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KURZFASSUNG 

Der steigende Bedarf an hochpräzisen optischen Elementen, die komplexe Oberflächendesigns 

aufweisen, wie z. B. Freiformlinsen, erfordert eine stetige Verbesserung der optischen 

Fertigungstechnologien. Aufgrund der variierenden lokalen Steigungen werden bei deterministischen 

Oberflächenbearbeitungsprozessen in der Regel lokal wirkende, sogenannte Subapertur-Werkzeuge 

eingesetzt, die darauf abzielen, den Restfehler in Bezug auf die vorgegebene Oberflächenform zu 

minimieren. Ein gemeinsames Merkmal deterministischer Bearbeitungstechnologien ist die Tatsache, 

dass die Werkzeugfunktion eine charakteristische lokale Verteilung des Materialabtrags aufweist. 

Abhängig von der jeweiligen Bearbeitungstechnologie kann die Werkzeugfunktion ein nichtlineares 

komplexes Verhalten aufweisen, das in den Algorithmen zur Verweilzeitberechnung entsprechend 

berücksichtigt werden muss. Die reaktive Plasmastrahl-Bearbeitung (PJM) ist ein Werkzeug zum Ätzen 

von Subaperturen, das zunehmend bei der Herstellung von optischen Freiform-Elementen aus Silizium, 

Quarzglas oder Siliziumkarbid sowie bei einigen anderen Arten von optischen Gläsern eingesetzt wird. 

Beim lokalisierten chemischen Trockenätzen hängt die Abtragsrate zum einen von der 

Konzentrationsverteilung der reaktiven Spezies und zum anderen von der Temperaturverteilung der 

Oberfläche ab.  

Die vorliegende Dissertation zielt darauf ab, fortschrittliche Strategien zu entwickeln, um die 

Anwendung von PJM auf optische Gläser über das reine optische Glas auf Quarzbasis hinaus zu 

erweitern. Borosilikat-Kronglas (bekannt z.B. als N-BK7®) wird aufgrund seiner komplexen 

chemischen Zusammensetzung und seiner breiten Anwendung in verschiedenen optischen Systemen 

als das zu untersuchende Material gewählt. In diesem Fall sind die 

Plasmaoberflächenwechselwirkungen wesentlich komplexer und beeinflussen die raum-zeitliche 

Entwicklung der Werkzeugfunktion erheblich, die in einigen Fällen stark von einer gaußnahen Funktion 

abweicht. Solche Werkzeugfunktionsformen werden durch inhomogene Anlagerung der 

nichtflüchtigen Ätznebenprodukte verursacht. Es wird ein semiempirisches quantitatives Modell 

entwickelt, um die nichtlinearen Eigenschaften der Werkzeugfunktion zu beschreiben. Das entwickelte 

Vorhersagemodell zeigt, dass solche Werkzeugfunktionen aufgrund der Welligkeitsbildung und der 

hohen Oberflächenrauhigkeit nicht für stabile Bearbeitungsprozesse geeignet sind. Die Untersuchungen 

in dieser Arbeit zeigen jedoch auch, dass das Ätzen bei erhöhten Substratoberflächentemperaturen die 

Bildung einer gleichmäßiger strukturierten Restschicht fördert, was zu einer Werkzeugfunktion führt, 

die eine nahezu Gaußsche Funktionsform aufweist. Allerdings hängt auch dann die lokale Ätzrate von 

dem lokalen Dicken der gebildeten Restschicht während eines dynamischen Bearbeitungsprozesses ab, 

und somit weicht die resultierende Werkzeugfunktion von der stabilen Rotationsform ab. Folglich 

können Standardmethoden zur Verweilzeitberechnung, die auf Werkzeugfunktionen mit konstanter 

Funktionsform beruhen, hier nicht angewendet werden. Daher wird das Verhalten der 
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Abtragsratenfunktion in Abhängigkeit von der Restschichtdicke untersucht. Mit diesen Informationen 

wird ein numerisches Modell zur Berechnung des Materialabtrags entwickelt, das die raum-zeitliche 

Variation der Ätzrate berücksichtigt. Basierend auf diesem Modell wird ein rekursiver Algorithmus zur 

Bestimmung der lokalen Verweilzeiten eingeführt, um eine vordefinierte Entfernungs-Tiefenkarte zu 

erhalten. 

Darüber hinaus wird unter Verwendung des Deal-Grove-Konzepts ein umfassendes 

chemisch/physikalisches Modell entwickelt, um den Einfluss der Restschicht und der 

Oberflächentemperatur auf die Entwicklung der N-BK7-Ätztiefe über die Plasmaverweilzeit 

vorherzusagen. Das vorgeschlagene Modell kann den plasmabasierten deterministischen 

Freiformflächenbearbeitungsprozess von optischen Gläsern potenziell verbessern. 

