 

interface between quartz and a naphthalene methyl methacrylate solution [60]. This 

suggest, that the cooling rate at the interface between the quartz and solution after the laser 

pulse is very fast. The theoretical modeling also affirms that the quartz surface stays 

molten for only a few hundred nanoseconds after the end of the laser pulse! This further 

suggests that the molten quartz must be removed in this short time scale. But the question 

still remains: is it really true that the temperature at the quartz-liquid interface is decreasing 

so fast? How could this be measured experimentally? The temperature decay could be 

obtained from the experimental data of pyrene emission. It was already mentioned that 

about 80% of the singlet excited pyrene molecules are loosing energy through the emission 

of photons. In the literature several different types of pyrene fluorescence are described 

[49], including monomer and excimer emission. At a pyrene concentration in solution of 

about 10-5 M or less the fluorescence of pyrene does not depend on the pyrene 

concentration in solution and is composed of single pyrene molecules fluorescence as 

shown in Figure 3-8 A. At higher pyrene concentrations (c>10-3 M) in solution an excited 

pyrene molecule can form a short-lived molecule that bonds two molecules (one ground 

state and one excited state) in an electronic excited dimer state. Such a diatomic molecule 

is known as an excimer and is shown in Figure 3-B. Such molecules emit photons while 
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relaxing from the excited state to the ground state. However, excimer fluorescence 

emission is observed at a longer wavelengths range, compared to monomer fluorescence, 

as shown in Figure 3-8 A and B. This is because there is a small minimum in the potential 

energy surface of the excited S1-pyrene and ground-state-pyrene system whereas no ground 

state dimer exists so that the energy of the potential energy surface is rising up at the same 

inter-atomic distances on the ground state surface. This makes the energy gap of excimer 

lower and therefore excimer fluorescence emission is shifted to the higher wavelengths.  

 

Fig. 3-8 Monomer (A) and excimer (B) emission of pyrene. 

The monomer and excimer fluorescence of pyrene solution of two different concentrations, 

using an excitation wavelength of 308 nm, were measured using a time gated spectrometer.  

As expected, at pyrene concentrations of 0.3 M and with an excitation laser fluence of             

3 mJ/cm2 (500 times lower than the typical working fluence in LIBWE) pyrene rapidly 

forms the excimer and the monomer emission is barely detectable. However, with an 

increase of the laser fluence (above 80 mJ/cm2), the amount of monomer emission 

increases, as shown in Figure 3-9.  
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Fig. 3-9 Monomer and excimer emission of pyrene at various XeCl excimer laser fluences.  

This phenomenon can be explained either by ground state monomer depletion [49] since 

excimer is formed from an excited and a ground state pyrene, or by the generation of a 

temperature jump in solution which causes a shift of the monomer-excimer equilibrium 

towards the monomer. This latter effect, if observable, suggests the interesting possibility 

to obtain a measure of the temperature by analyzing the change in the ratio of monomer to 

excimer emission. The ratio of the equilibrium constant between monomer to excimer 

should be related to the temperatures by the Van't Hoff isotherm:  

R
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00 1)ln( ∆
+⎥⎦

⎤
⎢⎣
⎡⋅

∆
−=  (16), 

where 0H∆  is the enthalpy change,  is the entropy change, R is the gas constant, T is 

the temperature.  

0S∆

The Van't Hoff equation in chemical thermodynamics relates the change in temperature to 

the change in the equilibrium constant given the enthalpy change. A detailed analysis of K 

and T could not be performed within the framework of this study. Therefore only a 

simplified analytical approach was used to get indications about the timescale of the 

temperature decay.  

For this experiment two UV lasers pulses are required: one is an XeCl excimer laser (308 

nm) for generating the temperature jump in solution, which will be referred to the pump 

laser pulse, and a second one, which is the 4th harmonic of a Nd:YAG laser (266 nm, 5 ns) 
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with a fluence of 3 mJ/cm2, which will be referred to the probe laser pulse. This laser will 

be used for monitoring the changes in the excimer and monomer emission change after the 

absorption of the pump pulse. This means, that both lasers must be time synchronized and 

that the probe laser pulse is entering the sample at the time, when the pump pulse is over. 

The concept of this technique is illustrated in Figure 3-10. 

 

 The concept oFig. 3-10 f indirect measurement of temperature decay in solution using pyrene 

fluorescence.  

In the first step the pump laser pulse will excite the pyrene molecules from the ground state 

to an excited state. The excited pyrene molecules and the molecules from the ground state 

will form excimers due to the high pyrene concentration in solution, which will relax to the 

ground state either by emitting of photons (radiative relaxation) or by transfering their 

energy into heat (marked as Step 1 in Figure 3-10). At time delays of 100 nanoseconds to 

100 microseconds after the end of the pump laser pulse a weaker probe pulse enters a hot 

solution (marked as Step 2 in Figure 3-10) when all pump-induced emission has ended. 

During the probe pulse, molecules from the ground state will be excited and together with 
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non excited molecules from the ground state will form excimers, similarly as in the case of 

the strong pump pulse. However, in the case of the probe pulse the excited pyrene 

molecules are surrounded by a hot solvent bath. The higher temperature in solution can 

shift the excimer-monomer equilibrium as indicated in Figure 3-10 by the arrow. For this 

reason we expect to detect not only the lower energy excimer emission but also an 

increased intensity of monomer emission. When the solution cools down, the ratio between 

the monomer to excimer emission should decrease due to a shift in the equilibrium towards 

 100 µs after the pump laser 

pulse with fluence of 700 mJ/cm2, are shown in Figure 3-11.  

the excimer.  

Pyrene emission spectra in 0.3 M pyrene/THF solution with a 3 mJ/cm2 probe excitation 

laser pulse, which arrives at the time delays of 1µs, 10 µs and

 

 Emission of pyrene excimer irradiatFig. 3-11 ed with probe pulse at various delay time 

arious delays between the pump and probe pulses (shown in Figure 3-12 as open circles).  

between pump and probe laser pulses. 

It is clearly visible that at the time delay of 1 µs after the pump pulse, fluorescence of 

pyrene is significantly broadened and consists of both monomer and excimer emissions. 

Strong enhancement of the monomer emission is also visible at the time delays from 500 

ns to 1 µs after the pump laser pulse. However, already after a 10 µs delay almost no 

monomer emission is observed. According to the simplified model described above, a fast 

decay of excimer suggests also a fast cooling process. The ratios of monomer to excimer 

emission intensities are integrated over 360-420 nm and 440-620 nm, respectively, for the 

v
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 Ratio of integrated monomer to excimer Fig. 3-12 emission intensities at various time delay 

 3-7) and is also similar to the temperature decay obtained in the work of 

between the pump and probe laser pulses. 

The experimental data suggest that the temperature jump at the quartz-liquid interface 

decays within the first microsecond. Initially it seems very rapid, but it needs to be 

considered, that the heated liquid layer is very thin (below 1 µm) and that the thermal 

conductivity of the environment is high (much higher than in air). Therefore, fast 

temperature decays can be expected. This fast drop in temperature agrees quite well with 

the value obtained from the previuosly described theoretical modeling of the T-jump 

(shown in Figure

Vass et al [60].  

The fast temperature rise and cooling at the interface between the quartz and solution 

results, as discussed above, in several effects: depending on the irradiation fluence the T-

jump can be high enough to melt or even boil the quartz surface. On the other hand it also 

results in the fast boiling and evaporation of the solution, which induces high pressure 

shock waves that travel through the solution. This pressure jump plays a key role in the 

process of removing of quartz and will be discussed in detail later. The combination of 

temperature and pressure jumps and their importance in the LIBWE process were 

mentioned in many papers describing the LIBWE process [30, 31, 33, 34, 38, 41, 42, 46, 

60, 61]. Currently, however, there is no clear experimental proof that the temperature at the 
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quartz-liquid interface exceeds the melting point of quartz or rises even higher. However it 

is agreed, that the LIBWE process is based on the temperature jump at the material-liquid 

interface resulting from the strong absorption of laser radiation and rapid non radiative 

relaxation of molecules, which also causes a number of effects such as heating of the 

quartz surface and explosive boiling of the solution. The latter effect may be also as 

important as the T-jump especially in the previously described "preferred" fluence range 

d will be described in details in the following subchapter.  

  

ctions: toward the solution and also toward the 

transparent material, as shown in Fig. 3-13. 

an

3.2 LIBWE mechanisms: Pressure jump  

In the 3.1 it was described that the laser light is absorbed by the solution, which results in 

the enhancement in a T-jump. The increase in the temperature from 20°C up to 2500°C, 

within the ns laser pulse, results in rapid thermal expansion and vaporization of the 

solution. This effect could be imagined in the following way: if we take a hot metal plate, 

with a surface temperature of 400 ºC and drop a bit of water on this plate. The water starts 

immediately boil and evaporate, resulting in a steam rising up and a "hissing" sound. This 

sound is produced because of the fast change from the liquid phase to the vapor, which 

also results in a change of pressure and volume which cases in generation of a sound wave. 

Similar effects occur in LIBWE at the thin interface between the liquid and material with 

the difference that in LIBWE the vapors are surrounded by incompressible liquid. The fast 

temperature rise results in the fast volumetric expansion of the vapors and liquid, which 

creates high pressure acoustic shock waves with a magnitude that is thousands times 

higher than atmospheric pressure. These high pressure shock waves move with a velocity 

of several kilometers per second in both dire

- 
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Fig. 3-13 Formation and expansion of the shock wave in solution and in quartz. 

These pressure waves could easily move liquid away from the solid surface, because the 

liquid does not hold its form different to the solid. These pressure waves easily overcome 

the elastic limit of the liquid and generate photo-acoustic cavities. Further, it may be 

expected that a weak point in this system would be the interface between the quartz and the 

liquid as this has a finite surface energy. Solid materials, on the other hand, have a bigger 

Young's modulus and are much more resistant to pressure wave induced stress. Thus they 

can keep their form. This is true for many materials at room temperature. However, at 

temperatures close to the melting point of the solids, the mechanical stability of the 

material with respect to external pressure strongly decreases. This allows us to remove 

molten material from its surface with several times less pressure than is needed to structure 

the same cold material. It is therefore very likely that the pressure jump which is directed 

toward the material is a key element in the removal process when the quartz melts and is 

below the vaporization temperature.  

The pressure jump which is directed toward the solution and its concomitant related 

processes, were proposed previously as a key element in the mechanical removal of UV 

transparent materials [31, 46]. Therefore it is also important to understand the processes 

that occur in the solution upon generation of these strong shock waves.  

At temperatures and pressures above the critical point the liquid is transformed into 

supercritical liquid where no thermal equilibrium between the vapor and liquid phases 

exists. Therefore the solution does not boil and vapor bubbles are not seen. However as the 

temperature and pressure decrease from their highest values just after the T-jump the liquid 
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moves out from its supercritical state. At this time boiling occurs, which causes in the 

formation of the expanding bubble. This bubble grows and reaches a maximum size, as 

shown in Figure 3-14. 

 

Fig. 3-14 Formation of laser induced bubbles in solution. 

At this time the pressures and temperature inside the bubble and that those of the 

surrounding liquid are equalized. The bubble cannot increase in size further, unless 

additional thermal energy is supplied. Because of the very low laser repetition rate used in 

our experiments the time delay between the two laser pulses is larger than time scale of the 

entire LIBWE process and there is therefore no way for the bubble to get thermal energy 

from the second laser pulse. The pressure inside the bubble starts, therefore, to decrease. 

When the pressure inside the bubble is much lower than the surrounding liquid pressure the 

bubble can no longer keep its volume and collapses as shown in Fig. 3-15. The collapse of 

the bubble generates a liquid jet, which causes a pressure jump strong enough to remove 

molten material, and which is also directed toward the material surface. This effect is also 

known as cavitation [56-58, 62-66]. 
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Fig. 3-4 Collapse of the laser induced bubbles.  

This is the reason why this pressure jump was proposed as material removal mechanism in 

LIBWE process [30]. However, the formation of the bubble, its growth and its collapse are 

relatively long processes and the molten surface at this time may be already solidified. For 

this reason it is more likely that the acoustic pressure jump, which is generated just after 

the T-jump and directed toward the molten material surface is more important for the 

mechanical removal process [60, 67]. It is very important therefore to find a way for 

experimental investigation of all above described processes and the dynamics of the 

pressure jump. It is clear that conventional instruments for determining pressure, such as 

manometers will not be useful in the case of LIBWE, because they are too slow to respond. 

One of the techniques for directly monitoring a pressure jump in solution during and after 

the exposure to laser light is the application of poly-vinylidene fluoride (PVDF) needle 

hydrophones. This technique was successfully applied for determining of the pressure 

jump evolution at the quartz-liquid interface when pure toluene was used as etching media 

[38, 67]. However, this approach could not be applied for measuring of the pressure jump 

when acetone or THF solution is used as the “etchant”, because the PVDF is soluble in 

these solvents.  

One technique that can be applied for monitoring all above described processes (formation 

of shock waves, generation of bubbles, bubble growth and collapse) is shadowgraphy. The 

pressure jump can be evaluated from the experimentally obtained bubble growth and 

collapse dynamics. The experimental setup for the shadowgraphy measurements is shown 

in Fig. 3-16.  
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Fig. 3-16 The experimental setup of time-resolved shadowgraphy technique. 

An XeCl excimer laser was applied as the pump laser. The most homogeneous part of the 

laser beam was selected using a pinhole and imaged onto the backside of the quartz, which 

was in contact with the 0.4 M pyrene in acetone solution. The irradiation area on quartz 

was 500x500 µm. The 2nd harmonic of a Nd:YAG laser (532 nm, 5 ns) was used as the 

probe pulse. The beam of the probe laser was focused into a quartz cuvette containing 3 

mM aqueous dye (Rhodamin-6G) solution to generate a strobe light. In principle the 2nd 

harmonic of the Nd:YAG laser can be used directly as the strobe, however this laser is 

strongly coherent and the contrast between the bubble and the solution is therefore not so 

high. On the other hand, dye converts the coherent green laser light into incoherent yellow 

light (λemission=580 nm). The cuvette and microscope with a CCD camera are mounted 

perpendicular to the quartz surface. The fluorescence light emitted from the dye solution 

was used to illuminate the backside of the quartz, where the shock wave and the generation 

of laser induced bubbles occurs. The changes at the quartz liquid interface that occurred 

during the laser wet etching process were monitored with the CCD camera. The time delay 

between the pump and probe laser pulses were varied by the delay generator (DG-535). 

The evolution of the hemispherical shock waves at the quartz-liquid interface, when using 

a laser fluence of 1.5 J/cm2 and 0.4 M pyrene in acetone solution as etching media, is 

shown in Fig. 3-17.  
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Fig. 3-17 Evolution of shock wave in 0.4 pyrene/acetone solution at 1.5 J/cm2 excitation 

fluence. 

The time delay between the pump and probe laser pulses, t, is defined as the difference 

between the beginning of the pump laser pulse t0pump and beginning of probe laser pulse 

t0probe. The beginning of the pump and probe laser pulse is defined as the time when the 

laser pulse intensity is equal to 3 % of its maximum, as shown in Fig. 3-18.  
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Fig. 3-18 Temporal shape of pump and probe laser pulses. 

The shock waves occur, as discussed above, because of the rapid evaporation and thermal 

expansion of the liquid. About 200 ns after the arrival of the pump laser pulse a small 

liquid surface deformation is visible. A clear vaporization of solution and rapid expansion 

of the vapors are visible at 400 ns after the beginning of the laser pulse (shown in Figure 3-

17). At this moment the formation of the acoustic waves is evident (shown in Figure 3-17). 

The shock wave expands in the solution almost hemispherically. The shock wave front 

radius evolution in 0.4 M pyrene/acetone solution using 1.5 J/cm2 excitation fluence is 

evaluated from the shadowgraphy images (shown in Figure 3-17) and is summarized in Fig 

3-19.  

 

Fig. 3-19 The radius of the shock waves at different time delays. 
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The measurements of the shock wave propagation show that it expands linearly over the 

entire measured time range. The velocity of this acoustic wave in solution is evaluated by 

dividing the measured shock wave radius with the time delay between the pump and probe 

laser pulses and is in the range of 1250 m/s. This value is very similar to the speed of 

sound obtained for acetone (1200 m/s) [68]. Knowing the speed of sound we can roughly 

estimate a pressure jump at the beginning of the shock wave formation. This can be 

evaluated using equation 17, suggested by Kim et al. [58]: 

τ
β
⋅
⋅⋅

=
pC

FvP  (17), 

where v is the speed of sound in solution (1257 m/s), F is the laser fluence (1.5 J/cm2), Cp 

is the heat capacity of acetone (2.2 J·kg-1·K-1), τ is the XeCl excimer laser pulse duration 

and β is the volumetric thermal expansion coefficient. 

The latest parameter is a property of acetone which describes the volumetric fractional 

change of acetone at the given temperature which is expressed by the following equation 

(18): 
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ρ
β 1  (18), 

where ρ is the density of the liquid at constant pressure and T is the temperature.  

Experimental data of density and heat capacity at various temperatures for acetone are very 

difficult to find in the literature. Therefore theoretical simulations of the thermodynamic 

properties of acetone at various temperatures [69] are shown in Figure 3-20 and will be 

used for the calculation of β.  
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Fig. 3-20 Theoretical simulation of the acetone density and heat capacity at different 

temperatures. 