Schließlich wird als alternative Lösung ein Verfahren bestehend aus PJM und laserunterstützter (LE) 

Reinigung für die Bearbeitung von N-BK7 bei Raumtemperatur ohne Vorwärmung der Oberfläche 

vorgeschlagen. Insbesondere ein hybrides Plasma-Laser-Verfahren erscheint aufgrund der geringen 

Rauheit, der konstanten Ätzrate und der Möglichkeiten zur zusätzlichen Gestaltung der 

Werkzeugfunktion vielversprechend für den Einsatz in der Ultrapräzisionsbearbeitung und 

strukturierung von optischem Glas.  
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ABSTRACT 

The increasing demand for high-precision optical elements that exhibit complex surface designs such 

as freeform lenses call for steady improvements of optical manufacturing technologies. Because of the 

varying local slopes, locally acting so called sub-aperture tools are usually used in deterministic surface 

machining processes aiming at minimizing residual error with regard to the specified surface shape. A 

common feature of deterministic processing technologies is the fact that the tool function exhibits a 

characteristic local distribution of material removal. Depending on the respective machining 

technology, the tool function can exhibit a nonlinear complex behavior that must be considered 

appropriately in the dwell time calculation algorithms. Reactive plasma jet machining (PJM) is an 

etching sub-aperture tool increasingly applied in the production of freeform optical elements made of 

silicon, fused silica, or silicon carbide, as well as to some other types of optical glasses. Caused by 

localized chemical dry etching process, the removal rate depends on the one hand on the concentration 

distribution of reactive species and on the other hand on the surface temperature distribution.  

The present dissertation aims to develop advanced strategies for extending the application of PJM to 

optical glasses beyond the pure silica-based optical glass. Borosilicate crown glass (known e.g. as N-

BK7®) is chosen as the material under investigation due to its complex chemical composition and its 

wide application in various optical systems. In this case, the plasma-surface interactions are much more 

complex and affect the spatiotemporal development of the tool function significantly, which in some 

cases differs strongly from a near-Gaussian function. Such tool function shapes are caused by 

inhomogeneous build-up of the nonvolatile etching byproducts. A semi-empirical quantitative model is 

developed to describe the non-linear characteristics of the tool function. The developed prediction 

model reveals that such tool functions are not suitable for stable machining processes due to the 

formation of waviness and high level of surface roughness. However, investigations in thesis also 

demonstrate that etching at increased substrate surface temperatures promotes the formation of a more 

uniformly structured residual layer leading to a footprint tool function exhibiting a near-Gaussian 

functional form. However, even then the local etching rate depends on the local thickness of the formed 

residual layer during a dynamic machining process, and hence the resulting tool function deviates from 

the stable rotationally form. Consequently, standard methods used for dwell time calculation, that are 

based on tool functions exhibiting a constant functional form, cannot be applied here. Therefore, the 

removal rate function behavior is investigated depending on residual layer thickness. With this 

information, a numerical model for the calculation of material removal is developed that takes the 

spatiotemporal variation of the etching rate into account. Based on this model, a recursive algorithm is 

introduced for the determination of local dwell times achieving a predefined removal depth map.  

Moreover, by inspiring the Deal-Grove concept, a comprehensive chemical/physical model is 

developed to predict the effect of the residual layer and surface temperature on the evolution of N-BK7 
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etch depth over plasma dwell time. The proposed model can potentially improve plasma-based 

deterministic freeform surface machining process of optical glasses. 

Finally, as an alternative solution, a procedure consisting of PJM and laser enhanced (LE) cleaning is 

proposed for the machining of N-BK7 at room temperature without preheating the surface. Especially, 

a hybrid plasma-laser technique seems promising for the application in ultra-high precision machining 

and structuring of optical glass due to the low roughness, constant etching rate, and the possibilities for 

additional shaping of the tool function.  
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1 Introduction  

1.1 Motivation  

Advanced optical systems have substantial impact on everyday life by finding a variety of applications 

in (E)UV lithography, laser beam shaping, free-electron laser (FEL), illumination system, imaging 

system (i.e., mobile camera), space telescope and so on. Such optical systems rely on high-precision 

and ultra-precision optical elements with complex surface designs including aspherical and freeform 

lenses for fabrication of which steady improvements of leading-edge optical manufacturing 

technologies are demanded.   

A lot of effort has been spent recently for the development of novel optical manufacturing technologies 

that are as accurate, robust, and affordable as conventional ones for spherical shapes. However, there is 

still a large room for improvement as for instance fabricating freeform lenses with high surface quality 

is much more costly than the corresponding spherical ones. Because of the lacking rotational symmetry 

and varying local slopes, intrinsic difficulties exist for production of asymmetrical optical elements. 