Now it is possible to evaluate the volumetric expansion coefficient by using equation (18) 

using the theoretically obtained density values. This coefficient depends also on the 

temperature and is increasing with an increase of T, as shown in Figure 3-21 A. The shock 

wave pressure jump (shown in Figure 3-21 B) at the quartz-liquid interface is possible to 

estimate using equation (17), when the volumetric expansion and heat capacity of acetone 

as function of the temperature are known.  

 

Fig. 3-21 Volumetric expansion coefficient of acetone (A) and pressure jump at the interface 

between liquid and material (B) 
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The evaluated pressure jump at the material-liquid interface is 70 MPa (700 times higher 

than the atmospheric pressure!). However the pressure jump obtained at 460 K is lower 

than the value for 450 K. This observation can be explained by the change from the liquid 

to the gas phase of the solution. This pressure jump was obtained for the surrounding liquid 

temperature of 230 ºC and just at the very earlier stage of the shock waves, i.e. when the 

shock waves are only starting to expand. It is also important to remember, that this P-jump 

is expanding in both directions: towards the liquid and towards the hot/molten material 

surface. It is most probable that the magnitude of the P-jump which enters the material is 

similar to that obtained for the solution. Is this pressure jump high enough for removing the 

hot/molten material? Unfortunately, it is fairly difficult to find data for the dependence of 

mechanical properties of fused silica on temperature. It is known, however, that by 

pressing a quartz plate with a compressive strength of 1.1 GPa (or 11000 time higher than 

atmospheric pressure) at room temperature, the material breaks [68]. By heating the quartz 

surface, the mechanical properties of quartz change. This results, most probably, in a 

reduction of the compressive strength value, which is necessary to remove the hot/molten 

material from the surface. This is probably the reason why quartz can be structured by 

LIBWE at pressures well below the compressive strength of quartz at room temperature.  

The pressure jump at the interface between the material and liquid, which has been 

evaluated from the shock wave expansion measurements, does not provide information 

about the dynamics of the pressure jump, which may help to understand the time scale at 

which etching of quartz by LIBWE occurs. It has already been discussed, that the LIBWE 

process does not end with the generation of the shock waves. After some time, when the 

pressure in solution is decreasing, a bubble starts to form. This process can also be 

monitored with the shadowgraphy measurements. The dynamics of the laser induced 

bubble at the quartz-liquid interface is shown in Fig. 3-22. An analysis of the growth and 

collapse of laser induced bubble can give also some useful information about the pressure 

jump evolution at the quartz-liquid interface.  
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Fig. 3-22 Evolution of a laser induced bubble in 0.4 M pyrene/acetone solution at 1.5 J/cm2 

excitation fluence. 
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At the beginning of the bubble formation process, which is obtained around 2 µs after the 

beginning of the pump laser pulse only a small, i.e. 50 µm, bubble is observed. This bubble 

contains, most probably, many micro-bubbles, which can not be resolved by the 

shadowgraphy technique. At 6 µs after the beginning of the pump laser pulse the bubble 

starts to grow, while the pressure and temperature at the quartz-liquid interface decrease 

due to the efficient cooling process and the further volumetric expansion of the bubble. 

The thermal energy which was used to heat the quartz surface does not disappear. It can 

only be converted from one type of energy into another. In the case of LIBWE, the thermal 

energy at the quartz-liquid interface is converted into shock wave energy and kinetic 

energy of the laser induced bubbles growth. The latter process results in rapid expansion of 

the bubble, as illustrated in Figure 3-22. The growth of the laser induced bubble in solution 

is strongly dependent on the absorbed laser energy and environmental conditions, i.e. the 

surrounding liquid pressure. When the kinetic energy of the bubble growth can constrain 

the pressure inside the bubble which is larger than surrounding liquid pressure, then the 

bubble grows. The bubble does not expand to infinite size due to the limited thermal 

energy input and relatively high surrounding liquid pressure. At some point in time the 

pressure inside the bubble and of the liquid are equalized. This happens at 220 µs after the 

beginning of the pump laser pulse as shown in Figure 3-22. The maximum bubble size in 

this case is 1.4 mm. At this time scale the kinetic energy of the bubble growth is decreasing 

because of the decrease of thermal energy at the quartz-liquid interface so the bubble 

shrinks. At 360 µs after the beginning of pump laser pulse the internal bubble pressure is 

not high enough to keep the form of the bubble and the bubble collapses. This result in the 

generation of a 2nd pressure jump which is, as discussed above, directed toward the quartz 

surface and may also play an important role in the LIBWE process.  

As already mentioned before, it is possible to evaluate the pressure jump evolution from 

the experimental data of shadowgraphy (shown in Figure 3-22). The dependence of the 

experimentally obtained bubble radius at various times after the 1.5 J/cm2 pump pulse is 

shown in Figure 3-23 with square symbols. The round patterns in Figure 3-23 represent the 

growth and collapse velocity of the laser induced bubble, which was evaluated from the 

experimental results of the laser induced bubble radius by using equation (19): 
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dt
dRv =  (19), 

where R is the bubble radius and t is time. 

 

Fig. 3-23 Laser induced bubble radius (square symbols) and bubble growth velocity (circle 

symbols) evolution. 

Now we can estimate the pressure jump at the quartz-liquid interface resulting from the 

collapse of the laser induced bubble, which is, as discussed above, directed towards the hot 

quartz surface. This pressure jump is described by equation (20):  

cvvP ⋅⋅≈ ρ  (20), 

where vc=25 m/s is the speed of the bubble collapse, v=1250 m/s is the sound velocity in 

solution and ρ=870 kg/m3 is the density of acetone. 

The collision of the laser induced bubbles induces a pressure jump of 27 MPa (this 

pressure is similar to that obtained at 2700 meters below the sea level!), which is directed 

towards the hot quartz surface. Although the value of pressure jump associated with the 

collapse of the laser bubble is 2 times less than the pressure created by the shock waves, it 

would still most probably be sufficient to remove the molten quartz from the surface. The 

other question is of course, whether the quartz still in its molten form at the time of bubble 

collapse. The temperature at the quartz liquid interface decays, as discussed above, from 
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the 2600°C to 1000°C within less than one microsecond (see Figure 3-7), while the 

collapse of laser induced bubble occurs at 360 µs after the laser pulse.  

In summary we have now two events which create a pressure jump: shock wave and the 

bubble collapse. It is also interesting to know the pressure jump evolution over the 

complete time scale of the LIBWE process. It is also interesting to know, whether the 

pressure jump decreases much faster than the temperature. 

The analysis of the pressure evolution at the quartz-liquid interface starts with fitting the 

experimentally obtained bubble radius with the mathematical function [60, 66] described 

by equation 21: 
tcbatR ⋅−=)(  (21) 

where a, b and c are fitting constants which are equal to: 
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The theoretical fit is shown in Figure 3-23 as green solid line and agrees very well with the 

experimental data. The pressure jump dynamics at the quartz-liquid interface can be 

analyzed by equation 22 [60, 66]: 
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where pstat=101 kPa is the static pressure, σ=23·10-5 N/m is the surface tension of acetone, 

Rmax=1.4 mm is the measured maximum radius of the laser induced bubble, µ=3.26·10-4 

Pa·s is acetone's dynamic shear viscosity, t is time, R(t) is bubble radius evolution, 

described by equation (20) and 
3
4

=K  is the polytropic exponent which represents the 

ratio of specific heat of vapors and non-condensable gases. 

The pressure jump rise and decay evaluated by equation (22) is illustrated in Figure 3-24. 

- 



 LIBWE mechanisms: Pressure jump 

  - 57 

 

Fig.3-24 Dynamics of the pressure jump during the shock wave formation and bubble 

growth/collapse for 1.5 J/cm2 laser fluence and 0.4 M pyrene in acetone solution.   

The evaluated pressure jump at the beginning of the formation of the shock wave evaluated 

by equation (16) is 70 MPa. The pressure jump, which is evaluated by equation (22) and 

using bubble growth/collapse dynamics, is decreasing when the bubble starts to form, 

which is around 5 µs after the laser pulse. The next pressure jump at 360 µs corresponds, 

as discussed above, to the collapse of the laser induced bubble.  

Combining the two facts of the fast temperature decay and bubble collapse time of 360 µs 

after the pump laser pulse one could conclude that the collapse of laser induced bubble 

plays only a minor role in removal process. A similar conclusion was also reached by Vass 

et al. [60] and Kawaguchi et al. [67].  

There are three events that govern the pressure jump at the quartz-liquid interface during 

the LIBWE process: shock wave, laser induced bubble growth and bubble collapse. The 

pressure jump which is obtained during the formation of the shock wave reaches values of 

70 MPa or more and is a key element in the process of mechanical removal of the molten 

material process. The pressure during the formation of the bubbles is much smaller, but can 

also have an influence on the removal process. The next pressure rise occurs at latter time 

scales and is caused by the collapse of the laser induced bubble. Although the value of this 

pressure is high enough to remove the molten material from the surface, this pressure 

jump, most probably, plays only a minor role in LIBWE process, because the quartz may 

be already solidified at these times.  
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3.3 LIBWE mechanisms: when etching occurs?  

The question whether removal of molten quartz occurs within the first microsecond after 

the laser pulse is still open. The investigation of the time scale on which removal of quartz 

takes place can be achieved by surface interference measurement.  

The experimental set up for surface interference measurements consists of one 

semitransparent mirror, which divides the incoming laser irradiation into two beams with 

equal intensities. One beam is transmitted through this mirror and passes onto a high 

reflective mirror from which the beam is reflected back. The other part of the beam which 

is reflected from the semitransparent mirror travels through the quartz sample, which is in 

contact with solution, and is reflected back from the quartz-liquid interface. The optical 

path from the semitransparent mirror to the reference mirror and to the sample must be 

equal.  
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The reflected beams from the reference mirror and from the sample create the interference 

patterns. The shift between the interference fringes strongly depends on the optical path 

difference between the quartz and the reference mirror. This technique is, therefore, very 

sensitive to the surface morphology of the sample, which can be measured with an 

accuracy that is in the range of several nm!  

The alteration of the quartz surface after or during the XeCl excimer laser pulse can be 

detected by using a pump probe technique, i.e. similar to that which was applied in 

subchapter 3.1. This technique is called as nanosecond surface interferometry [70] and can 

provide an information about the surface modification in space and also in time! The 

application of this method for LIBWE requires several modifications: firstly, the contrast 

in the interference images strongly depends on the ratio between the light intensity 

reflected from the quartz-liquid interface with the light intensity reflected from the 

reference mirror. The intensity of the reflected light is proportional to the refractive index 

difference between the two media. The reflection from the quartz-liquid interface is 

proportional to the difference of the refractive indices of the quartz and solution. The 

refractive index of quartz is 1.41 at 532 nm, while the index of refraction of acetone and 

THF is 1.38 and 1.4 respectively. These small differences of refractive indices of quartz 

and solution result in a very weak intensity of the reflected beam from the quartz-liquid 

interface and results, therefore in a weak contrast between the fringes in the interference 

image. It is, therefore, necessary to reduce the intensity of the light, reflected from the 

reference mirror. This is achieved by inserting a neutral density filter with variable 

transmission in the reference beam path. It is also necessary to use wedged quartz samples 

to separate the reflection from the front and backside of the sample which is difficult to 

achieve in other ways. 

The second important effect is the sudden change of the refractive index of the quartz-

liquid interface due to the rapid temperature changes, evaporation of the solution, 

formation of the shock waves and laser induced bubbles. These effects result in an increase 

of intensity of the light reflected from the interface between the quartz and the solution 

which causes saturation of the CCD camera. For this reason the intensity of the laser light 

and neutral density filter must be continuously adjusted in a way to detect the best contrast 

in the interference image.  
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The experimental setup of nanosecond laser surface interferometry is shown in Figure 3-

25. 

 

Fig. 3-25 Nanosecond surface interference setup.  

A XeCl excimer laser beam passes through the square 5x5 mm pinhole (PL) and is imaged 

with a lens (L1) with the focal length of 250 mm onto the backside of the quartz, which is 

in contact with the 0.4 M pyrene in acetone solution. The diameter of the laser beam on the 

quartz is 500x500 µm, while the laser fluence is 1.5 J/cm2. The beam of the 2nd harmonic 

Nd:YAG laser (532 nm, 6 ns) is split into two beams of equal intensity by a beam splitter 

M1. The transmitted beam passes through the neutral density filter ND and is reflected back 

from the mirror M2. The reflected beam passes through the wedge quartz plate, which is in 

contact with the solution and is reflected back from the backside of the quartz plate. The 

reflected beams create interference patterns which are imaged into the CCD camera. The 

Nd:YAG and XeCl excimer lasers are synchronized by the delay generator (DG-500). This 

allows us to change the time delay between the both lasers.  

The surface interference image which is recorded at 800 ns after the pump laser pulse is 

shown in Figure 3-26 2.  
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Fig.3-26 The interference images before (1) and during (2) the pump laser pulse. The time 

delay between the pump and the probe pulses is 800 ns.  

The bright area in Figure 3-26 2 is equal to the size of the pump beam. The color change of 

this area from dark to white is due to the change in the index of refraction of the quartz 

surface at the interface between the material and liquid. The alteration of the refractive 

index of quartz depends on several effects: removing of the material, fast heating and 

cooling processes and boiling of the liquid. In order to clarify the possible time range for 

the structuring of quartz, the interference images recorded at various time delays between 

the pump and probe pulses have been analyzed by a mathematical model described in the 

literature [70]. This analysis is based on the fast Fourier analysis of the interference 

images, recorded without and with the pump pulse. The two events are obtained from this 

model: amplitude image and phase image. The amplitude images at various time delays 

after the pump pulse suggest the change of the intensity of the probe beam reflected from 

the quartz-liquid interface, while the phase images provide the information about the 

altering of surface morphology and the refractive index change. The change of the surface 

morphology is obtained by analyzing the phase shift in the images shown in Figure 3-26 

and can be evaluated by using equation (23) [70, 71]: 

Dn
d λϕ

π
⋅∆

⋅
⋅

=∆
4

1  (23), 

where  is the change of the surface morphology, d∆ ϕ∆  is the phase difference, λ  is laser 

wavelength (532 nm) and  is the refractive index of quartz. Dn
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The change of the index of refraction of quartz surface can give the answer to the question 

when removal process takes place. The phase images which are recorded at the different 

time between the pump and probe laser pulse are shown in Figure 3-27.   

 

Fig. 3-27 Phase shift images recorded at different time delays after pump pulse: 200 ns 

(1),    800 ns (2), 3 µs (3), 30 µs (4), 280 µs (5) and 360 µs (6).  

The first phase image is recorded at the time of formation of the shock wave in solution. 

The round black ring is associated with the phase jump larger than the dynamic range of 2π 

which occurs due to the rapid shock wave expansion. The square bright pattern in the 

center of image agrees well with the size of the irradiated area in quartz. In this time delay, 

according to temperature and pressure models, which are described in subchapters 3.1 and 

3.2, the temperature exceeds the melting point of quartz and the pressure jump at the 

quartz-liquid interface is reaching its highest values. The white color of the rectangular 

area in image 1 (shown in Figure 3-27) may be due to several effects: bending of the quartz 

surface due to the fast increase of the T-jump and P-jump and penetration of the 

temperature in solution and in quartz. At the time delay of 800 ns after the laser pulse the 

shock waves expands outside of the visible area and only a gray rectangular pattern in the 

image is visible. The size of this feature is similar to that obtained in the first image which 

is shown in Figure 3-27. The analysis of the phase change [70] obtained in the second 

image (shown in Figure 3-27) suggests that the refractive index of quartz is strongly 

changed in the first micrometer layer. This result, however, does not suggest that the first 
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micrometer of the quartz surface has been molten or removed. The reason for the refractive 

index change, as was already mentioned, can be related to the temperature generated at the 

quartz-liquid interface, which penetrates inside the material. The penetration depth of the 

T-jump in quartz, according to equation 15, is 680 nm at 800 ns after the pump pulse. This 

agrees well with the depth of the refractive index change obtained at this time scale. At      

3 µs after the pump laser pulse small ripples around the irradiated area are visible. These 

ripples are related to the formation of the laser induced bubble which grows and collapses 

(as shown in Figure 3-27 3-6). At the time delay of 360 µs the bubble collapses. The clear 

rectangular pattern in the center of the phase image (shown in Figure 3-27 as 6) at this time 

delay is clearly visible. This area represents the etched feature in quartz, but the contrast of 

this structure is smaller compared to other images. This can be explained by the fact that 

the depth of this etched feature is only 5 nm. 

The images of the phase change at the quartz-liquid interface recorded at the different time 

delays after the XeCl excimer laser pulse does not give a clear suggestion about the time 

scale at which the material removal takes place. However, analysis of the phase shift 

images suggest, that the irradiated areas stays almost the same in size over the complete 

measured time delay range. This result can not be explained only by the laser induced 

temperature and resulting change of the refractive index of quartz, because the temperature 

decays, according to the model (subchapter 3.1), rapidly within the first microseconds after 

the laser pulse. An explanation for the clear observation of the square pattern in the phase 

shift images at the delays above 10 µs after the pump laser pulse is associated with the 

removal of the quartz. This confirms that the pressure jump generated by the formation of 

the shock waves or by the bubble growth removes the molten quartz. Again, this analysis is 

focused on the "preferred" laser fluence range where the quartz could exist in the molten 

phase.  