Significant improvement is achieved by introducing different types of locally acting, so-called sub-

aperture tools employed in deterministic surface machining processes for highly efficient and affordable 

surface figuring and local figure correction of optical elements. Amongst them, plasma jet machining 

(PJM) technique has been recently successfully applied in the production of freeform optical elements 

made of silicon, fused silica, or silicon carbide, as well as to some other types of optical glasses. Here, 

the underlying principle of material removal is a localized chemical dry etching process performed by 

a fluorine-containing jet-like plasma discharge that interacts with the substrate material whereby the 

material is converted to gaseous state. The chemical mechanism of material removal is, however, 

limiting the applicability of PJM, since only materials that can be fully converted to volatile products 

are easily accessible to plasma jet-based processing. On the other hand, application-specific optical 

glass properties are achieved by utilizing complex material compositions including silica as the main 

constituent as well as different admixtures like e.g. metal oxides. Plasma jet machining of such materials 

in deterministic processing scheme has shown to be problematic since a non-volatile surface layer may 

form during etching depending on the respective glass composition, which affects the local etching rate, 

and thus the plasma tool function (i.e., the characteristic lateral material removal rate function). 

Consequently, such behavior leads to a complex time-dependent etching process. Since deterministic 

surface machining processes depend on a well-describable etch rate distribution that is sufficiently 

stable in time, precise surface machining of optical glasses is currently not possible without deeper 

knowledge of the mechanisms at work and their model description. 
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To extend the applicability of PJM to optical glasses beyond the pure silica-based materials, borosilicate 

crown glass (known e.g., as N-BK7® made by Schott) is chosen as the material under investigation due 

to its complex chemical composition and its wide application in various optical systems.  

The main objectives of this work are  

(i) to understand the general principles of plasma jet surface interactions that lead to a modified 

surface with respect to layer formation and material removal, 

(ii) to identify processing conditions that are potentially suitable for application in a 

deterministic processing scheme, 

(iii)  to develop simulation approaches that account for the spatiotemporal variations in the 

removal function, 

(iv) to show the applicability of such approaches in a deterministic process to produce a 

freeform surface of a desired prescribed shape. 

Based on these research objectives, this dissertation is organized into sections that describe the novel 

workflow for manufacturing freeform surfaces out of N-BK7 using fluorine-based PJM.   

 

1.2 Thesis outline  

This thesis is organized into seven core chapters, each of those directing specific inquiries and issues. 

The key contents of each chapter are presented as follow. 

Chapter 2 is the introductory chapter for the concepts which are used in the thesis. It starts with the 

history of optical manufacturing. Then, the necessary theoretical background of optics is explained by 

studying the propagation of an optical wavefront through a single lens. The upper limit for the 

performance of optical elements is discussed. Moreover, a classification of optical elements based on 

their main functionalities and form complexities is presented. The general specifications of optics are 

defined according to DIN ISO 10110. Finally, several application-cases using freeform and aspherical 

elements are provided. 

In Chapter 3, an overview on a variety of processing technologies available in manufacturing of 

precision optical elements is provided. The major differences between these manufacturing 

technologies, and their dependence on materials, the production volume and the required tolerance 

values are outlined. Moreover, the mechanism, limitations, advantages, and the highest achievable 

accuracy of each manufacturing technique are pointed out.  

Chapter 4 presents the experimental part of the investigation. The used setups including plasma jet 

facility and laser workstation are described in detail.  Moreover, the choice of the materials used for 
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experiments is introduced, and the measurement techniques adopted for analyzing the results are 

explained.  

Chapter 5 provides the comprehensive results and discussion carried out in this thesis. The first four 

sections describe optimization and applicability of PJM for deterministic surface processing of optics 

particularly regarding to challenges in freeform figuring of N-BK7. The experimental results are 

analyzed and modeled by simulation algorithms. Based on these findings, the development of a semi-

empirical quantitative model is described to explain the non-linear characteristics of the tool function 

on N-BK7. Afterwards, effectiveness of temperature treatment on surface machining is investigated, 

and simulation approaches are introduced based on the obtained results for deterministic freeform 

surface machining. Furthermore, in this chapter, the Deal-Grove (DG) concept is inspired to derive a 

physical /chemical model that includes all aspects in the complexity of interactions at the N-BK7–

plasma interface on an atomic level. Finally, the sequentially combined laser-enhanced plasma jet 

machining (LE-PJM) is introduced as an alternative solution for application of ultra-high precision 

machining of N-BK7. 

Chapter 6 provides conclusions and summary for the approaches presented in this thesis and review 

the accomplishments of the investigation. At the end, in Chapter 7, the prospect of future development 

and potential challenges are discussed.  
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2 General Concepts 

2.1 History of optical manufacturing 

The history of optical manufacturing goes back to around 3000 B.C. when the art of glass melting was 

developed in Egypt and Mesopotamia1. Nevertheless, the deliberate use of glass for optical applications 

came much later. Optics commenced with the development of lenses made from polished crystal, often 

quartz, dated from as early as 2000 B.C.2. These practical advances were kept on by the evolution of 

theories of light and vision as well as the development of geometrical optics3. The invention of 

spectacles in the 13th century from the hemispherical plano-convex lenses was an important step in the 

development of all subsequent optical instruments, such as telescopes and microscopes4. Optical theory 

proceeded in the mid-17th century, and a variety of optical phenomena including diffraction, reflection 

and refraction were described5-7. In the 18th century, soda glass was produced for the first time. The 

resulting soda glass could significantly expand the possibilities of optical glass production leading to 

invention of novel optical devices. Prominent milestones in the development of optical devices were 

the inventions of the microscope and telescope. Relying on those achievements, in the 19th century, an 

efficient lens telescope was designed and developed by Fraunhofer8. Meanwhile, the optical glass 

quality was enhanced with regard to streaks and bubbles, the manufacturing process of optics became 

industrialized by developing machines for processing larger-diameter glasses, and measurement 

procedures were developed for testing the surface quality9-11. 

A further milestone in the development of the optical industry was reached at the end of the 19th 

century. At that time, the collaboration between Zeiss, Abbe and Schott became the basis of the optical 

industry and the further development of optical devices in precision optical engineering12. In addition 

to a large number of newly developed optical glasses, the invention of the heat-resistant borosilicate 

glass in 1887 by the Jena glass chemist was one of the noticeable achievements4. 

Modern optics, that became popular in the 20th century, associate mainly with the electromagnetic or 

quantum properties of light but do encompass optical engineering13-15. The major subfield of modern 

optics, optical engineering, specifically deals with illumination engineering, photonics, and 

optoelectronics with practical applications like lens design, fabrication and testing of optical 

components, and image processing16. To date, special areas of optical research focus on the simulation, 

construction, material selection, coatings, assembly, measurement technology, and prototype 

development of advanced optical technologies17. The (E)UV lithography, laser beam shaping, free-

electron laser (FEL), illumination system, imaging system (i.e., mobile camera) and space telescope are 

some examples of advanced optical technologies eventuated from modern optics18-21. Such technologies 

require optical elements with freeform shape and ultra-precision surface quality to achieve further 

optimization of beam paths, improvement of imaging performance and miniaturization of systems22. 

Over the last ten years, leading-edge optical manufacturing technologies, which are the key know-how 
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for generating modern optics, have been steadily improving. The invention of the copy grinding 

machine, the application of CNC machining for polishing and grinding, and the advances in local figure 

correction methods without a polishing pad have been the three manifest milestones that revolutionized 

the fabrication of modern optics like freeform surfaces. The first shape-copy machine was designed by 

Descartes in 1638 where a grinding stone was applied as a master23. Later in 1920, Descartes concept 

was inspired and a copy grinding machine was built at Zeiss for fabricating aspheres24.  In this machine, 

the aspherical lens rotates while it has a line contact with the grinding wheel that is moved in an adjusted 

polar coordinate system. This copy grinding technique was used for primary zonal grinding, but the 

surface form precision was restricted due to a lacking constancy of the machine during the scanning of 

the master. Later, the zonal grinding process with CNC machines considerably improved the 

manufacturing of aspherical and freeform surfaces. Subsequently, between 1968 and 1976, early 

approaches to computer-assisted zonal polishing and grinding of aspheres were introduced. Afterwards, 

the invention of a series of advanced sub-aperture machining technologies used for local figure 

correction methods made a significant leap towards the cost-optimized production of such sophisticated 

optical surfaces25-26. Research in this area is still ongoing, and many activities are targeted to develop 

optical freeform manufacturing methods as precise and cost-effective as those for spherical lenses. In 

Figure 2.1, the progress of optical manufacturing over history is summarized.  

Figure 2.1 Historical progress in optical manufacturing.  

 

2.2 Basic principles of theoretical optics  

In this section, to assert the physical concepts of image generation, as the simplest case, the propagation 

of a monochromatic plane wave in a single lens is investigated. The contribution of the optical material 

parameters and the geometry parameters of the lens surfaces in the wavefront error is explained to 

achieve ideal optical path difference (OPD). Moreover, the upper limit for performance of optical 

elements imposed by either the diffraction effects or manufacturing and design process is discussed. 
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2.2.1 Wavefront propagation and optical path difference (OPD) 

A simple lens is a piece of transmissive element of thickness d with two appropriately designed 

substrate-air surfaces. As light passes through a lens, it is affected by the lens’ profile or substrate. A 

single lens transfers an incident plane wave WIn(r) of amplitude AIn(r) and zero phase into an optical 

output wave WOut(r) of amplitude AOut(r) and phase 𝛷Out(r) where r is the radial distance in the 

coordinate normal to the wave propagation direction z. The phase change 𝛷Out(r) determines the optical 

quality of image while the amplitude change can reduce the wave intensity.   

 

Figure 2.2 (a) Transformation of an incident plane wave into spherical wave by a single lens where F 

denotes the focal length of lens, (b) illustration of three different phase contributions including input 

substrate-air surface z1, the substrate medium of thickness d and output substrate-air surface z2.  