Two major processes of LIBWE can be suggested from the above described 

measurements: a temperature jump and a pressure jump. The increase of the temperature at 

the thin interface between the quartz and liquid is due to the strong absorption process and 

results in heating/melting or boiling of the quartz surface, generation of high pressure 

shock waves and expanding/collapsing bubbles. The pressure jump created by the 

expansion of the shock waves or bubble growth removes the molten material mechanically. 
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The removal of quartz is a very fast process, which occurs at the first few microseconds 

after the laser pulse. The enhancement of the temperature at the quartz-liquid interface 

strongly depends on the applied laser fluences: at the low laser fluences the mechanism of 

LIBWE is influenced by the chemical decomposition of solution and formation of an 

absorbing layer, as will be shown later. 

The temperature rise exceeds 4000 K when high laser fluences (above 2.2 J/cm2 for 0.4 M 

pyrene in acetone solution and XeCl excimer laser) are used, which could result in boiling 

of quartz and in the formation of the plasma in solution, which will be discussed in details 

later. 

 

3.4 Etch rate, etch roughness and incubation effect of quartz by laser 

assisted wet etching 

One of the most important characteristics of laser ablation process is the etch rates of the 

material. This can be obtained using two different methods: measuring the weight of the 

material loses by using Quartz Micro-Balance (QMB) or by measuring the depth profile of 

the ablation crater.  

Quartz Micro-Balance has been used for measuring the etch rates of the polymers, where 

the polymer is spin-coated on the quartz which oscillates at the fixed frequencies [72]. The 

frequency is changing when the polymer is removed by laser ablation. The amount of 

material which is ablated is evaluated from the frequency change. Unfortunately, this 

technique could not be applied for the LIBWE process.  

The second method for measuring the etch rates is based on the examination of the etched 

features by profilometer. This method has been used to obtain the etch rates of UV 

transparent materials by LIBWE. This approach consists of several steps. Firstly, an array 

of square patterns in quartz is fabricated (shown in Figure 3-28).   
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Fig. 3-28 The part of the square patterns array etched in the quartz plate by LIBWE. 

Each pattern was etched by using a set of different laser fluences and number of laser 

pulses. The parameters which were used or the fabrication of the pattern array (shown in 

Figure 3-28) are summarized in Table 2.  

Table 2. Number of pulses and fluences which are used for the investigation of quartz etch 

rates by LIBWE

column
row

 
1 2 3 4 5 

1 F=1.0 J/cm2 

 400 pulse 500 pulse 600 pulse 700 pulse 800 pulse 

2 F=1.1 J/cm2 

 350 pulse 400 pulse 500 pulse 600 pulse 700 pulse 

3 F=1.2 J/cm2 

 250 pulse 300 pulse 350 pulse 400 pulse 500 pulse 

4 F=1.27 J/cm2 

 200 pulse 250 pulse 300 pulse 350 pulse 400 pulse 

5 F=1.52 J/cm2 
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 60 pulse 70 pulse 80 pulse 90 pulse 100 pulse 

The number of the applied laser pulses depends on the laser fluence, as shown in Table 2. 

The strong increase of the pulse number at the low laser fluences is related to the 

incubation effect, which will be explained in detail in the following section. On the other 

hand, a certain number of laser pulses (>200) at laser fluences >1.5 J/cm2 results in 

breaking of the quartz plate. This fact may be related to the structural changes of quartz 

which will be discussed later. An experimental setup for the fabrication of square patterns 

in quartz is illustrated in Figure 3-29. 

 

 

Fig.3-29 Experimental setup for investigating of the etch rate of quartz by LIBWE. 

A XeCl excimer laser (308 nm) with a beam size of 15x20 mm passes through the 

dielectric attenuator plate, which is continuously reducing the incoming laser beam 

intensity. A 5x5 mm square aperture selects homogeneous part of the laser beam which is 

imaged with the lens (flens=100 mm) onto the backside of the 25x25 mm quartz plate. The 

quartz plate is in contact with a 0.4 M pyrene in acetone solution. The size of the square 

patterns which are etched in quartz is 350x350 µm (as shown in Figure 3-29).  

The second step is the determination of the depth of the etched features. These 

measurements were performed using the stylus instrument DEKTAK-8000. This 

instrument measures the depth of the structures with a resolution of better than 1 nm. The 

scan length can be varied from 50 micrometer to 200 mm. The stylus of this instrument is 

in physical contact with the sample surface. A stylus force of 30 mg was used for the 

surface scan of the structures fabricated in UV transparent materials by LIBWE, while the 

scanning rate was in the range of 10-100 µm/s. The surface profiles of the square features 

(shown in Figure 3-29) are illustrated in Figure 3-30.  

- 



Etch rate, etch roughness and incubation effect of quartz by LIBWE 

  - 67 

 

Fig. 3-30 Surface depth profile of the structures etched in quartz using various laser fluences 

and pulse numbers.  

The non-homogeneous and slightly deformed profiles of the etched features in quartz may 

be due to energy fluctuations in the laser beam. The etch depth of quartz by LIBWE for 

various laser pulse numbers and laser fluences are shown in Figure 3-31. 

 

Fig.3-31 The etch depth of quartz at various pulse numbers for different laser fluences. 

The etching at the low laser fluences does not start with the first laser pulse (shown in 

Figure 3-31). This phenomenon is known as incubation and is also obtained in the 
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femtosecond laser ablation process [73]. The etch depths (shown in Figure 3-31) are fitted 

by equation (24) in order to evaluate the etch rates and number of the incubation pulses:  

)()( incNNerateNd −⋅=  (24), 

where d is the etch depth, N is the number of the applied laser pulses, erate is the etch rate 

at the fixed laser fluence, Ninc is the number of incubation pulses.  

The results of the analysis are shown in Figure 3-31 as solid lines.  

The surface profiles of the structured areas measured with the DEKTAK provide also 

values for the etch roughness. The roughness of the etched features is defined as the root-

mean-square of the deviation from the average depth, measured at the bottom of the etched 

patterns. The etch rates, etch roughness and the number of the incubation pulses for quartz 

structured at  XeCl excimer laser (308 nm) fluences using 0.4 M pyrene in acetone solution 

are presented in Figure 3-32 (1) and Figure 3-32 (2).  

 

 

Fig.3-32 The etch rate and etch roughness (1) and number of incubation pulses (2) for quartz 

by LIBWE using 0.4 M pyrene in acetone solution. 

One of the characteristic parameters of the LIBWE process is the threshold fluence which 

is defined as the lowest energy density below which no clear etching is observed. The 

threshold fluence cannot be detected from the etch rate slope shown in Figure 3-32 due to 

the strong incubation effect. The threshold fluence is, therefore, obtained experimentally 

by measuring the etch depth at various pulse numbers until the fluence is obtained at which 

no etching is detected even after 5000 cumulative laser pulses. The value of the threshold 

fluence for quartz by LIBWE using 0.4M pyrene in acetone solution is 0.66 J/cm2 which is 
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well below the ablation threshold without solution (F=20 J/cm2) [74]. The difference in the 

threshold fluences for quartz etched with and without solution is due to the different 

etching mechanisms. Ablation of the quartz without solution is assisted, as discussed 

above, by the formation of absorption centers (optical defects) inside the quartz [15, 17, 

74]. These defects absorb the laser light and therefore initiate the damage of the quartz 

surface. The mechanism of LIBWE is based, as discussed above, on the creation of a very 

high temperature jump and the mechanical removal of molten material in a certain fluence 

range. The high quality structures in UV transparent materials without cracks can be 

produced due to the fast temperature rise, relative low pressures and fast cooling process.  

The experimentally obtained etch rates of quartz reveal a complex behavior where several 

etching processes are involved (marked in Fig. 3-19 as A, B and C). However, the etch 

rates over each regions are linear. The lowest etch rates are observed at the low laser 

fluences (marked as A in Fig. 3-19). This can be due to the several effects: the laser 

induced temperature at the quartz liquid interface may be below the melting temperature of 

quartz, as discussed in subchapter 3.1, but high enough for softening the quartz surface. 

The pressure wave, generated by the shock waves and collapsing of the bubbles may not be 

strong enough to remove the heated (but not molten!) material from the surface. This may 

be one of the reasons why the etching at the low laser fluences does not start with the first 

laser pulse, but after a certain number of incubation pulses (as shown in Fig. 3-19 B). The 

temperature jumps at these fluences are high enough to decompose the organic solution, 

which results in the formation of the amorphous carbon layer on the quartz surface. The 

carbon layer will alter the absorption of the laser energy due to an increase of the 

absorption. The incubation process can be therefore assigned to the formation of a carbon 

layer that confines the absorption of the laser energy into a thinner layer, which increases 

the magnitude of the temperature jump. This causes the generation of the higher 

temperature jump, which now exceeds the melting temperature of quartz. Another effect 

which may influence the etching in this fluence range is associated with the different 

thermal expansion coefficient of the carbon layer compared to quartz, which will result in 

an additional mechanical stress [75]. The combination of different absorption layer (carbon 

and solution) and mechanical stress could also be the reasons for the high etch roughness 

detected at low laser fluences (shown in Figure 3-32 A).  
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The increase of the etch rates at the intermediate fluence range (marked as B in Figure 3-

32) is due to the increase of the temperature jump, which exceeds the melting temperature 

of quartz (2000 K) but is probably below the vaporization temperature of quartz (Figure 3-

6). The higher laser induced temperatures will also generate stronger pressure jumps, 

compared to the low laser fluences. This P-jump removes now the molten material from 

the surface. This mechanism yields smooth etching features in quartz with a roughness of ≤ 

20 nm. 

A change in the etch rates slope at the highest laser fluence range (marked as C in Figure        

3-32) may be due to the generation of very high temperatures which may cause several 

effects: boiling of the quartz surface and plasma formation in solution. These effects result 

in an increase of the etch roughness (shown in Figure 3-32 A). The latter effect will be 

described in details later.  

The experimental data of the etch rates, etch roughness and number of incubation pulses 

suggest that mechanisms of LIBWE consist not only of pure photothermal and mechanical 

removal processes, but also chemistry, i.e. carbon layer formation. The pyrolysis and the 

plasma formation in the solution play critical role in the LIBWE process. It is therefore 

very important to understand this phenomenon, which is discussed in detail in the 

following subchapters 

. 

3.5 Surface analysis of the etched areas in quartz by LIBWE: study of 

atomic carbon 

The initial results of the surface analysis of the etched quartz by LIBWE suggested no 

significance carbon formation [31]. More systematic studies of the etched areas in quartz 

by LIBWE [61] showed, however, strong carbon formation on the quartz. The mechanism 

of LIBWE, as already mentioned above, is assisted not only by the thermal and mechanical 

processes, but also by the thermal decomposition of the solution and the generation of a 

plasma. Therefore it is not surprising, that the areas of quartz structured at various laser 

fluences reveal a different appearance, as shown in Figure 3-33.  
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Fig. 3-33 Scanning electron microscope images of the etched features surface in quartz by 

LIBWE using 0.4 M pyrene in acetone solution at different XeCl excimer laser 

fluences and different laser pulse numbers: 0.8 J/cm2, 3000 pulse (A), 1.5 J/cm2, 60 

pulse (B) and 3 J/cm2, 10 pulse. 

The features etched in quartz at the low laser fluences (shown in Fig 3-33 A) reveal a 

granulated surface structure, which consist of carbon deposits. Optically smooth etched 

surfaces are obtained for the intermediate laser fluence range, while at the highest laser 

fluences the surfaces are tessellated with features, which are probably obtained in a fast 

melting/boiling and re-solidification processes.  

The areas in quartz which are structured by various laser fluences were carefully 

investigated by Raman Microscopy and X-ray Photoelectron Spectroscopy. These 

techniques are very sensitive to the chemical surface modification.  

Raman spectroscopy is used in condensed matter physics and chemistry to study 

vibrational, rotational, and other low-frequency modes obtained in various molecules. It 

relies on inelastic scattering, or Raman scattering of monochromatic light, usually from a 

laser in the visible, near infrared, or near ultraviolet range. Phonons or other excitations are 

absorbed by the molecules. The interaction of the molecules with the laser light results in 

the change of the photon energy of the applied laser light. This shift gives information 

about the vibrational modes in the molecule and provides chemical structure information of 

the material.  

In our experiments confocal Raman microscope was applied. In a confocal microscope, the 

parallel laser light is focused to a very small spot on the sample with a microscope 

objective with a high numerical aperture. The light scattered from the sample is collected 

and collimated by the same objective and focused into the aperture. The light which is 

scattered from the focused area can penetrate trough the aperture, while the other scattered 
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light is block be the aperture. This event results in much better resolution as compare to a 

conventional Raman microscope. The best resolution in our case is 1 µm3, which is about 

100 times better compared to other Raman microscopes. The Raman spectra of the areas 

structured in quartz by LIBWE at various laser fluences (shown in Figure 3-33) are shown 

in Figure 3-34. The areas marked in Figure 3-33 and in Figure 3-34 corresponds to: non-

structured area marked as 0; the center of the structure obtained at 3 J/cm2 is labeled as 1; 

the corner and the center of the pattern etched by 1.5 J/cm2 and 0.8 J/cm2 are labeled as 2 

and 3, and as 4 and 5, respectively.  

 

Fig. 3-34 Raman spectra of the etched areas in quartz by LIBWE using 0.4 M pyrene in 

acetone solution.  

The Raman spectrum of the area structured at 3 J/cm2 is similar to the spectrum obtained 

for the non-structured area with the slight increase of the baseline. This can be due to an 

enhancement of the scattered laser light, due to an increase surface roughness. The Raman 

spectrum measured in the center of the etched feature in quartz at the fluence of 1.5 J/cm2 

(marked as area3) is similar to the spectrum of the non-ablated surface, while the spectrum 

of the structure corner etched at the same laser fluence (named as area2 in Figure 3-34) 

reveals two Raman bands, i.e. 1340 cm-1 and 1600 cm-1. The intensity of these bands is 

increasing in the spectrum of the etched areas at the lower laser fluence of 0.8 J/cm2 
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(marked as area4 and area5 in Figure 3-34). The Raman peaks at 1340 cm-1 and 1600 cm-1 

are assigned to amorphous carbon with a high bond angle disorder and are normally 

assigned to the carbon D and G bands [76]. The carbon deposits which are strongly 

adhering to the quartz surface can therefore be assigned to amorphous carbon. The 

amorphous carbon is produced during the etching process due to the thermal 

decomposition of the solution, i.e. acetone and/or pyrene. The mechanism of thermal 

decomposition (pyrolysis) of acetone is described in the following [61, 77]:  

4233 CHCOCHCOCHCH +→  (25), 

The decomposition reaction of ketene is described as: 

422 2
1 HCCOCOCH +→  (26), 

Methan (CH4) and ethene (C2H4) can be decomposed further to solid carbon and gaseous 

hydrogen. The total reaction of acetone pyrolysis can be described as:  

)()()(*
33 gCOgHCsCCOCHCH xy ++→  (27), 

where (s) means solid and (g) gaseous products.  

The temperature which is required for the pyrolysis of acetone is 825-940 K [77]. This 

temperature is easily achieved at the quartz-liquid interface during the LIBWE process.  

Another source for the carbon deposits is the thermal decomposition of pyrene. The 

decomposition of pyrene is also probable, although pyrene is much more stable and can 

withstand higher temperatures than acetone. The decomposition of pyrene produces the 

solid carbon deposits and CyHx gaseous products, which can also be decomposed to solid 

carbon and can be described as: 

)()(*
1016 gHCsCHC xy+→  (28). 

The carbon deposits, as discussed above, play a very important role in the etching process 

at the low laser fluences. The roughness of the features etched at the low lasers fluences 

are very high due to the formation of the carbon films which alter the absorption of the 

laser light and produce an increase of the temperature and pressure jumps and mechanical 

stress.   

Raman microscopy looses its sensitivity if the layer to be analyzed is very thin. Therefore 

XPS was used for a qualitative analysis of the etched quartz surface by LIBWE. XPS 

involves the removal of a single core electron with the X-ray radiation, e.g. with the Mg 
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Kα source (1253.6 eV or λ=1 nm). The binding energy (BE) which is the characteristic 

feature of the studied chemical compound can be obtained by measuring the kinetic energy 

of the ejected core electrons. The penetration depth of XPS is only 0.5-2 nm, which allows 

us to investigate the surface of the etched quartz and of this deposited carbon layer. The 

concentration of atomic carbon at the surface of the etched features in quartz by using 0.4 

M pyrene in acetone solution examined by XPS is presented in Figure 3-35. Here, the dose 

is defined as the laser fluence multiplied by the number of the laser pulses.  

 

Fig. 3-35 Concentration of carbon on the surface of the etched areas in quartz by LIBWE 

evaluated from the XPS measurements. 

The concentration of the atomic carbon is higher over the all etched areas, compared to that 

obtained for the non-structured quartz plate. An enhancement of the carbon concentration 

on the areas etched with the laser fluences from the intermediate and higher fluence ranges 

suggest, that the thermal decomposition of the solution occurs over all applied laser 

fluences. The stronger increase of the amorphous carbon film is, however, observed at the 

surfaces of the features etched with the low laser fluences.  

There are several plausible reasons why carbon films are obtained at the surface of 

structures etched with the fluences from the intermediate and high fluence range. The 

formation of the carbon deposits occurs over the all applied laser fluences due to the 

thermal decomposition of the solution. At the high and intermediate fluence ranges the 
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etching of quartz starts after several repetitive laser pulses (typical 3 to 5). The carbon 

films which are created during these incubation pulses are very thin and can be removed 

from the surface by the pressure jumps. The carbon deposits, however, are strongly 

adhering on the hot quartz surface when the pressure jump generated by the shock waves is 

decreasing. This may happen at the first microseconds after the laser pulse. At this time the 

temperature at the quartz liquid interface is, according to the model described in subchapter 

3.1, still high enough to decompose the solvent.  

The doses which were used for the structuring of quartz at the high laser fluences are, 

however, much smaller compared to those which are applied at the low laser fluences. The 

reason for the enhancement of the dose at low laser fluences is the strong incubation effect. 

On the other hand, only a limited amount of laser pulses can be applied at the high laser 

fluences, due to the possibility of the breaking the quartz sample. Despite the fact, that the 

doses for the low and high laser fluences are different, one could conclude, that the amount 

of atomic carbon obtained on the surface of the etched areas at the low laser fluence is 

higher compared to that observed at the intermediate and high laser fluences.  

3.6 Surface analysis of etched areas in quartz: chemical structural change. 

The fast melting, high pressures and the quick solidification processes during LIBWE can 

create structural changes inside the materials, which will be discussed in this subchapter.  

Quartz reveals several phase transitions which are created during the slow heating of fused 

silica [78]. The transition from the α-quartz (most popular quartz phase at room 

temperature and atmospheric pressure) to β-quartz occurs at 573 ºC and at atmospheric 

pressure. The transition from the β-quartz to the high pressure (HP) tridymite phase is 

observed at 867 ºC. This quartz phase exist for temperatures up to 1470 ºC. This phase is 

followed by the β-cristabolite which is stable up to the melting point of quartz (1727 ºC). 

In the case of the laser assisted wet etching process the temperature increase is extremely 

fast (up to 109 ºC/s), which make it extreme difficult to detect the phase transitions of 

quartz during the laser heating. The most important question is related to the solidification 

process. At the conventional cooling rates (100 °C/min) quartz stabilizes in the α-quartz 

phase, however, metastable silica phases are also common. For instance, both cristabolite 

and tridymite phases occur as metastable modifications at room temperature. The different 
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phases of quartz have a unique bond energy and the bonding angle between the silicon and 

the oxygen atoms. The structural changes of silica in the etched areas by LIBWE are also 

investigated by XPS. The XPS spectra of the Si 2p binding energy at various laser fluences 

are shown in Figure 3-36.  

 

Fig. 3-36 Si 2p spectra of the etched areas in quartz by LIBWE. 

The shift of the Si 2p peak to the lower binding energies suggests that structural changes of 

quartz during the LIBWE process occur. The results of the binding energies changes for 

different Si/O stoichiometries have been published [79, 80]. This shift is probably 

associated with a reduction of the oxygen content [79, 80].  

The atomic oxygen to silica ratios of the etched areas in quartz by LIBWE at various laser 

fluences and numbers of laser pulses are shown in Figure 3-37.  
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Fig. 3-37. O/Si atomic ration of quartz structured by LIBWE. 

The O/Si ratio is strongly decreasing over all applied laser fluences (shown in Figure 3-

37). The structures, etched with the low laser fluences, reveal a more pronounced reduction 

of the oxygen content, compared to the structures which are etched at the intermediate and 

high laser fluences. The decrease of the O/Si ratio at the low laser fluence may be 

associated with the formation of the carbon deposits on the quartz surface, while the 

different quartz polymorphs can be created at the high laser fluences. The various quartz 

polymorphs, as discussed above, consist of a various number of SiO4 tetrahedral units 

which are joined together via Si-O-Si bonds. The bond angles depend on the configuration 

of the polymorphs and can be in the range from 143 degrees (e.g. α-quartz) to 180 degrees 

(e.g. HP-tridymite), as illustrated in Figure 3-38.  
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Fig. 3-38. The structure of different  quartz polymorphs. 

The highest density from all quartz polymorphs has α-quartz. The β-quartz is less dense, 

but has a higher symmetry, compared to α-quartz. The change in the symmetry results in 

an increase of the bond angle, which is enhanced from 143 degrees (α-quartz) to 153.4 

degrees (β-quartz). The tridymite and crystabolite phases of quartz have very high 

symmetry and therefore much larger Si-O-Si bond angles. They are also less dense 

compared to α-quartz (as also shown in Figure 3-38). The change of the bond angle of 

silica is reflected in the Si 2p XPS spectrum. A clear trend of the shift in the binding 

energy of the Si 2p peak measured at various areas in the structured quartz can not be 

detected. This is due to the strong charging of fused silica surface which shifts the Si 2p 

peak randomly to lower binding energy values, resulting in misinterpretation of the 

measured results. Therefore, the binding energy difference between Si 2p and O 1s was 

analyzed. The binding energy of O 1s shifts in the same direction as the Si 2p peak due to 

the charging of the silica surface. The analysis of the binding energy difference between Si 

2p and O 1s leads to the more reasonable results. The O1s-Si2p binding energy differences 

of the etched areas in quartz by LIBWE are shown in Figure 3-39.  
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Fig. 3-39. The (O1s-Si2p) binding energy difference of the etched areas in quartz by LIBWE. 

The change of the (O1s-Si2p) binding energy difference by -1.8 eV between the etched 

areas  and non-structured quartz surface could correspond to an increase of the Si-O-Si 

angle from 144 to 170 degrees [80]. The XPS analysis of the etched areas suggests the 

chemical changes of the structured surface in this layer. Another method for the qualitative 

chemical analysis of a material is Infrared Spectroscopy, but only very thin silica layers 

(≈10 µm thickness) can be analyzed by conventional IR absorption spectroscopy due to the 

high absorption of quartz in the IR.  

A new technique for the diagnostic of tissues was developed by Heise et al. [81]. This 

method has been termed as Fiber Tip Attenuated Total Reflection -FTIR Spectroscopy. The 

key element in this approach is a flexible silver halide optical fiber, which is coupled with 

a Fourier Transform Infrared (FTIR) spectrometer. The optical fiber probe has a shaft 

containing one fiber for transmitting and one fiber for receiving the infrared radiation. 

These two fibers are connected with the short U shaped silver halide fiber. This U shaped 

fiber is attached to the surface of the etched area in quartz. The schematic of the ATR 

measurement system is described in details elsewhere [81]. Due to the higher penetration 

depth of the IR (≈5 µm for silica) in ATR spectroscopy, the chemical composition is 

obtained for a 1000 times thicker quartz layer as compared to the XPS measurements. The 

ATR IR spectra of the features etched in quartz by LIBWE at low laser fluences (0.8 J/cm2 
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and 1.2 J/cm2) are shown in Figure 3-40. The number of applied laser pulses was selected 

in a way that the irradiation dose will be equal for both laser fluences. 

 

Fig. 3-40 ATR IR spectra of the etched areas in quartz by LIBWE at the low laser fluences. 

The IR spectra of quartz structured at the low laser fluences are similar to that obtained for 

the non-structured area. The IR spectrum provides, as discussed above, the information 

about the chemical composition of quartz over 5 micrometer thick layer. The similar IR 

spectra obtained for the non-ablated area and for the features etched with the low laser 

fluences (shown in Figure 3-40) suggest that there is no structural changes within this 

quartz layer, although XPS measurements indicated clear chemical modifications at the 

quartz surface.  

The shape of the IR spectra around the main peak (1000 cm-1) of the features etched in 

quartz with fluences from the intermediate and high fluence ranges (shown in Figure 3-41) 

are different compared to the IR spectra obtained from the non-structured areas.  
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Fig. 3-41 ATR IR spectra of the etched areas in quartz by LIBWE at the intermediate and 

high laser fluences. 

The differences in the shape of the main IR peak (at 1000 cm-1) between the areas 

structured with the fluences of 1.5 J/cm2 (do not shown) and 2.4 J/cm2, and the non-

structured areas suggest the existence of chemical modification in the quartz bulk. This 

difference can be assigned to changes in quartz phases, i.e. from α-quartz to tridymite. The 

latter phase of quartz can be created during fast melting and solidifying processes, which 

take place in LIBWE process.  

The main difference between the non-structured SiO2 and etched areas with the 

intermediate and high fluences is the absence of the features around the main peak (marked 

in the Figure 3-41). Similar differences at the 1100 cm-1 between α quartz and tridymite is 

also clearly visible in the reference IR absorption spectra (shown in Figure 3-42) [78, 82]. 
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Fig. 3-42. IR absorption reference spectra of α-quartz and tridymite phases [78, 82].  

The spectra of the quartz and the tridymite reveals three major absorption bands (marked 

as 1 and 2 in Figure 3-42), which are assigned to the asymmetric Si-O stretching (~1100 

cm-1) band, the asymmetric distortion of the SiO4 tetrahedra (~803 cm-1). The difference in 

the IR spectra between the α quartz and tridymite is associated with the changes of 

asymmetric stretching of Si-O and asymmetric distortion of the tetrahedral. Similar 

differences are also detected in the ATR IR spectra of the non-etched and the samples 

etched at high fluences areas at 1050 cm-1 and 800 cm-1 (shown in Figure 3-41). The IR 

spectra obtained for our samples and reference spectra reveal a difference in the 1100 cm-1 

range. The shift of the fundamental Si-O absorption frequency from 1100 cm-1 for the 

reference spectra (shown in Fig. 3-42) to 1000 cm-1 (shown in Fig. 3-41) of our samples 

can be related to the different types of α-quartz and a different number of intrinsic 

impurities (e.g. OH). Nevertheless, it is still possible to compare the shapes of the spectrum 

of tridymite (shown in Figure 3-42) with the IR spectrum of the etched areas at the high 

laser fluences (shown in Fig. 3-41). The similar shapes of the spectrum shown in Figure 3-

41 and Figure 3-42 for tridymite, suggest that α-quartz is changing to the tridymite quartz 

phase during the LIBWE process at laser fluences above 1.5 J/cm2.  

3.7 High fluence range: plasma assisted wet etching? 

The laser induced temperature at the quartz-liquid interface reaches 4000 K and more at 

laser fluences above 2 J/cm2, as discussed in subchapter 3.1. This may result not only in 
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the boiling of the quartz surface, but also in the generation of a plasma in solution. This 

plasma consists of excited Si neutral atoms, which are generated from quartz, excited C 

and H ions which are created from the solution. A plasma in quartz without solution can 

also be created in the direct laser ablation process by a XeCl excimer laser at laser fluences 

of ≥15 J/cm2. The spectrum of the plasma emission can be detected experimentally. An 

experimental setup for the creation and measuring the plasma emission is shown in Figure 

3-43.  

 

Fig.3-43 The experimental setup for the generation of a plasma in quartz and measuring its 

emission features. 

A XeCl excimer laser was used as irradiation source. The beam of this laser is focused on 

the quartz surface using a 250 mm focal length lens. The plasma emission is collected into 

the optical fiber by using two quartz lenses with focal lengths of 100 mm. The spectrum of 

the plasma emission was analyzed with a time gated spectrometer. This spectrum is used as 

reference for the plasma emission spectra obtained in the LIBWE process at laser fluences 

above 2 J/cm2.  

The spectrum of plasma emission created by LIBWE at the quartz-liquid interface can also 

be measured using the same experimental setup with the difference that laser light is 

focused on the backside of the material which is in contact with the solution. The spectra 

of the plasma emission obtained by direct XeCl excimer laser ablation of quartz and by 

LIBWE are shown in Figure 3-44.  
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Fig. 3-44 Plasma emission spectra of quartz ablated by XeCl excimer laser without and with 

solution at different laser fluences.  

The emission lines located at 244, 251, 263 and 288 nm (marked in Fig. 3-44 as 1-4) are 

assigned to excited neutral Si atoms [68, 83]. The plasma emission spectrum obtained by 

LIBWE at a fluence of 2.8 J/cm2 with 0.4 M pyrene in acetone solution is different to that 

observed for the dry etching of quartz. The very broad emission line starting from 240 nm 

can be assigned to Bremsstrahlung radiation in solution, which is due to the acceleration of 

the charged particles (electrons, ions and etc.). The Bremsstrahlung emission has a 

continuous spectrum [84]. Beside this broad emission line, the two emission peaks located 

at 255 nm and at 289 nm are clearly visible. The peak at 289 nm corresponds well with that 

obtained for the dry ablation of quartz and can be assigned to emission line of the excited 

neutral Si atoms. It is also important to notice, that the excited carbon or the hydrogen 

atom (major components of the plasma in the solution) provides no plasma emission at this 

wavelength range. This leads to the conclusion, that the peak obtained at 289 nm can be 

assigned to the excited neutral Si atom. No plasma emission is visible at the quartz-liquid 

interface irradiated with    1.5 J/cm2 (shown in Figure 3-44).  

The threshold of the plasma emission of the excited neutral Si atom in quartz by LIBWE 

was obtained experimentally by measuring the intensity of the peak at 289 nm as shown in   

Figure 3-45. 
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Fig. 3-45. Emission of the excited neutral Si atom of quartz by LIBWE at various laser 

fluences.  

The intensity of the plasma emission peak at 289 nm strongly depends on the laser fluences 

(shown in Figure 3-45). The enhancement of the laser fluence results in the increase of the 

plasma emission peak intensity. The lowest laser fluence below which no plasma emission 

in solution is obtained is assigned to the plasma emission threshold fluence. This threshold 

is obtained at 2.1 J/cm2. The value of this threshold fluence coincides quite well with the 

change of the etch rates behavior, assigned as high laser fluence range and is marked in 

Figure 3-32 as C. This observation suggests, that the plasma process assists the etching 

mechanism at laser fluences above 2.1 J/cm2. The increase of the etch rate at the high laser 

fluence can be related to the increase of the temperature at the thin interface between the 

liquid and quartz. This results in an increase of the molten layer of the quartz surface. The 

creation of plasma in solution process results in a number of effects, such as an 

enhancement of the pressure jump, generation of the optical defects inside the material, 

which can increase the absorption of UV light of quartz. These effects may result in 

increase of the etch rates and etch roughness and also may explain the breaking of quartz 

when more than 200 repetitive laser pulses are applied at this fluence range.  
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3.8 Influence of organic solvents on the LIBWE process. 

The quality of the etched features in quartz depends on many different parameters. In this 

subchapter studies on the etch rates, etch roughness and number of incubation pulses are 

presented for various etching solutions. This is important for the fabrication of micro-

optical elements in quartz by LIBWE. However, in all of the studied solutions pyrene was 

utilized as absorber. The 0.4 M pyrene in acetone solution, which was applied in the 

previous experiments, was suggested by the developers of the LIBWE technique. 

However, this is the maximum amount of pyrene which could be dissolved in acetone. In 

order to increase the concentration of pyrene in solution tetrahydrofuran (THF) was 

selected as solvent. The physical properties, i.e. density, molar heat capacity, boiling 

temperature of THF are similar to that of acetone (are summarized in Table 3). However, 

the solubility of pyrene in THF as solvent is much higher.  

Table 3. Thermodynamic properties of acetone and THF [68] 

 Density, kg/m3 Molar heat capacity, J/mol·K Boiling temperature, °C 

Acetone 789 123.8 60 

THF 880 123.5 70 

The etch rate, etch roughness and number of incubation pulses of quartz using a 0.4 M 

pyrene in THF solution are measured using the same procedures as described in subchapter 

3.4. The experimental results for pyrene in acetone and pyrene in THF with equal 

concentrations are shown in Fig. 3-46 A, B and C.  
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Fig. 3-46 Etch rate (A), etch roughness (B) and number of incubation pulses (C) of quartz by 

LIBWE at 0.4 M pyrene in acetone and in THF. 

The etch rates of quartz obtained for both solutions are similar within the fluence range of    

0.7 J/cm2 to 2 J/cm2 (low and intermediate fluence ranges). However, at the higher laser 

fluences (above 2 J/cm2) the etch rate of quartz obtained with the 0.4 M pyrene in THF 

solution is lower compared to the results observed for the pyrene in acetone solution. This 

could be explained by the different plasma formation mechanisms which assists the etching 

process at these fluences and enhancement of the direct laser light absorption by the 

acetone. Although the etch rate at the fluences below 1.6 J/cm2 are similar for both 

solvents, the roughness of the etched areas in quartz (shown in Figure 3-46 B) and number 

of incubation pulses (shown in Figure 3-46 C) are different. The etch roughness of quartz 

by LIBWE using 0.4 M pyrene in THF solution are increasing at laser fluences which are 

below 1.5 J/cm2. At this fluence range (named for 0.4 M pyrene in acetone solution as 

intermediate fluence range) the roughness of the etched areas in quartz using 0.4 M pyrene 
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in acetone solution are ≤ 20 nm and start to increase when the laser fluences are below 1.2 

J/cm2. A similar behavior is obtained for the incubation effect: the number of the laser 

pulses required to start the etching process increases above a fluence of 1.6 J/cm2 when 

THF is used as solvent, while for the acetone solution an increase of the incubation pulses 

is obtained for fluences ≤1.2 J/cm2.  

An increase of the etch roughness and number of incubation pulses is associated, as 

discussed above, with the decomposition of the solution and generation of carbon deposits 

which influence the etching process. The low etch roughness and number of incubation 

pulses may suggest that the light is also absorbed by the acetone and therefore enhances 

the temperature and pressure jump required for smooth structuring of the quartz plate. 

The low etch roughness and number of incubation pulses obtained for 0.4 M pyrene in 

acetone solution makes it more useful for the production of high quality structures in 

quartz by LIBWE, as compared to 0.4 M pyrene in THF solution. 

Nevertheless higher concentrated pyrene in THF solutions may be advantage to use, as the 

higher concentration of the absorbers in solution will result in a thinner absorption layer. 