The phase change 𝛷Out(r) for a light propagating in air is defined as follows 

𝛷Out(𝑟) =
2𝜋

𝜆
 𝑧(𝑟).                                           (2.1) 

However, inside lens with the refractive index nref and the wavelength is λ̂= λ/nref, the phase change is 

given by  

𝛷Out(𝑟) =
2𝜋

𝜆
 𝑛ref(𝑟) 𝑧(𝑟) =

2𝜋

𝜆
∗ OP(𝑟),                                           (2.2) 

where OP(r)= 𝑛ref (r)*z(r) denotes the optical path. The optical path difference OPD(r) known also as 

the “wavefront error” is the difference in output phase changes between the position r and the optical 

center r = 0,  

OPD(𝑟) = OP(𝑟) −  OP(0) =  
𝜆

2𝜋
 𝛷Out(𝑟).                    (2.3) 

Figure 2.2(a) shows the transformation of an incident plane wave to a spherical wave converging at the 

focal length F of lens. The undesirable spot broadening of spherical outgoing wave can be attributed to 

wavefront error. Effects of wavefront error OPD(r) on optical performance is a rather complex issue. 

Any deviation in the wavefront-form from spherical one degrades quality of point images, and hence 
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reduces the quality of the whole image27-28. As shown in Figure 2.2(b), the physical property of a lens 

can be divided into three parts including the input substrate-air surface z1(r), the substrate medium of 

thickness d, and the output substrate-air surface z2(r). By assuming z1(0)=z2(0)=0 and  𝑛ref (r)= 𝑛ref 

(0), the wavefront error OPD(r), is obtained as  

OPD(𝑟) =  −[ 𝑛ref(𝑟) − 1] [𝑧1(𝑟) + 𝑧2(𝑟)].                    (2.4) 

The fabrication process and material parameters determine the wavefront error OPD(r). To achieve 

ideal OPD, the choice of material, the appropriate surface shape, and the lens thickness d should be 

considered by an optical designer. Then, the acceptable amount of wavefront error for any specific 

application can be determined to find the tolerance of material and surface parameters, quantitatively. 

According to Rayleigh criterion29, the performance of an optical system is not significantly impaired as 

long as the maximum wavefront error (OPD) does not exceed 1/4 , or if the wavefront is contained 

between two concentric spheres separated up to 1/4 . Nevertheless, Rayleigh criterion is not 

completely precise, as different forms of nominally equal wavefront error OPD have noticeably 

different effects on optical quality. For instance, 1/4 wave OPD of coma aberration lowers image 

contrast less than half as much as identical wavefront error of spherical aberration30-33. 

2.2.2 Optical aberration and imaging error 

Effects of wavefront error on image quality is a rather complex issue. Any deviation in the wavefront-

form away from ideal state leads to optical aberration. In the development process, optical systems are 

designed in such a way to optimize imaging performance and minimize optical aberration. For this 

purpose, the tolerable amount of wavefront error for any specific application should be determined. 

Nevertheless, every optical element has an absolute upper performance limit imposed on the one hand 

by the law of physics and on the other hand by a design- and/ or manufacturing process. For instance, 

a real spherical lens does not focus light precisely to a single point, even if it is perfectly built. These 

deviations from the ideal lens performance are called optical aberrations. In practice, there are four main 

reasons that cause optical aberrations including (i) aberrations caused by diffraction, (ii) design-related 

imaging errors, (iii) material defects, and (iv) manufacturing and assembly errors. The aberrations 

caused by diffraction are, however, naturally present and cannot be influenced by the manufacturer in 

the process. Even a perfect lens, that is not limited by design, will be “diffraction limited”34-37.  

Imaging errors are divided into two classes including “monochromatic” and “chromatic” aberrations38. 

Monochromatic aberrations (i.e., sharpness errors) are caused by the geometry of the lens or mirror and 

arise when light is either reflected or refracted39. The defocus, spherical aberration, coma, astigmatism, 

field curvature, and image distortion are the most common monochromatic aberrations. These imaging 

errors can appear even if monochromatic light is used. Optical elements are provided with spherical 

surfaces, if possible, as they are the easiest to manufacture. If one uses such a system to image an 
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infinitely distant point with a converging lens, then the rays do not combine in one image point. The 

off-axis rays refract stronger than the rays near the axis leading to “spherical aberration”40. In practice, 

several spherical lenses are therefore combined to form multi-lens systems, or alternatively aspherical 

and freeform lens surfaces are used. In this case, additional aberration errors can also occur during 

assembly due to alignment errors. Position errors affect the geometry of the resulting image in terms of 

scale fidelity and plane position41. Chromatic aberrations (also known as color fringing or dispersion) 

are imposed by dispersion that is the variation of optics refractive index with wavelength. Because of 

dispersion, different wavelengths of light cannot be focused at one single point such that the size and 

position of the images are different. This imaging error is a common problem if monochromatic light 

is not used. Lateral and axial aberrations are two types of chromatic aberration. Lateral aberration 

appears when dissimilar wavelengths are focused at different spots in the focal plane, as the 

magnification of the lens also differs with wavelength. Accordingly, the images of various colors show 

different sizes42. On the other hand, axial aberration happens when different wavelengths of light are 

focused on different distances from the lens. In this circumstance, the images of different colors are in 

different positions though they have the same size43.  