The temperature jump will increase linearly, according to the model described in the 

subchapter 3.1, with an increase of the pyrene concentration in solution. For instance the 

maximum evaluated temperature jump at 1.5 J/cm2 for 1 M pyrene in THF solution is 6000 

K, which is 2.5 times higher than that obtained for 0.4 M pyrene in acetone solution. The 

higher absorption of the solution and the higher temperature jump at the quartz-liquid 

interface which are obtained with an increase of the concentration of pyrene should 

therefore result in an increase of the etch rates and a shift of the "best" etching behavior to 

lower laser fluences. Also a decrease of the threshold fluence and number of the incubation 

pulses may be observed. The etch rates, etch roughness and the number of incubation 

pulses of quartz by LIBWE using highly concentrated pyrene solutions at various laser 

fluences are shown in Figure 3-47 A, B, and C. 
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Fig. 3-47 Etch rate (A), etch roughness (B) and number of incubation pulses (C) of quartz by 

LIBWE using 1 M and 1.4 M pyrene in THF solution. 

The etch rates of quartz increases with an increase of the pyrene concentration. This can be 

explained by the fact, that the laser energy is deposited in a thinner layer at the quartz-

liquid interface compared to the 0.4 M solution, which leads to an increase of the 

volumetric temperature jump. An increase of the temperature jump causes melting of 

quartz occurring at much lower laser fluences compared to the 0.4 M pyrene in THF 

solution. The much lower etch roughness and number of incubation pulses obtained for 

higher concentrated solutions can also be related to the enhancement of the T-jump and P-

jump.  

The lowest etch roughness of quartz by LIBWE of ≤40 nm within the fluence range of            

0.8-1.6 J/cm2 is obtained for the 1.4 M pyrene in THF solution. This is the best result 

achieved for quartz by LIBWE in these studies. The number of the incubation pulses 

obtained for this solution and this fluence range is below 40 pulses. The 1.4 M pyrene in 
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THF solution and the fluences from 0.8 to 1.6 J/cm2 were therefore selected for the 

fabrication of complex structures with continuous profiles in quartz.  

3.9 Influence of the excitation wavelength on LIBWE processing. 

A KrF excimer laser (248 nm, 25 ns) as irradiation source and a 0.4 M pyrene in acetone 

solution were used in the first experiments for structuring of quartz by LIBWE [31, 46]. 

The reasons for changing to the XeCl excimer laser in our studies are related to the better 

XeCl excimer laser beam profile and reduction of the operational cost.  

It is nevertheless also interesting to investigate the etching of quartz by a KrF excimer laser 

and to compare the results with those obtained for the XeCl excimer laser. The etch rate, 

etch roughness and number of incubation pulses for quartz by LIBWE for XeCl and KrF 

excimer laser are shown in Figure 3-48 A, B and C.  

 

 

 

Fig. 3-48 Etch rate (A), etch roughness (B) and number of incubation pulses (C) of quartz by 

LIBWE using KrF (248 nm) and XeCl (308 nm) excimer lasers. 
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The etch rates of quartz by LIBWE with the 248 nm laser pulse is 3 times higher compared 

to that obtained for the 308 nm laser, although the absorption coefficients of 0.4 M pyrene 

in acetone solution are comparable (as shown in Figure 3-2). The reasons why the etch 

rates and threshold fluence are lower for 248 nm compared to 308 nm are not yet clear. 

The theoretical modeling of the temperature jump, which is described in subchapter 3.1 

gives similar temperature rises for both irradiation wavelengths. The increase of the etch 

rates by using the 248 nm irradiation may be related to the different photothermal 

mechanism of the solution or formation of plasma in solution at much lower laser fluences. 

These processes, however, were not investigated in detail in this work.  

The etch rate slopes obtained for quartz by applying KrF excimer laser reveals only a two 

slope behavior, which is again different compared to the observation obtained with the 

XeCl excimer laser. The small plateau at the fluence range of 2.2-2.5 J/cm2 (shown in the        

Figure 3-48 A at 248 nm) may be a sign for a change of the etching mechanisms, but more 

studies must be performed to confirm this possibility. The roughness of the etched areas 

(shown in Figure 3-48 B) using the KrF excimer laser reveals completely different features 

compared to those that are obtained by the application of the XeCl excimer laser. The etch 

roughness for 248 nm irradiation is increasing with an increase of the laser fluences, and is 

reaching a maximum value of 280 nm at a fluences of 1.6 J/cm2. At fluences above 2 J/cm2 

the roughness of the etched areas is decreasing again. The lowest etch roughness ≤50 nm 

of quartz structured by using the KrF excimer laser is obtained only for very small fluence 

ranges from 0.6 J/cm2 to 0.8 J/cm2 and for 2.5 J/cm2 to 3 J/cm2. At the intermediate fluence 

range (1.4 to 2.1 J/cm2), where the lowest etch roughness with 308 nm irradiation is 

obtained, the maximum roughness is observed for 248 nm irradiation. The number of 

incubation pulses required for etching at 248 nm is much lower compared to 308 nm. 

Furthermore, the formation of carbon deposits which are deposited at the quartz surface 

during the etching is less pronounced in the case of 248 nm. Higher etch rates and very low 

number of incubation pulses suggests the KrF excimer laser as an alternative laser source 

for the structuring of quartz at the fixed laser fluences, however, for the fabrication of 3D 

structures in quartz a XeCl excimer laser is more applicable.  
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3.10 Influence of the laser pulse length on LIBWE processing. 

The increase of the temperature at the quartz-liquid interface is related, as discussed in the 

subchapter 3.1, to the multi-photonic absorption and the fast relaxation processes. The 

cyclic absorption process will depend on the laser pulse length. The longer laser pulses can 

generate more cycles of absorption and non-radiative relaxation processes in solution, 

which should lead to an enhancement of the temperature jump. On the other hand, the 

photon flux (number of the photons per area and per unit time) is higher for the short laser 

pulses which will also result in the excitation of a higher number of pyrene molecules.  

There are two important reasons to study the LIBWE processes at different laser pulse 

length: for a better understanding of the LIBWE process and for the possible applications 

of other lasers for structuring of UV transparent materials by LIBWE.  

A XeCl excimer laser developed by SOPRA, which provides 12 J per pulse at 308 nm, was 

used as irradiation source. This laser was tested because of the high energy per pulse and a 

very homogeneous beam profile. This laser was checked as an alternative source for the 

possible fabrication of large scale micro-lenses with the diameters of up to several 

millimeters. The pulse length of this laser is 200 ns. The etching parameters of quartz by 

LIBWE using XeCl excimer lasers with two different pulse lengths (30 ns (FWHM of the 

first laser peak intensity) and 200 ns) and 1.4 M pyrene in THF solution are shown in 

Figure 3-49. The area of the structures etched in quartz was kept the same for both XeCl 

excimer lasers and was 1.2x1.2 mm.  
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Fig. 3-49 Etch rate (A), etch roughness (B) and number of incubation pulses (C) of quartz by 

LIBWE using XeCl (308 nm) excimer laser with different pulse length. 

The threshold fluence obtained for the 200 ns pulse is 0.8 J /cm2 and is much higher than 

that measured for the 30 ns laser pulse (0.5 J/cm2). The etch rates of quartz using the 

longer laser pulse is clearly lower compared to those obtained for the shorter laser pulses. 

The number of incubation pulses (shown in Fig. 3-49 C) for the longer laser pulse is also 

higher. These observations suggest that a lower temperature jump at the quartz -liquid 

interface is created for long laser pulses. The temperature rise at the interface between the 

quartz and liquid evaluated by the theoretical model, suggests that the decrease of the laser 

pulse duration causes an increase of the laser induced temperature rise. The peak 

temperature at the quartz-liquid interface evaluated for a 30 ns laser pulse at 1.2 J/cm2 laser 

fluence is slightly above the melting point of quartz [~2000 K], while the T-jump 

calculated for 200 ns pulse is 500 K lower. The etching mechanism at the high laser 
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fluences for 200 ns laser pulses may be different, however more experimental data are 

necessary to confirm the etch rate behavior with the long laser pulse. 

The surface of the features etched with the 30 ns and 200 ns XeCl excimer laser pulses and 

a laser fluence of 1.6 J/cm2 were examined with confocal Raman microscopy (shown in 

Figure 3-50).  

  

Fig. 3-50. Raman spectra of quartz etched by LIBWE for 30 ns and 200 ns laser pulse                

(F=1.6 J/cm2, 20 pulse) illustrating the carbon-associated D and G peaks at 1340 cm-1 

and 1580 cm-1 respectively [76]  

The G and D bands of the amorphous carbon are clearly visible in the Raman spectrum for 

quartz structured with the 200 ns laser pulses, while no carbon deposits can be detected for 

the 30 ns laser pulse. This indicates, that the etching mechanism for 200 ns laser pulse is 

strongly influenced by the formation of carbon deposits. This observation suggests, that the 

etching mechanism of quartz structured with the long laser pulses for laser fluences from    

0.8 to 1.6 J/cm2 is similar to that obtained for the 30 ns laser pulse at laser fluences from      

0.6 J/cm2 to 1.2 J/cm2. This leads to the conclusion that the XeCl excimer laser with long 

laser pulses ≥200 ns is not optimal for the fabrication of three dimension optical 

components. 
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3.11 Dependence of the etch rates and etch roughness on the etch area 

The dependence of the etching rates of quartz on the size of the structured areas in 

quartz by LIBWE where investigated by Wang et al. [85]. A KrF excimer laser (248 nm) 

and 0.4 M pyrene in acetone solution were used in these experiments. The investigations 

suggest that the etch rates are decreasing with a decrease of the irradiation areas. The etch 

rates obtained for features with a diameter of 100 µm in quartz is 5 nm per pulse, while 10 

times larger structures can be etched with rates of 9 nm per pulse. Two explanations of this 

phenomenon were suggested by the authors. A different temperature gradient in the depth 

and along the etched craters of the quartz sample is created. This results in faster 

distribution of the temperature around the perimeter of the etched area than in the depth for 

small structures. The second reason may by related to the cooling process by the 

surrounding liquids. Smaller irradiation areas generate smaller volumetric temperature 

jumps which results in the generation of the smaller laser induced bubbles. The pressure 

jump generated by the shock wave and growth/collapse of the laser induced bubbles can be 

also weaker for the smaller etch areas. This effect is also important in our work, especially 

for the fabrication of the small dimension micro-optical components, such as random phase 

plates with sizes of the features below 250 µm. The dependency of the etching parameters 

(etch rate, etch roughness, number of incubation pulses) on the irradiated areas of quartz by 

LIBWE using a XeCl excimer are shown in Fig. 3-51 A, B and C. 
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Fig. 3-51 Dependency of the etch rate (A), etch roughness (B) and number of incubation 

pulses (C) of quartz by LIBWE using XeCl excimer laser on the etch area. 

The etch rates of quartz by LIBWE for 308 nm are similar for all irradiated areas. This 

suggest, that the etch rates are not dependent on the thermal properties of the material. The 

most plausible reason of the etch rate dependency on the size of the irradiated area, 

measured by Wang et al. [85] but not observed in our case, may be related to the different 

etching mechanisms of LIBWE with 308nm laser compared to the 248 nm laser. The 

similar number of the incubation pulses (shown in Figure 3-51 C), obtained for the all 

irradiated areas suggest that there is no change of the etching mechanism when the 

irradiated areas are decreasing. However, the etch roughness (shown in Figure 3-51 B) 

suggest a clear dependence on the size of the etched features. The lowest etch roughness 

>50 nm is obtained for 60x60 µm square areas only within a very narrow laser fluence 

range (1.1-1.3 J/cm2), while 1x1 mm square areas can be precisely structured with fluences 

from 0.7-1.6 J/cm2. An increase of the etch roughness with a decreasing size of the 
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irradiation areas can be due to differences in the removal of the molten material and 

requires further investigations. The studies suggest that there are some limitations of the 

LIBWE process in terms of fabrication of very small features with very low etch roughness 

in quartz using XeCl excimer laser as irradiation source. 

3.12 Etching of different UV transparent materials by LIBWE 

The Laser Induced Backside Wet Etching is a unique method which can be utilized for the 

precise structuring not only of quartz samples but also for other UV transparent materials, 

such as BaF2, CaF2 and sapphire. The etching of fluorides (CaF2 or BaF2) is very difficult 

to achieve with any method due to the properties of these materials. The etch rates of CaF2 

by RIE is very low, only several tens of nm/hour and is rather tedious and expensive. The 

etching process of sapphire is even more complex, because of the very high melting point 

and excellent mechanical characteristics of sapphire. LIBWE may be an alternative method 

for structuring of these UV transparent materials. The experimental results of the etch 

rates, etch roughness and number of incubation pulses of quartz, BaF2 and sapphire by 

LIBWE using    1.4 M pyrene in THF solution as etching media and a XeCl excimer laser 

as irradiation source are summarized in Figure 3-52.  
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Fig. 3-52 Etch rate (A), etch roughness (B) and number of incubation pulses (C) of silica, BaF2 

and sapphire by LIBWE using XeCl excimer laser and 1.4 M pyrene in THF solution 

The threshold fluences for BaF2 and sapphire are difficult to determine precisely due to the 

low etch rates and high etch roughness. Therefore the threshold fluences for BaF2 and 

sapphire are defined as the lowest laser fluence, for which etching can be quantified. 

Modification of the BaF2 and sapphire surface can be achieved at fluences below this 

defined threshold value, but it is impossible, however, to determine the etch rates. The 

experimentally obtained threshold fluences for silica, BaF2 and sapphire by LIBWE using 

308 nm excitation and 1.4 M pyrene in THF solution are summarized in Table 4 together 

with the thermodynamic and mechanical properties of these materials [86]. 
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Table4. Threshold fluence by LIBWE, mechanical and physical properties of UV 

transparent materials

 SiO2 BaF2 Al2O3

Threshold fluence, J/cm2 0.5 0.57 1.6 

Melting temperature, ºC 1600 1280 2040 

Rupture modulus, MPa 50 26 350-690 

Thermal diffusivity, m2/s 8.4·10-7 5.8·10-6 6.56·10-6

The melting temperature and modulus of rupture is in the case of BaF2 much lower 

compared to quartz. This would suggest, if we consider simple thermal model, that the 

threshold fluence for BaF2 should be lower compared to quartz. However, the experimental 

results show a different behavior. The reason for this observation may be due to the 

difficulties to determine the threshold fluence for BaF2. The high threshold fluence for 

sapphire could be due to the high melting point and strong mechanical properties of this 

material. The lowest etch rates for BaF2 and for Al2O3 are obtained, as expected, at the 

lowest laser fluence ranges (≤0.8 J/cm2 for BaF2 and ≤1.8 J/cm2 for sapphire). With an 

increase of the laser fluences above 0.8 J/cm2 for BaF2 and 1.8 J/cm2 for sapphire the etch 

rates increases drastically. The increase of the etch rates is most probably associated with 

the generation of a plasma in solution (similar to the case for quartz at the laser fluences >2 

J/cm2). Etching of BaF2 at fluences higher than   1.3 J/cm2 is not possible due to breaking 

of the material. This may be associated with the pressure jump which may exceed the 

rupture modulus of the material. The highest etch rates of all tested materials are obtained 

for sapphire. The reason of this observation could be associated with the 8 times higher 

thermal diffusivity obtained for this material as compared to silica. This suggests that the 

same temperature rise in the case of sapphire melts a much thicker layer compared to 

quartz. However this reason can not be used for explaining the relatively low etch rates of 

BaF2, because the thermal diffusivity of this material is also much higher than for quartz. 

Another explanation for the high etch rates obtained for sapphire can be associated with the 

plasma process.  

The roughness of the etched features in quartz and sapphire strongly depend on the laser 

fluences (shown in Fig.3-40 B). The slope of the etch roughness obtained for quartz and 

Al2O3 is similar: the highest etch roughness is obtained at the fluences just above the 
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threshold. But the roughness of the etched features in BaF2 reveals a complete different 

behavior. The lowest roughness of the etched features (≈360 nm) is in the case of BaF2 at 

least 20 times higher than the lowest etch roughness obtained for silica (≈15 nm). This is, 

most probably, associated with the lower mechanical stability and lower resistance to the 

temperature and pressure jumps of BaF2 as compared to quartz. The mechanical stability of 

the material is expressed by the modulus of rupture, which is defined as the load which is 

required to break a bar of one inch square. The values of the modulus of rupture for the 

different UV transparent materials are shown in Table 4. An increase of the laser induced 

pressure above the modulus of rupture results in the generation of cracks and damaging of 

the material. The values of this critical load pressure obtained for quartz are much higher 

than the values for BaF2. The lower mechanical stability of BaF2 may be the reason for the 

high etch roughness. The pressure generated at the sapphire-liquid interface may be 

slightly to week to remove all molten material from the surface. Therefore the etch 

roughness due to fast resolidification in the case of sapphire are very high and are in the 

range of 0.6-1.8 µm. Nevertheless, the etch rates of the sapphire by LIBWE show the 

highest values among all studied UV transparent materials. The number of the incubation 

pulses has a similar behavior for all tested materials, which suggest that the etching 

mechanism just above the threshold is similar for BaF2, quartz and sapphire i.e. dominated 

by the formation of a carbon layer. Although the etching of BaF2 and sapphire provides 

relatively high etch roughness, the LIBWE process still can be useful technique for the 

fabrication of binary and more complex patterns in these materials.  