2.3 Types and form-complexities of optical elements  

Optical elements are part of everyday life that are often designed using specific substrates and 

procedures to optimize optical performance in designated ultra-violet (UV), visual (VIS), or infrared 

(IR) wavelength ranges. They are used to alter the state of light through a variety of means including 

refracting, reflecting and diffracting. Optical elements contribute to a limitless number of optical 

systems such as telescopes, interferometry and image processing devices. Each individual optical 

element integrated in an optical system is required to have a special property and design. Though not 

all optical elements can be classified exclusively in one unique class, the classification of them is usually 

based on their property, which determines their main functionality44-46. Common differentiation criteria 

are summarized in Table 2.1. 

Table 2.1 Classification of the optical elements. 

Optical property Exemplary elements 

Reflective Gratings 

Refractive Lenses, prisms 

Diffractive Spiegel, reflective gratings 

Transmitting Optical fibers 

Partially transparent  Beam splitter  

Absorbent Receiver  

 

Most fabrication methods deal with the production of optical elements with different form-complexities.  
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Figure 2.3 illustrates form-evolution of reflective or refractive optical elements from sphere to freeform 

concerning more complexity. They can have rotationally symmetric (i.e., flat and spherical), axially 

symmetric (i.e., aspherical) or completely asymmetric (i.e., freeform) surfaces47-49. 

 

Figure 2.3 Form-evolution of reflective or refractive optical elements from sphere to freeform (with 

increase in complexity from left to right). 

Reflective or refractive optical elements are normally provided with “spherical” surfaces, if possible, 

as they are the easiest and cheapest to manufacture. Spherical surfaces are characterized by a radius of 

curvature with constant value that uniquely describes their shape. A single spherical surface does not 

have an optical axis but only a single point of symmetry at the center of curvature which can be 

manufactured easily using large-format tools. These tools move randomly across the surface which 

avoids the generation of “zonal” artifacts in the surface structure leading to very high form accuracies.  

An optical element with flat surface can be also considered as a sphere that has an infinitely long radius 

of curvature. However, as discussed in Section 2.2.2, a spherical lens usually has a disadvantage of 

very poor imaging quality. Therefore, in practice, several lenses should be combined to form multi-lens 

systems, or alternatively aspherical or freeform surfaces should be used50-54. The easiest way of 

generating freeform optics is the decentered use of a rotationally symmetrical lens, which is thereby 

adjusted to the “off-axis sphere”. The related slice is cut out (Figure 2.3), also to miniaturize a system. 

However, a disadvantage of such a lens is the increase of aberrations with oblique light, which 

eventually result in a rapid decrease in image quality55. 

Another promising solution to increase optical quality is use of “aspherical” surface in system. A single 

aspherical surface can often replace several spherical surfaces in a design. Aspherical surfaces lack the 

symmetry of spheres, and their local curvature changes across the surface. “Off-axis aspherics”, on the 

other hand, have no rotational symmetry and are possibly more difficult to fabricate. Many aspherical 

surfaces can be assessed as conic sections and polynomial aspherics, though some of them are 
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manufactured as off-axis pieces from the complete shape. The surface function of second order with 

axial symmetry according to the standard DIN ISO 10110, Part 12 is described as  

𝑓(𝜌) =  
𝑐𝜌2

1+√1−(1+𝜅)𝑐2𝜌2
+ ∑ 𝑎𝑚 𝜌2𝑚+4,𝑀

𝑚=0                                                        (2.5) 

where f(ρ) denotes the sagitta error, ρ cylindrical coordinate, κ the conic constant and c stands for the 

curvature of the conic. Because of the rotational and axial symmetry, the sagitta error f(ρ) has only one 

independent variable ρ. Depending on the shape, the conic constant takes different values, e.g., κ =0 for 

spheres, κ = -1 for parabolas, κ < -1 for hyperbolas, -1< κ <0 for oblate, and κ > 0 for prolate ellipses.  

The sagitta value f(ρ) in Equation 2.5 is equivalent to deviation of the optical surface from a plane. 

Due to the lacking rotational symmetry and varying local slopes, aspherical surfaces are much more 

difficult to produce than the spheres such that conventional large-format tools do not converge to the 

desired shape. Small acting tools are needed for both grinding and polishing which are more susceptible 

to the deteriorations and can increase risk of artifacts. Hence, more accurate machines and complex 

correction approaches are required. Due to the necessity of performing several correction loops, 

artificial ripples in the structures of aspherical surfaces cannot be prevented thoroughly, and they should 

be tolerated. Additionally, highly precise measuring techniques with accuracies below 1 nm are 

necessary. These difficulties in manufacturing process greatly limit applications of aspherical surfaces, 

that is unfortunate as a single aspherical surface can often substitute several spherical surfaces in a 

design56-60.  

 “Freeform” optics is another type of refractive and reflective surfaces that has no symmetry and deviate 

considerably from spherical and aspherical geometries. Compared to only one degree of freedom for 

spherical surfaces, a freeform surface has up to six degrees of freedom due to its continually changing 

curvature. Because of their special geometry and large number of degrees of freedom, they implement 

a completely novel concept for optical systems and can be designed precisely for specific correction 

purpose. In comparison to spheres and aspheres, advances in field of view (FOV), and numerical 

aperture (NA) as well as the reduction in size are achieved in optical systems by using freeform surfaces 

(Figure 2.4). The use of freeform optics can reduce the number of elements in an optical system, 

allowing smaller, lighter and more efficient systems. Depending on their specific surface shape, 

freeform optics deliver functionalities that cannot be obtained with conventional optics. Particularly, in 

optical systems requiring a folding of the beam path (e.g., monoliths), freeform optical surfaces are 

practically beneficial, and they can replace existing large components such as mirror systems. However, 

a high quality of the freeform optics is an absolute prerequisite to provide the excellent optical 

efficiency. On the other hand, the optical design and manufacturing process of freeform surfaces are 

much more complex compared to conventional symmetrical lenses requiring a high degree of precision 

and manufacturing know-how. 
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Figure 2.4 Comparison between sphere, asphere and freeform in terms of field of view (FOV), 

numerical aperture (NA) and miniaturization. 

Although their manufacturing is somehow similar to that of highly complex aspheres, the surface shape 

and local changes in deviation influence the complexity of the geometry, the manufacturing process 

and the measurement. Normally, the manufacturing process starts with the definition of the specified 

surface. In addition to a clear description of the optics, mathematical form, point cloud or 3D model are 

needed in this process61-68.  

The combination of diffractive functions with standard optical elements in one “hybrid optical element” 

offers advantages to optimize complex optical systems. The efficiency of a hybrid optical element is 

determined by the interaction of light from refractive and diffractive surfaces and equals to the 

summation of efficiencies of these individual surfaces. Either mechanical abrasive methods (i.e., 

diamond turning) or replicative approaches (i.e., injection molding) can be used for fabricating hybrid 

elements. Mechanical abrasive methods, as discussed in Chapter 3, are suitable for single-element 

production with very high surface quality. Nevertheless, manufacturing a single optical element with 

the mechanical abrasive process is time-consuming, laborious to deploy for mass production and their 

application for lenses having diameter less than 10 mm is challenging. Hybrid elements can replace a 

multi-element optical system design to miniaturize the size. Moreover, hybrid elements can bring some 

other advantages for optical systems. Chromatic aberration, that as discussed in Section 2.2.2 occurs in 

conventional lenses, can be removed by single hybrids. Another advantage of hybrid optics is that they 

are less susceptible to thermal variations due to their special design. However, several drawbacks are 

related to hybrid optics. Fabrication of hybrid optical elements similarly to freeform optics is more 

costly than conventional optics due to the recurring added cost for diamond turning, or a tooling cost 

for injection molding. Moreover, diffraction efficiency of hybrid optical elements varies at different 

wavelengths when they are used with a broadband light source. Additionally, the hybrid optical designs 

are not appropriate for applications at short wavelengths, and possibly can result in extreme reduction 

of the lens’ performance as the short wavelengths are frequently lower than the linear tolerances of the 
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hybrid optical design. Currently, hybrid optics are used in a variety of applications. For instance, they 

are suitable for imaging, broadband illumination, and laser applications69-77. 

A typical micro-optics lens has generally diameter as small as 10 µm. It is a single element with one 

plane surface and one spherical convex surface to refract the light. More complex micro-optics may use 

aspherical or freeform surfaces. A different type of micro lens uses several layers of optical material to 

realize their expected design performance. Micro-Fresnel lenses are a class of micro lens which are thin 

and lightweight. They have a set of concentric curved surfaces that focus light by refraction. Another 

class of micro lenses, known as binary-optic micro lenses, focus light by diffraction. They can provide 

an approximation of the ideal shape by their several grooves with stepped edges or multi-levels. Micro-

lens arrays are designed by placing multiple lenses on a supporting substrate in a one-dimensional or 

two-dimensional array. A variety of methods can be used to fabricate micro lenses. In most cases, 

molding or embossing from a master lens array is used to copy several micro-lenses. Whereas micro 

lens arrays are usually used to improve the light collection efficiency, single micro lenses are suitable 

for coupling light to optical fibers. Novel imaging properties can be achieved by combinations of micro-

lens arrays. Unlike conventional lenses, they have capability of forming an image at unit magnification 

and without invertibility. Micro-lens arrays have been developed to realize compact imaging devices 

for applications such as photocopiers and mobile-phone cameras78-81. 