In summary, these data reveal that the etching by LIBWE is not only influenced by the 

laser (wavelength and pulse length), the etching media and the thermal properties of 

material, but also other material properties, i.e. mechanical, are important. These features 

are extremely difficult to include in our temperature model, which is described in 

subchapter 3.1 
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4 Fabrication of micro-optics in quartz 

Arrays of micro-optical components fabricated in UV transparent materials are utilized in 

many different applications, e.g. optical telecommunication, high quality imaging systems, 

beam wave front measurements, multiple beam shaping and homogenizing [1, 6, 8, 87, 

88]. The last approach involves shaping and homogenizing of high power excimer and 

Nd:YAG laser beams. These lasers are key elements in laser micromachining and high 

quality imaging applications. However, the high quality images and ablation craters are 

achieved only with homogeneously distributed laser beams. For this reason a lot of 

attention was focused in this work on the fabrication of micro-optical components which 

can be used as beam homogenizers for the above mentioned lasers. The concept of beam 

homogenizing relies on a splitting of the laser beam into many beamlets [88, 89]. This is 

achieved either by a Random Phase Plate (RPP) or by using a micro-lens array (MLA). 

The detail description of beam homogenizing with RPP and MLA will be given in 

subchapter 4.1. A random phase plate consists of a number of randomly distributed binary 

structures which are fabricated in quartz. The evaluation of a RPP and the fabrication steps 

or LIBWE will be described in detail in subchapter 4.2. Micro-lens arrays (MLA's) consist 

of three dimensional structures with continuous profiles. For this reason the fabrication of 

MLA is more complex and requires additional optical element, i.e. a Diffractive Gray Tone 

Phase Mask (DGTPM). The concept for the fabrication of micro-lenses will be described 

in subchapter 4.3. The DGTPM is a key element which is utilized in the creation of the 

three dimensional structures in UV transparent materials. A detail description of the 

fabrication of DGTPM will be given in subchapter 4.4. The fabrication of the micro-lenses 

in quartz and in other UV transparent materials will be discussed in subchapter 4.5. The 

characterization of the MLA's fabricated in quartz will be described in subchapter 4.6. The 

beam shaping results of the nanosecond Nd:YAG and femtosecond Ti:Sapphire lasers by 

using the RPP will be discussed in subchapter 4.7. The improvement of the beam profile of 

nanosecond Nd:YAG and XeCl excimer lasers by using the quartz MLA's will be shown in 

subchapter 4.8.  
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4.1 Concept of beam shaping with MLA and RPP 

If we believe our ancient history, then the earliest reported beam shaping technique was 

developed by Archimedes, who developed a mirror system to collect the sun light to focus 

it on Roman ships. If this legend is correct, then this was the first use of a multi-faceted 

beam shaping technique, where a beam was broken into many beamlets which were 

directed onto a target. Modern beam shapers, which consist of micro-lens arrays, however, 

had to wait for the development of micro-fabrication technology and lasers. The key 

element in beam homogenizing is based on splitting of an incoming laser beam into many 

beamlets, as illustrated in Figure 4-1 [90, 91]. This is achieved for example, by using a 

micro-lens array.  

 

Fig. 4-1. Diffractive beam integrator setup 

A field lens, located before the focal length of the micro-lens array (marked as ful in Figure 

4-1) collects all beamlets and directs them towards the target. Each beamlet expands 

homogeneously just after the focal plane of the MLA. The intensity of each beamlets is 

distributed over the complete area at the focal plane of the collecting (field) lens resulting 

in an equivalent energy distribution over the area D. An incoming laser beam with the 

uneven intensity distribution is therefore converted into a beam with a homogenous energy 
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distribution, as shown in Figure 4-1. The beam homogenizer which is shown in Figure 4-1 

is mainly applied for the coherent laser beams, produced e.g. by Nd:YAG. This is due to 

the fact, that the beam at the target plane must be the sum of defocused diffraction limited 

spots, which can be produced only with coherent lasers. This type of the beam 

homogenizer is, therefore, also known as diffracting beam integrator. The beam size 

(marked as D in Figure 4-1) at the homogenizing plane depends on the focal length and 

diameter of the micro-lenses, and on the focal length of the collecting lens which is 

described by equation (29): 

ul

ul

f
dFD ⋅

=  (29), 

where D is the beam size at the focal plane of the collecting lens, dul and ful are focal length 

and diameter of the micro-lens.  

For the beam homogenizer which consists of a MLA with a diameter and focal length of 

each micro-lens of 500 µm and 60 mm, respectively, and a focal length of the collecting 

lens of 250 mm it is possible to achieve a 2 mm homogenously distributed Nd:YAG beam. 

The problems of Nd:YAG beam shaping with a diffractive beam integrator are related to 

strong coherence effects, which will be discussed in detail later.  

Another type of beam shaper, which can be used for the non coherent lasers, such as 

excimers, is shown in Figure 4-2. This type of beam homogenizer is called an imaging 

beam integrator. 

 

Fig. 4-2 Imaging beam integrator setup 

It consists of two micro-lens arrays and one collecting lens, and is more expensive as the 

previously described system. The MLA segments the beam and focuses the beamlets onto 

the second micro-lens array which images the patterns on the target plane. The collecting 
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lens overlaps al the imaged sub-apertures at the target plane, which corresponds also to the 

focal plane of the collecting lens. The drawbacks of the beam integrators with the MLA's 

are the high production cost and the difficult fabrication. Therefore an alternative beam 

shaping technique was suggested by Y Kato et al [92]. This technique utilizes specially 

designed phase plates, which consist of a two dimensional array of transmitting areas. Each 

of the patterns applies a phase shift of either 0 or π.  

This phase plate is called a random phase plate (RPP) and is placed close to the collecting 

lens, as shown in Figure 4-3.   

 

Fig. 4-3 Beam homogenizing with random phase plate setup 

The equal numbers of 0 and π phase shifted beamlets destructively interfere at the focal 

plane of the collecting lens, resulting in a smooth profile [93, 94]. Such beam shaper has an 

advantage compared to the MLA which is easy to fabricate, but the disadvantage that the 

RPP can be applied only for a single laser wavelength.  

In order to test and compare the above described beam homogenizing techniques, RPP and 

MLA are fabricated in quartz by LIBWE.  

4.2 Fabrication of the Random Phase Plates 

The fabrication of a Random Phase Plate starts with its design. The phase plate must have 

an equal number of structured and non structured areas which result in the same number of 

patterns which produces equal number of 0 and π phase shifted beamlets. The first step is 

an evaluation of the number of speckles in x and y direction, which is achieved with a 

home made PC program developed in IGOR. The program randomly generates positions of 
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the speckles in x and y direction. The design of a RPP is successful, when the ratio, 

between the numbers of the features which produce π phase shifts to the number of the non 

structured areas is in the range of 0.49-0.51. The program saves the evaluated speckle 

position in the micrometers and transforms them into the number of steps required to move 

the motorized xyz stage. The program also evaluates how deep the speckles must be etched 

in order to produce a π phase shift. This is evaluated by equation 30: 

)1(2 −⋅
=

n
d λ  (30), 

where λ is wavelength for which the RPP is designed, n is the refractive index of quartz at 

the operating wavelength. 

An example of a RPP, designed for 9x9 mm irradiation area is shown in Figure 4-4. 

 

Fig. 4-4 Computer aided design (CAD) of RPP for 9x9 mm irradiated area. Speckle size 250 

µm 

The RPP (shown in Figure 4-4) is designed for the 4th harmonic of a Nd:YAG laser (λ=266 

nm) and consists of 659 green patterns, which will be etched to a depth of 250 nm. The 

size of each speckle is 250x250 µm.  

After the CAD of the RPP, the areas marked green in Figure 4-4 must be etched into the 

quartz to a depth described by equation 30. The etch depth is controlled by the number of 

cumulative laser pulses. The fabrication of a RPP is achieved by LIBWE using an 

experimental setup, which is shown in Figure 4-5. 
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Fig.4-5 Experimental setup for fabrication of RPP in quartz by LIBWE 

A XeCl excimer laser beam passes through the 2.5x2.5 mm square aperture and is imaged 

onto the backside of quartz using an achromatic lens with a focal length of 100 mm. The 

size of the imaged spot depends on the distances between the aperture and imaging lens, as 

well as on the distance between the lens and quartz plate which is in contact with solution. 

These distances are evaluated using equation 31:  

)1( +⋅= Mfa  

M
Mfb )1( +⋅

=  (31), 

where a is the distance between the aperture and lens, b is the distance between the lens 

and quartz, f is the focal length of the lens and M is the demagnification. 

The distance between the aperture and lens must be 1100 mm, while the distance between 

lens and quartz is 110 mm in order to produce 250 µm square patterns by using 2.5 mm 

square aperture and a f=100 mm focal length lens. A part of a RPP etched in quartz by 

LIBWE using a 1 M pyrene in THF solution as etchant, 1.4 J/cm2 laser fluence and 23 

laser pulses each speckle, is shown in Figure 4-6.  
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Fig. 4-6 Fragment of RPP etched in quartz by LIBWE with 1 M pyrene/THF solution, 1.4 

J/cm2 laser fluence and 23 laser pulses. 

This RPP was tested as beam homogenizer for a high power quadrupled Nd:YAG laser. 

The results of these tests will be shown later.  

4.3 Fabrication of quartz micro-lens arrays  

An alternative method for the fabrication of 3 dimensional microstructures in UV 

transparent materials is the combination of LIBWE and projection of a Diffractive Gray 

Tone Phase 

Mask. A DGTPM encodes the shape of two or three dimensional structure, e.g. Siemens 

star, Fresnel lens, plano convex lens and etc. into the laser intensity beam profile. 

The DGTPM was invented by Smith et al [95, 96]. The authors claimed that there is an 

easy way for the modulation of laser beams by the application of simple periodical 

structures with different line widths which are fabricated in quartz. These masks do not 

absorb the laser radiation and can therefore not be damaged. For this reason they have 

much higher damage thresholds compared to the absorbing/reflecting metal masks. Further 

developments of the DGTPM were performed by David et al. [47], who also applied a 

DGTPM for the fabrication of the three dimensional structures, i.e. arrays of Fresnel 

micro-lenses in photopolymers. A DGTPM is the key element in the fabrication of quartz 

micro-lenses. It is therefore important to understand the working principle of DGTPM and 

the fabrication process. A DGTPM is a binary structure which consists of periodical line 

107 - 



Fabrication of quartz micro-lens arrays 

  - 

patterns etched into quartz. The mask consists of many line structures with different 

widths, which modulate the incoming laser beam intensity into a spherical shape or even 

more complex shapes as shown in Figure 4-7. 

 

Fig. 4-7 Modulation of the laser beam by DGTPM 

The DGTPM does not absorb the incoming laser beam intensity but diffracts it in to many 

angles, known as diffractive orders. Diffraction is the phenomenon, when the light goes not 

in the straight direction (shown as dashed lines in Figure 4-8), when it passes trough an 

aperture or periodical structure, as shown in Figure 4-8. 

 

Fig. 4-8 Diffraction of light through an aperture 
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What happens when a beam passes through an aperture? The beam looses intensity and 

produces a sharp intensity peak at the center. The width of this beam depends on the size of 

the aperture. This is correct for very large apertures, which are much larger than the 

irradiation wavelength. The intensity profile of the beam which passes through an aperture 

with a diameter below 1 millimeter reveals a broad peak in the center and several small 

peaks on the sides, as is illustrated in Figure 4-8. Huygens and Fresnel suggested following 

explanation for this phenomenon: the light which passes through the aperture can be 

described as a sum of spherical light waves, generated at each point over the aperture 

diameter. The intensity distribution of the diffracted wave is obtained by adding the 

intensities of these spherical waves. The maxima and minima of the diffracted beam 

intensity are due to the interference effect between these spherical waves. Fraunhofer came 

to the conclusion [97] that the angle between the diffracted beams (marked as θ in Figure 

4-8) is proportional to the aperture width and the irradiation wavelength and can be 

described by equation 32. This equation is very similar to the equation of constructive 

interference, suggested by Bragg [5].  

)/arcsin( bm λ⋅=Θ  (32), 

where λ is the wavelength of the light, b is the width of an aperture and m is an integer 

(shown in Figure 4-7 as 0, ±1, ±2) which is also known as the diffraction order.  

The diffraction of the laser beam is enhanced if arrays of the periodically spaced apertures 

(known as diffractive gratings) are used. The intensity of the main peak (also known as 0 

order diffraction intensity) and side peak intensity (named as higher orders) strongly 

depends on the ratio between the aperture diameter (known as the line width) and space 

between the apertures (known as the grating period). The 0th order intensity can be 

smoothly varied between the 0% and 100 % just by varying the ratio between the line 

width and the grating period. Different types of gratings exist, and most commonly used 

are either amplitude gratings, which alter the amplitude of the incoming monochromatic 

irradiation, or phase gratings, which modulate the incoming beam phase. Gratings can be 

either transmission, which transmit diffractive radiation, or reflective, where the diffractive 

beam is reflected. Transmission gratings consist of either three dimensional structures, 

such as triangular shape features (amplitude gratings) or of binary structures (phase 

gratings) etched into quartz. The amplitude gratings are difficult to fabricate because of the 
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complex 3D structures. For this reason only transmission phase gratings were used in this 

work. These gratings consist of periodic line structures etched in quartz. The 0th order 

transmission (T) of the phase grating depends, according to scalar diffraction theory, on the 

ratio between the line width and the grating period, which is called duty cycle (DC) and is 

described by equation 33: 

)cos1()1(21 ϕ−⋅−⋅⋅−= DCDCT  (33),  

where φ is the phase shift of the diffracted beam, which is proportional to the depth of the 

binary structures, that is described by equation 34: 

[ ]
λ

πλϕ ⋅−⋅⋅
=

1)(2 nh  (34), 

where λ is the irradiation wavelength, n(λ) is the refractive index of quartz at the laser 

wavelength λ, and h is the depth of the structure.  

According to equation 33, the transmission of the grating is equal 0 at a DC=0.5, when the 

phase shift is π. The 0th order transmission of the phase grating at various DC for 308 nm 

irradiation wavelength and a phase shift of π (or structure depth of 310 nm) is shown in 

Figure 4-9.  

 

Fig. 4-9 DGTPM efficiency at various DC for 308 nm irradiation 

The modulation depth of the mask can be easily adjusted by changing the depth of the 

structure. This is an important observation for the fabrication of micro-optical elements in 

quartz by LIBWE and will be explained in detail later. For the fabrication of micro-optical 

elements in quartz by LIBWE, a DGTPM which consists of many periodical lines with 
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various line widths and with a constant period between the lines is required. These masks 

are fabricated in quartz by electron beam lithography and Reactive Ion Etching. In 

principle for the encoding of micro-optics by DGTPM both DC ranges- between 0 and 0.5 

and/or between 0.5 and 1-can be used. The second DC region (0.5-1) requires much thicker 

line widths of the structures and is therefore slow to fabricate and expensive. On the other 

hand the structures with the line width smaller than 150 nm are difficult to fabricate. The 

widths of the structures width in the DGTPM was therefore limited between 150 nm and 

2.5 µm.  

4.4 Fabrication of DGTPM 

The DGTPM in quartz is fabricated by a combination of e-beam lithography and reactive 

ion etching techniques. The first step for the fabrication of a DGTPM is the evolution of 

the line widths and their spatial positions, which encodes the desired structure. An example 

of a calculated DGTPM, which encodes a plano convex lens shape structure is shown in        

Figure 4-10. 

 

Fig.4-10 Evaluated DGTPM which encodes plano-convex lens shape 

The diameter of the DGTPM is 5 mm. This mask consists of 1000 lines with various 

widths (from 150 nm to 2.5 µm), which are spaced with a period of 5 µm. The second step 

consists of etching of the different line width structures into quartz. This is achieved by 

several production steps, which are summarized in Figure 4-11.  
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Fig. 4-11 Fabrication steps of DGTPM in quartz.  

The first step is sputtering of 80 nm chromium layer on the surface of the quartz or using 

the commercial mask blanks. This chromium film acts as a stop layer for the e-beam. On 

top of the chromium film a 120 nm thick resist layer, i.e. polymethyl methacrylate 

(PMMA) is spin coated. The round shape lines with various line widths are structured into 

the resist by using LION-LVI electron beam lithography system from Leica 

Lithographiesysteme Jena. This machine has some special features such as continuous path 

control for the exposure of straight or curved lines, which allows continuous writing of any 

shape of line structures. For this reason this e-beam system is much more advanced 

compared to the standard vector scan e-beam lithography machines, in which exposed lines 

are controlled by choosing a number of the equidistant pixels. Second advantage of the 

LION-LVI electron beam system is the description of the curved lines by a Bezier 

polynomial function. This simplifies the data format and reduces the total exposure time. 

For every curved line with a different line width it is necessary to adjust the e-beam dose, 

in order to achieve the critical dose required to modify the resist. This is possible by simply 

adjusting the speed of the translation stage on which the sample is attached. A new 

approach for the structuring of lines with the continuous widths was suggested by David et 
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al. [97], where the line width of the structures are varied by simply adjusting the defocus of 

the electron beam, as shown in Figure 4-12.  

 

Fig. 4-12 Idea of the e-beam writing of line structures with continuous line widths 

The width of the structures w depends on the aperture angle α (α=0.0133), on the defocus 

δf and on the line dose Dl and can be described by equation 35: 
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where D0=15 µC/cm2 is the critical exposure dose of the resist per unit area. 

The defocus fδ , according to David et al. [97], can be described by equation 36: 

)( α
δ

⋅
=

k
wf  (36), 

where k is a parameter (k=0.9-0.95) which is obtained experimentally. 

The line dose is described by equation 37 which is derived from 35 and 36: 

2
0

12 kk

wDDl
−⋅⋅

⋅⋅
=

π  (37). 

The line doses evaluated by equation 37 agree well with the experimental results for the 

line widths structured in PMMA by e-beam, which are above 400 nm [97]. For lines 

thinner than 400 nm the defocus is assumed to be zero. The experimental results of the line 

widths at various exposure doses are fitted by an asymptotical function [97]. The doses 

which are required for the structuring of line widths below 400 nm are obtained from this 

function. The data of the doses and the defocus values for DGTPM lines are converted to a 

special data file, which is send to the board computer of the LION-VI e-beam machine. 

Typical exposure time for a DGTPM with a diameter of 5 mm is 12-20 hours, depending 

on the complexity of the structures.  
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The second step is the development of the exposed areas in the resist. This is achieved with 

4-methylpentan-2-one (MIBK) and isopropanol (IPA) solution with a ratio of 1:3. The 

igure 4-13. 

etching is completed within 120 seconds. The development of the resist results in removing 

the PMMA from the areas which are exposed with e-beam, while the unexposed resist 

stays unchanged. After this step the grating structure is examined with an optical 

microscope. The next step is etching of the chromium film, which is achieved by RIE 

using a Cl2/CO2 plasma. This plasma effectively reacts with chromium, but almost does 

not etch the resist and quartz plate. This removal process takes about 120 seconds. After 

this procedure the DGTPM is inspected again. The next step is removal of the PMMA 

resist. This is achieved by RIE using oxygen. The O2 ions remove PMMA without etching 

the underlying chromium film. The next procedure is transferring the DGTPM lines from 

the chromium film into the quartz. This is achieved with a Oxford RIE machine using a 

fluoroform (CHF3) and oxygen (O2) gas mixture with a ratio 1:1. The etch rates of quartz 

with RIE is approximately 20 nm/min. The depth of the structures in quartz is frequently 

examined with a profilometer during the whole etching process. After etching the quartz 

plate is cleaned with a mixture of HNO3 and HCl with a ratio of 1:3. This cleaning 

procedure removes the thin chromium film.  

The DGTPM's fabricated in quartz which encode 3 dimensional Fresnel lens shape and a 

binary Siemens star structures are shown in F

 

Fig.4-13 DGTPM fabricated in quartz, which encode: Fresnel lens shape structure (A), 

Siemens Star structure (B). 
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The diameter of each mask is 5 mm. Each mask consists of 1400 lines with different 

spaced by 3.5 µm. The DGTwidths, PM which encodes a Fresnel lens shape is used for the 

An experimental setup for the fabrication by LIBWE of the complex micro-structures in 

 DGTPM and is 

production of Fresnel micro-lenses in quartz and in other UV transparent materials. The 

Siemens star structures is used to test and optimize the micro-lens fabrication process. 

4.5 Fabrication of micro-lens arrays by LIBWE and DGTPM 

UV transparent materials consists of imaging of the beam modulated by the

shown in Figure 4-14.  

 

Fig. 4-14 Experimental setup for fabrication of complex 3 dimensional structures in UV 

transparent materials 

optimiz etup. The distances between the DGTPM and imaging lens 

The first step in the fabrication of high quality optical components in quartz is a careful 

ation of the imaging s

and from the lens to the sample must be set very carefully. These distances are evaluated 

by equation 31. The demagnification M is either 5 or 10 and depends on the desired 

diameter of the micro-lenses. The evaluated distances could not be simple adjusted 

manually with the hope to get high quality micro-lens, due to the fact, that the depth of the 

image plane is only 0.5 mm! Therefore a Siemens star mask was applied to find the exact 

distance between the lens and the sample, which corresponds to the imaging plane. The 

chamber with the quartz window is filled with a pyrene in acetone (or THF) solution and is 

fasten on the motorized x-y-z stage with a spatial resolution of 0.1 µm. An array of 

Siemens star micro-structures with diameters of 500 µm is etched in quartz using different 

positions between the imaging lens and the sample. After this step the Siemens star array in 

quartz is carefully inspected with the optical microscope and the distance between the 
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imaging lens and sample is determined, where the lines of the Siemens star structure are 

sharp and well defined. An example of the Siemens star structure etched in quartz by 

LIBWE using 0.4 M pyrene in acetone solution and a KrF excimer laser (248 nm, 20 ns) as 

irradiation source is shown in Figure 4-15. 

 

Fig. 4-15 SEM picture of Siemens star etched in quartz by LIBWE using KrF excimer laser 

(248 nm, 20 ns) as irradiation source, 0.4 M pyrene in acetone solution as etchant 

The SE

cracking  the analysis of the SEM images (Figure 4-15 B) it is possible 

are shown in Figure 4-16. 

and 700 laser pulses 

M picture of the Siemens star reveals a clear etching without any pronounced 

 of the quartz. From

to resolve lines with a width of ≤ 2 µm, which is up to now the best experimentally 

obtained result of the combination of LIBWE with projection of a DGTPM. The present 

limitation is most probably due to the simple optical imaging setup rather than with the 

etching of quartz by LIBWE. The distance between the imaging lens and the sample, 

which corresponds to the sharp image of the Siemens star, is also used for the fabrication 

of Fresnel micro-lenses.  

A first example of a Fresnel micro-lens fabricated in quartz by LIBWE and projection of a 

DGTPM and its line scan 
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Fig. 4-16 3D profilometer image of a Fresnel micro-lens etched in quartz by LIBWE (A) and 

its  line scan (B) 

The quartz Fresnel micro-lens with a diameter of 500 µm was fabricated with a XeCl 

excimer laser fluence of 1.1 J/cm2 and by using the 0.4 M pyrene in acetone solution. The 

line scan of the Fresnel lens (shown in Fig 4-16 B) reveals a plateau in the center which is 

not etched. This is due to the fact, that the modulated laser fluence in this area is well 

below the threshold fluence of quartz for this solution. It is also necessary to remember, 

that the DGTPM which encodes the Fresnel and Siemens star structures were utilized for 

the fabrication of the complex structures in polyimide and were not optimized for LIBWE. 

Nevertheless, it is still possible to fabricate high quality micro-Fresnel lens in quartz by 

this technique and this DGTPM if a 2 M pyrene in THF solution as etchant is used and 

average laser fluence of 1.5 J/cm2 and 50 laser pulses were applied. The 3 D image of the 

Fresnel lens in quartz and the line scan are shown in Figure 4-17.  
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Fig. 4-17 3D image (A) and horizontal scan (B) of the quartz Fresnel micro-lens fabricated by 

LBWE and projection of DGTPM 

The diameter of the quartz Fresnel micro-lens is 450 µm. The line scan of a Fresnel micro-

lens (shown in Figure 4-17 B) presents the typical Fresnel lens features: i.e. parabolic 

depth profile in the center and triangular shapes on the lens sides. As already mentioned 

above, the combination of LIBWE and projection of a DGTPM allows us to fabricate 

complex structures not only in quartz, but also in other UV transparent materials. The 

profilometer scan of a Fresnel micro-lens fabricated in BaF2 and its line scan are shown in 

Figure 4-18. 

 

Fig. 4-18 3D image (A) and the line scan (B) of Fresnel micro-lens in BaF2. 

The BaF2 micro-lens (shown in Figure 4-18) is fabricated with an average XeCl excimer 

laser fluence of 1 J/cm2 and 100 laser pulses using a 0.4 M pyrene in acetone solution as an 

etching media. Although the etch roughness is higher compared to quartz, which suggests 
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that this micro-lens may not be suitable for the focusing of UV laser light. Nevertheless, 

this lens could be utilized as a diffractive optical component in the near Infrared 

wavelength range. This is a first demonstration, that the combination of LIBWE and 

projection of a DGTPM can be applied for the fabrication of complex three dimensional 

components in brittle materials such as BaF2, which is extremely difficult to achieve by 

other commercial techniques.  

The goal of this work was, as discussed above, to fabricate arrays of micro-lenses in quartz 

which can be utilized for UV laser beam shaping and homogenizing applications. For this 

reason arrays of micro-lenses in quartz are fabricated using the step and repeat technique. 

The fill factor (ratio between area filled with the micro-lenses to the area without) in 

micro-lens array must be as high as possible. One way to achieve this requirement is the 

utilization of a hexagonal packing of micro-lenses, as shown in Figure 4-19 B. 

 

 

Fig.4-19 Rectangular (A) and hexagonal (B) packing of Fresnel micro-lenses in array  

The fill factor in a orthogonal lens array (shown in Figure 4-19 A) is 75 %, while the 

hexagonal packing of the micro-lenses (shown in Figure 4-19 B) increases this factor up to    

91 %. A 100% fill factor of the hexagonally packed micro-lens arrays in photoresist was 

demonstrated by Lin et al [98]. In principle, this can be also achieved with the projection of 

DGTPM and LIBWE technique, but this task was out of the scope of this work. 

The hexagonal mask was cut from white paper and was placed in at a distance of 1 mm 

behind the DGTMP. This mask is aligned is such way, that the round shape of the DGTPM 

fits exactly in the hexagonal shape of this mask. The adjustment of both masks is achieved 
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with a mechanical micrometer x-y-z stage, by carefully inspecting the ablated images of 

the Fresnel micro-lens on polyimide which is placed instead of quartz in the process 

chamber.  

A fragment of 20x22 Fresnel lens array in quartz fabricated by LIBWE and projection of 

DGTPM is shown in Figure 4-20. 

 

Fig. 4-20 Optical image (A) and the line scan (B) of Fresnel micro-lens array in quartz 

Each Fresnel micro-lens in the array (shown in Figure 4-20) is fabricated using a 1M 

pyrene in THF solution. The average XeCl excimer laser fluence was 2.9 J/cm2, while the 

number of the laser pulses for each lens was 80. Although Fresnel micro-lens arrays 

fabricated in quartz (shown in Figure 4-20) are suitable for beam homogenizing of UV 

lasers, the line scan of the micro-lens has still underdeveloped areas at the lens pupil 

center. This plateau is due to the fact, that the DGTPM was not optimized for LIBWE.  

The etch rates, roughness of the etched features and number of the incubation pulses are 

very important for the fabrication of high quality micro-lenses. For this reason careful 

studies of the etching of quartz by LIBWE were performed (chapter 3). The results of these 

studies are included in the design of the DGTPM which encodes the lens shape considering 

all above mentioned factors. With these DGTPM a high quality micro-lenses in quartz can 

be fabricated.  

A new DGTPM was designed for the fabrication of high quality micro-lenses, which 

includes the etch threshold and etch rates in the design, of a plano convex lens shape. The 

diffraction efficiency of the mask was selected from 50 to 90 %, in order to fit the 

requirements for the etching threshold and the etch rate of quartz by LIBWE. The 
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reduction of the modulation depth is achieved by simple decrease the depth of the DGTPM 

structures. The depth of the DGTPM in this case is 175 nm for using 308 nm, instead of 

300 nm. This allows us to encode a fluence range from 1.2 to 1.8 J/cm2, were the lowest 

etch roughness and a linear etch rate behavior is obtained for 1.4 M pyrene in THF solution 

(see chapter 2). A 3 D image of the quartz plano convex micro-lens array is shown in 

Figure 4-21 A.  

 

Fig. 4-20 3D image (A) and the line scan (B) of plano convex micro-lens array in quartz. 

Each of the plano-convex micro-lenses is fabricated by using an average modulated XeCl 

excimer laser fluence of 1.8 J/cm2 and by applying 40 laser pulses at each position. The 

diameter of each micro-lens in the array is 560 µm. The line scan of the micro-lens (shown 

in Figure 4-21 B) represents a parabolic lens shape. The top of the micro-lenses are slightly 

rough. This can be due to the imperfection of the laser beam profile and contributions of 

the incubation effect. The etch roughness is relatively low ≤50 nm, except the roughness at 

the bottom of the structures, where sharp re-solidified quartz features are visible. This 

suggests, that the DGTPM can be further optimized in order to fit the etching requirements. 

4.6 Micro-lens test: measuring of the focal length 

The first test of the micro-lens arrays was the measurements of the focal length of the 

MLA's. The focal length is a very important parameter for the application of the MLA's as 

beam homogenizers. The focal length can be evaluated from the micro-lens depth profile 

(shown in Figure 4-20B for the Fresnel micro-lens array and Figure 4-21B for the plano 

convex micro-lens array) using following equation 38 [8]:  
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where h is the distance from the midpoint of an arc to the midpoint of its cord, also known 

as lens sagitta, D is the diameter of the micro-lens and n is the refractive index of quartz 

(n=1.458 @308 nm). 

 The lens sagitta and pupil diameter of the Fresnel micro-lenses are h=2.5 µm and D=180 

µm (shown in Figure 4-20). This corresponds to a focal length of each micro-lens in the 

Fresnel lens array of f=3.9 mm. The lens sagitta and diameter of the plano convex micro-

lenses (shown in Figure 4-21B) are h=1.5 µm and D=560 µm, respectively, which suggest, 

according to equation 38 a focal length of f=57 mm. Another approach is to measure the 

focal length experimentally, using a setup illustrated in Figure 4-22. 

 

 

 

Fig. 4-22 Experimental setup for measuring of the focal length of the micro-lens array 

The focal length of the micro-lens array is measured in two steps: firstly the images of the 

laser beam profile which passes through the MLA at different distances between the micro-

lens array and a CCD camera (shown in Figure 4-23) were obtained.  
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Fig. 4-23 CCD images of the XeCl excimer laser beam with quartz plano-convex micro-lens 

array at various distances D.  

The images which, shown in Figure 4-23, were analyzed by a home made PC program 

developed with IGOR. The line scan of the speckle is fitted by a Gaussian function. From 

this fit the width of each speckle is evaluated. The averaged width of the speckles (shown 

in Figure 4-24) at each distance D is obtained by averaging the width of 5 randomly chosen 

speckles.  

 

Fig. 4-24 The width of the features of the focused laser beam with a plano-convex micro-lens 

array at various distances D. 

The behavior of the width of the speckles at various distances D can be fitted by the 

parabolic function: 
2

00 )( xxayy −⋅+=  (39), 
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where y represents the width of the features obtained at the distance D, y0 is equal to the 

minimum width obtained at the focal plane (y0=35 µm), a is fitting constant and x0 is the 

focal length of the micro-lens array. 

The value of the measured focal length for the quartz plano convex micro-lens array is         

60 mm, which agrees quite well with the result obtained from the its line scan (shown in 

Figure 4-21 B). The experimentally measured focal length of the Fresnel micro-lens array 

is 5 mm, which corresponds also well with the values observed from its line scan (shown 

in Figure 4-20 B). The combination of LIBWE and projection of a DGTPM allows us to 

fabricate micro-lenses with a diameters ranging from 250 micrometer up to a few 

millimeters by simple adjusting the distances between the DGTPM and the imaging lens 

and between the imaging lens and the sample. The focal lengths of the micro-lenses 

fabricated in quartz can be varied from 5 mm (Fresnel lens) to 150 mm (plano convex 

lens) and depend on the number of applied laser pulses [42, 99, 100].  

4.7 Laser beam shaping with Random Phase Plate: results 

The Random Phase Plates and arrays of micro-lenses are tested as beam homogenizers for 

high power Nd:YAG and excimer laser beams. The RPP introduce, as discussed above, 

randomness in the phase of the incoming beam. This creates an effectively smoother 

intensity distribution by overlapping many 0 or π phase shifted beamlets at the focal plane 

of the collecting lens, as shown in Figure 4-3. The intensity loss with a RPP is typical in 

the range of 15% and is due to the diffraction effects of the RPP and reflections from the 

quartz plate. An intensity profile of a Raman shifted Nd:YAG laser (1900 nm, 5 ns) 

without RPP and at different distances (D) behind the RPP is shown in Figure 4-25. The 

focal length of the collecting lens was 230 mm. 
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Fig. 4-25 Raman shifted Nd:YAG intensity profile without and with RPP at different 

distances behind the collecting lens of focal length of 23 cm. 

The distance behind the collecting lens is marked as D, and the diameter of the focused 

laser beam is lettered as d. The RPP was set in front of the collecting lens with a distance 

of 5 cm. The beam is splited into many beamlets at a distance of 8 cm behind the collecting 

lens, as shown in Figure 4-25. These beamlets are superimposed behind the collecting lens. 

A homogeneous laser beam profile is obtained at the distance of 18 cm behind the 

collecting lens. The homogeneous beam is detectable at the focal plane of the collecting 

lens (D=23 cm). The weak diffraction patterns are also visible at the focal plane of the 

collecting lens. Nevertheless, the beam profile is much more homogeneous with the RPP 

compared to that obtained without RPP. A new RPP for a quadrupled Nd:YAG laser (266 

nm) is fabricated. This laser is very important for the structuring of UV transparent 

materials and photopolymers. The depth of the structures in this RPP is 250 nm, which 

corresponds to the π phase shift for 266 nm as irradiation wavelength. The beam profile of 

a quadrupled Nd:YAG without and with the RPP is shown in Figure 4-26 for an ablation 

pattern in polyimide.  
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Fig. 4-26 Beam profile of 4 th harmonic Nd:YAG laser without (A) and with (B) RPP.  

The beam profile shown in Figure 4-26 is the transfer of the beam intensity profile to the 

polymer through laser ablation. The beam profile close to the focal plane of the collecting 

lens (shown in Figure 4-26 as B) is more homogeneous compared to the beam without 

RPP. The RPP, however, introduces small periodical features, which are most probably 

due to interference effects, which will be explained in details later.  

The Random Phase Plate is, as discussed above, a binary plate which produces either 0 or π 

phase jumps and depends, therefore, on the applied laser wavelength. For instants, a RPP 

fabricated for 1064 nm laser wavelength does not work with the doubled Nd:YAG laser 

which emits in the visible region (532 nm). The dependence of the RPP on the irradiation 

wavelength and pulse length, was tested with a femtosecond Ti:Sapphire laser, which emits 

over a broad spectral range. The craters of the ablated silica without and with RPP are 

shown in Figure 4-27.  
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Fig. 4-27 SEM images of ablated craters in silica by femtosecond Ti:Sapphire laser without 

and with RPP 

The beam profile of the Ti:Sapphire laser with a RPP at the focal plane of the collecting 

lens is reshaped non-homogeneously (shown in Figure 4-27): a sharp peak is visible in the 

center surrounded by small satellite features around the crater. The area of silica structured 

without RPP shows nicely ablated crater. The bad beam profile of the femtosecond laser 

with the RPP may be due to the very broad wavelength range (∆λ≥200 nm) of the laser, for 

which the RPP is not working properly. The values of the phase shift produced by the RPP 

are altering continuously between 0 and 1.5 π for femtosecond lasers. For this reason it can 

be concluded, that a RPP is a bad alternative for homogenizing of Ti:Sapphire fs lasers, but 

they can be used for homogenizing other lasers such as Nd:YAG or excimers, which emit a 

single wavelength. 

4.8 Laser beam shaping with micro-lens arrays: results 

Quartz micro-lens arrays can be utilized independently on the applied wavelength and over 

broad wavelength range from UV to the near IR (250-1100 nm), where quartz is 

transparent. They are effectively working with quadrupled Nd:YAG laser, which emit at 

266 nm, as well as with the fundamental of a Nd:YAG laser at 1064 nm. The transmission 

of a single quartz micro-lens array is in the range of 80 % and does almost not depend on 

the laser wavelength, for which it used. The losses of 20% are due to the roughness of the 

fabricated micro-lenses and the reflection of the quartz plate. These MLA's can be used, as 

discussed above for homogenizing Nd:YAG and excimer lasers, which are applied in our 
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laboratory. An experimental setup for a homogenizing a quadrupled Nd:YAG laser, is 

shown in Figure 4-1.  

This technique requires a quartz micro-lens array and a collecting lens. For the first tests a 

micro-lens array which consists of 22x22 micro-lenses with a diameter of 500 µm and 

focal length of 60 mm was used. The collecting lens with a diameter of 50 mm and focal 

length of 150 mm was applied. The beam diameter at the homogenizing plane must be 

equal to 2 mm, according to equation 26, when the beam diameter of the laser is 7 mm. 

The beam profile at the focal plane of the collecting lens and before the micro-lens array 

(shown in Figure 4-28) is measured with a CCD camera which consists of a special 

fluorescence screen placed in front of the camera. This fluorescence screen coverts the 

incoming UV laser light into visible radiation.  

 

Fig 4-28 CCD images of quadrupled Nd:YAG beam profile without (A) and with (B) quartz 

micro-lens beam homogenizer and its line scans.  

A clear improvement of the Nd:YAG laser beam profile is obtained with the quartz micro-

lenses (as shown in Figure 4-28). However, the line scan profile suggest the existence of 

the energy fluctuations in the intensity profile of the homogenized beam (shown in Figure 

4-28 B), which are in the range of 10% (RMS). These energy fluctuations are most 

probably due to interference, which results from the division of the laser beam into a 

number of beamlets. The fluorescence screen which is used in our experiments limits the 

resolution of the image and therefore the interference patterns can not be clearly detected. 

Therefore a polyimide sample was used, which is placed in the focal plane of the collecting 
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lens, where a homogeneous beam profile is expected. An image of the ablated crater in 

polyimide using the plano convex micro-lens arrays with a diameter of each lens of 500 

µm is shown in Figure 4-29. 

 

Fig. 4-29 Picture of ablated area in polyimide without (A) and with (B) beam homogenizer 

The ablated area in polyimide clearly reveals periodically spaced patterns in the 

homogenized laser beam profile. Similar interference effects with MLA are also obtained 

with excimer lasers [89]. This effect is described in detail in the book of F. Dickey and S. 

Holswade [88]. The interference in the homogenized plane is, according to the authors, the 

result of the splitting of an incoming beam intensity into many beamlets. This effect 

depends on the spatial coherence of the laser: a spatially incoherent laser will not produce 

interference patterns, and the laser with high spatial coherent will produce strong 

interference effect. The beamlets which are slightly different in phase due to imperfection 

of the micro-optics and diffraction through the micro-lens pupil will interfere with each 

other at their superposition plane, which is the focal plane of the collecting lens (and also 

coincidences with the homogenizing plane). Thus, an interference effect in the case of 

homogenizing strongly coherent lasers such as Nd:YAG lasers can not be avoided, but it 

can be minimized. The period of the interference patterns (P) depends on the applied laser 

wavelength (λ), the focal length of the collecting length (F) and is directly proportional to 

the diameter of the micro-lenses (d) which is described by equation 40 [88]: 

d
FP ⋅

=
λ  (40). 
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The expected period between the interference patterns for the previously described beam 

homogenizer and for a laser wavelength of 266 nm is 79 µm. The measured pattern period 

is P=78 µm which is obtained from the analysis of the depth profile of the etched features 

in polyimide. This agrees very well with the values utilized from equation 40. The period 

of the interference patterns can be reduced with an increase of the micro-lenses diameter or 

with a decrease of the focal length of the collecting lens. However, the short focal length 

lens has some drawbacks: firstly the area of the homogenized beam will decrease with 

decreasing focal length of the collecting lens (as it is suggested by equation 29). Secondly, 

the homogenized beam will have a large divergence behind the homogenizing plane which 

will cause a serious problem in case of imaging objects placed at the homogenizing plane. 

Better results will therefore be obtained by an increase of the micro-lens diameter with the 

same focal length of the collecting lens. An increase of the diameter of the micro-lens will 

result in a decrease of the period of the interference patterns and an enhancement of the 

diameter of the beam at homogenizing plane. The largest diameter of the micro-lenses 

which can be currently fabricated by LIBWE and projection of DGTPM is 1 mm for an 

experimental set up, which is shown in Figure 4-11. An array of 10x10 plano convex 

micro-lenses fabricated in quartz with a 1.4 M pyrene in THF solution as etchant and with 

a XeCl excimer laser fluences of           1.3 J/cm2 is shown in Figure 4-30.  

 

Fig. 4-30 Optical image of fragment of 10x10 quartz micro-lens array with a diameter of 1 

mm. 
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The diameter of each micro-lens is 1 mm, while the focal length of the micro-lenses is          

70 mm. A beam profile of a quadrupled Nd:YAG laser with this micro-lens array and a 

collecting lens of 150 mm focal length is shown in Figure 4-31. 

 

Fig. 4-31 Quadrupled Nd:YAG beam profile at homogenized plane using 10x10 micro-lens 

array with a diameter of 1 mm 

The beam profile of the quadrupled Nd:YAG laser is clearly better when the MLA with the 

large diameter of the micro-lenses as beam homogenizer is applied. The period of the 

interference patterns in the case of large diameter micro-lenses decreases to 25 µm. 

However, the expected effect of an increase of the spot size with an increase of the 

diameter of micro-lenses was not obtained. The reasons for this observation are not clear at 

the moment.  

The beam homogenizer, which consists of a single micro-lens array and a collecting lens 

can be used not only for homogenizing of Nd:YAG lasers, but also for improving the 

quality of excimer lasers beams. The beam profile of a XeCl excimer laser with and 

without homogenizer is transferred into polyimide. The homogenizer consists of a 10x10 

micro-lens array with the diameter of each micro-lens of 1 mm, focal length of 70 mm and 

a collecting lens with a focal length of 150 mm. The results are shown in Figure 4-32.  
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Fig. 4-32 Beam profile of the XeCl excimer laser without (A) and with (B) beam homogenizer 

The XeCl excimer laser beam profile at the homogenizing plane reveals a more 

homogenous intensity distribution and has a round shape (shown in Figure 4-31) compared 

to that obtained without homogenizer.  

A better improvement of Nd:YAG and excimer laser beam profiles can be expected with 

the setup described in Figure 4-2. Here, a second micro-lens array is placed in the focal 

plane of the first micro-lens array and the collecting lens is placed on the focal plane of the 

second micro-lens array. An image of the beam profile on polyimide at the homogenized 

plane of 150 mm collecting lens obtained by using this approach is shown in Figure 4-33.  
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Fig. 4-33 Quadrupled Nd:YAG beam profile at a homogenized plane using two 10x10 micro-

lens array with a diameter of 1 mm and a focal length of 50 mm and f=150 mm 

collecting lens 

This approach results in the best results for homogenizing the laser beam profile of all 

tested homogenizing approaches. However, the loss in the laser intensity using this 

approach is 40%. This is mainly due to the reflection of the micro-lens arrays and 

imperfection from the fabrication. These losses can be reduced by adding antireflective 

coating on the MLA's and by improving the DGTPM and LIBWE fabrication process.  

All three beam shaping and homogenizing approaches reveals clear improvement of the 

laser beam profile. The improvement of the beam shapers and homogenizers is an ongoing 

project. 
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Outlook 

The combination of LIBWE and projection of a DGTPM open a new way for the 

fabrication of the complex structures in quartz and other UV transparent materials.  

One of the newest ongoing project is the fabrication an array of the micro-pyramid (micro-

prisms) structures in quartz as is shown in Figure 5-1.  

 

Fig. 5-1 The design of the pyramid array. 

Such structures are very difficult to fabricate by other techniques. The micro-pyramid array 

in quartz can be used as a master for the fabrication of the pyramid structures in plastics by 

replication techniques. Such pyramid shaped micro-structures are very interesting for the 

car lighting industry. But for these structures a new DGTPM masks must be fabricated. 

This is also an ongoing project.  

The second very interesting application of the LIBWE process is the fabrication of 

diffractive optical elements (DOE) in quartz. The DOE's are binary complex structures 

which are very attractive in the modulation of the incoming laser beam in three spatial 

dimensions. The DOE's can be applied as beam shapers or beam homogenizers. They can 

also encode complex structures, which can only be visible in the far field when the light 

passes through the DOE structures. The idea of the light modulation by a DOE is 

illustrated in Figure 5-2. 
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Fig. 5-2 An example of the image encoded in the DOE. 

The fabrication of a DOE which encodes the images is rather complex process. The gray 

scale level of each image pixel is encoded by the phase shift of the light which passes 

through the DOE. This is achieved by encoding the depth of the features which are etched 

in quartz. The DOE's consists of many features with a typical size of 7 µm, which depths 

vary continuously between 0 and 600 nm in order to produce a phase shift between 0 and π 

for a 632 nm irradiation wavelength. The depth of the etched features must be precisely 

fabricated and the etch roughness must be as low as possible. For example the roughness of 

the etched features for a DOE's which encodes an image with 16 colors must be better than 

30 nm!  

The first quartz DOE was fabricated by F2 excimer laser ablation [101]. However, this 

technique requires an additional cleaning process. An alternative method for the fabrication 

of the DOE's can be the combination of LIBWE and projection of a square mask. But for 

the fabrication of the DOE's is it necessary to design a new program which controls the 

movement of the high precision xyz stage and the number of the laser pulses. This is a very 

interesting project which allows also us to design and fabricate a DOE in quartz which can 

be used as a novel beam homogenizer.  
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Summary 

Laser Induced Backside Wet Etching is a promising one step micromachining process, 

which allows us to create simple and complex structures in quartz, CaF2, BaF2 and 

sapphire.  

The etch rates of UV transparent materials varies from 5 nm to 1 µm for quartz, and from    

400 nm to 3µm for BaF2, CaF2 and sapphire. The lowest roughness of the etched features in 

quartz is ≤ 20 nm, while in the case of CaF2, BaF2 and sapphire the etch roughness is the 

range of 400 nm.  

The lowest energy density for which etching can be detected using a 1.4 M pyrene in THF 

solution as an "etchant" is: 0.5 J/cm2 for quartz, 0.6 J/cm2 for BaF2, 1 J/cm2 for CaF2 and       

1.6 J/cm2 for sapphire.  

The mechanism of LIBWE is very complex and consists of several steps:  

a) Strong absorption of the laser light. 

The incoming laser light is absorbed by the solution, which is in contact with the 

transparent material. The intensity of the laser light is absorbed with a ≤ 1µm layer of 

the liquid. 

b) Conversion of the light to temperature. 

The excited molecules in the solution create a high temperature jump at the material-

liquid interface due to the fast non-radiative vibrational-rotational relaxation processes. 

The temperature rise at the material-liquid interface results in a number of effects: 

1) Heating/melting/boiling of the UV transparent material surface. 

2)  Rapid explosive evaporation of the solution, which results in the formation of 

high pressure shock waves and laser induced bubbles. 

3) Thermal decomposition of the solution and formation of a carbon film on the 

surface of the hot material. 

4) Plasma formation in solution. 

All these effects play a very important role in the LIBWE process.  

The value of the temperature rise at the material-liquid interface strongly depends on the 

applied laser fluence. The T-jump increases linearly with the laser fluence, according to a 

theoretical model developed in this work.  
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Three different fluence ranges can be determined, while structuring of the UV transparent 

materials by LIBWE with a XeCl excimer laser (308 nm). 

 

Low Fluence Range 

1. The temperatures, generated at the material-liquid interface are below the melting 

point of the material. 

2. The etching starts after a certain amount of the repetitive laser pulses, typically 

>100 (incubation effect).  

3. The etching of quartz is strongly influenced by the creation of carbon deposits 

which strongly adhere to the surface of the hot material. 

4. Low etch rates and a high etch roughness are obtained. 

5. Chemical modification of the etched surface (carbonization) without modification 

in the bulk material is obtained in this fluence range. 

Intermediate Fluence Range 

1. Laser Induced temperatures reach the melting point of the material. 

2. Etching starts after ≤5 repetitive laser pulses. 

3. The removal of the molten material is associated with a pressure jump generated 

from the rapid expansion of the shock wave which removes the molten material 

mechanically. 

4. Higher etch rates compared to the low laser fluences are detected.  

5. The lowest etch roughness of ≤20 nm for quartz is obtained.  

6. Less carbonization of the etched surface is detected, but a chemical modification of 

a thicker layer of material (changes from the α-quartz to the tridymite phase of 

quartz) is obtained. 

High Fluence Range 

1. The temperature at the material-liquid interface is very high. 

2. The material may evaporate directly. 

3. Generation of plasma in solution. 

4. The etching is associated with high pressure jumps generated by the shock waves 

and the plasma process. 
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5. The etch rates are much higher but also higher etch roughness are detected as 

compared to the intermediate fluences. 

6. Less carbonization of the etched surface, but chemical modification of the material 

(changes from the α-quartz to the tridymite phase of quartz) is obtained. 

The range of fluences where the lowest etch roughness are obtained decrease with a 

decrease of the etching area. However, no effects on the etch rate and number of 

incubation pulses with an increase of the etching areas are visible. 

Longer XeCl excimer laser pulses >30 ns produce a smaller temperature jump which may 

not be sufficient to melt the material even in the intermediate laser fluence range. This 

results in an increase of the threshold fluence and a strong carbon layer formation which 

influences the etching process.  

Only two etch rate slopes are obtained for the KrF (248 nm, 20 ns) excimer laser as 

irradiation source. The etch rates obtained with this laser are much higher, but the 

roughness at the intermediate fluence range is higher too. The XeCl excimer laser was 

therefore selected for the fabrication of micro-optical components.  

Two types of laser beam homogenizing methods have been evaluated. The first approach is 

based on applying a simple binary diffractive optical element, i.e. a Random Phase Plate in 

combination with a plano convex lens. The second technique requires one or two micro-

lens arrays and a plano convex lens. The RPP is easy to fabricate by LIBWE, since this is a 

binary structures, while the fabrication of micro-lenses requires an additional expensive 

optical element, i.e. a Diffractive Gray Tone Phase Mask. The necessary time for the 

fabrication of a RPP and a micro-lens array is approximately the same, if the time for the 

fabrication of DGTPM is not taken into account. The fabrication time depends mainly on 

the number of elements, their sizes and laser repetition rate. For example, structuring of an 

RPP for 266 nm which consists of 32x32 patterns with a size of 250 µm takes 

approximately 3 hours working with a of laser repetition rate of 8 Hz, which is similar to 

the fabrication time of 22x22 micro-lens arrays with a diameter of each lens of 500 µm and 

a focal length of 60 mm. High repetition lasers have been applied for LIBWE and it 

appears that the maximum possible repetition rate is in the range of 10 kHz, which would 

allow a very fast fabrication of these elements [102]. The RPP compared to the MLA has 

one major disadvantage: the RPP works only for a single or very narrow wavelength range, 
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while micro-lenses can be applied for a different laser wavelengths ranging from 250 nm to 

1100 nm. As beam homogenizers both elements show a clear improvement of the beam 

profile at the homogenizing plane. However, the homogenized beam diameter with the 

RPP strongly depends on the focal length of the collecting lens and is typically below 1 

mm. The diameter of the beam at homogenizing plane obtained by applying the micro-lens 

arrays depends on the focal length of the collecting lens, the focal length and diameter of 

the micro-lenses, which can be varied from 0.25 mm up to 1 mm (in our case). The beam 

profile of the Nd:YAG lasers at homogeneous plane with a MLA consists of the 

interference patterns with periods depending on the parameters of the micro-lenses. This 

effect can be strongly reduced with an increase of the diameter of micro-lenses (several 

mm or bigger). This approach, however, could not be applied for the RPP, where also 

some interference features in the homogenized plane are visible.  

In summary, LIBWE is a very complex process with the aspects which are not completely 

understood. Nevertheless, it allows the fabrication of three dimensional structures such as 

micro-optical elements which work as beam homogenizer. 
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