 

2.4 General specifications of optics  

The requirements specified by the designers for the optical elements or systems are generally defined 

according to DIN ISO 10110 and have tolerance specifications that should be met in the production 

process. Aspherical and freeform surfaces are becoming increasingly important. DIN ISO 10110, Part 

12 describes the basic mathematical forms as well as the technical forms of representation. For an 

example, Figure 2.5 shows a drawing of aspherical focusing lens with its coordinate axes, used in laser 

processing with the specifications referring to the left and right surface as well as the material data. The 

design equation with its constant and coefficient and the abbreviated data are specified according to 

DIN ISO 1011082.  
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Figure 2.5 Example of the aspherical focusing lens used in the field of laser optics with specifications 

according to DIN ISO 10110 for the focusing lens82. 

Material specifications defines the choice of the glass types as well as the permissible deviations of the 

material properties83-85. Often, the identification number, the refractive index and Abbe's number are 

indicated according to DIN ISO 7944 as well.  

Corresponding shape specifications of the optical elements are defined regionally. The specification of 

the radius r of curvature is given in millimeters or inches and, if necessary, with the required tolerance. 

The direction of curvature is divided into three classes: (i) convex surface CX, (ii) concave surface CC, 

and (iii) plane surface ∞. Furthermore, thicknesses, diameters and lengths are given as nominal 

dimensions along with the required tolerance. Tolerance of surface shape (i.e., fit error) specifies the 

maximum permissible deviation of manufactured actual form from the desired one. Rotationally and 

non-rotationally symmetric deviations should be controlled by indicating the permissible irregularity 

specified by this standard.  Furthermore, local shape deviations with strong slopes can appear, that 

should be limited by an additional tolerance for the maximum permissible angular deviation of the local 

normal from the referenced one. This deviation is named centering error. DIN ISO 10110 defines the 

rules to specify these form tolerances in the drawings of optical elements. The unites of tolerance and 

specified information on testing of optical elements, particularly by interferometric methods, are also 

given by DIN ISO 10110. Main description of shape specifications as well as the tolerance values for 

the exemplary case (i.e., aspherical focusing lens shown in Figure 2.5) are provided according to DIN 

ISO 10110 in Table 2.2.  
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Table 2.2 Main description of shape specifications according to DIN ISO 10110.  

Index Required properties Specification Aspherical focusing lens (Figure 2.5) 

3 Tolerance of surface 

shape (fit error) 

3/A (B/C) (where A, B, C are arrow 

height error, irregularities and  

rotationally symmetrical irregularities in 

interference fringes) 

3/10 (2) (tolerance of arrow height error can 

be max. 10 interference fringes while 

irregularity must not exceed 2) 

4 Centering error 4/ (where  is tilt angle in arc minutes) 4/10 (maximum permissible tilt angle of 10) 

 

The surface specifications determine the defects, the surface quality and the required treatment and 

coating of surface. All surface parameters are to be applied according to DIN EN ISO 4287. The key 

figure of surface specification and the required values for the exemplary case (i.e., aspherical focusing 

lens shown in Figure 2.5) is listed according to DIN ISO 10110 in Table 2.3.  

Table 2.3 Main description of surface specifications according to DIN ISO 10110. 

Index 
Required 

properties 
Specification Aspherical focusing lens (Figure 2.5) 

5 Surface defects 
5/ Nd × A (Nd is number of surface defects; A is 

magnitude of surface defects in numbers of steps) 

5/5 × 0.4 (max. 5 permissible errors 

with the number of stages 0.4) 

 

Surface quality is referred to as a global statistical characteristic related to the profile of the optical 

surface. The root mean square (RMS) roughness Rq is the most representative surface parameter that 

indicates the standard deviation of the profile coordinates. The RMS roughness values Rq can be 

determined over the entire surface or only for a specific region. The maximum profile height (peak to 

valley) value Rz indicates the maximum surface deviation by which local defects such as scratches and 

protrusions are described.  

Another way to describe the surface is the use of the power spectral density (PSD)37. PSD contains the 

spectrum of spatial frequencies and its representation can be either one- or two-dimensional. The PSD 

function allows the complete description of the surface quality characteristics and proves to be 

particularly suitable for polished surfaces or for applications with extreme requirements. The two-

dimensional isotropic PSD is defined as follows  

PSD =  
𝑃

2𝜋𝑓(∆𝑓)
           (2.6) 

where P denotes the power under a part of the area (in nm2), Δf the frequency change (in nm-1), and f is 

the frequency that corresponds to a certain area size (in nm-1). More detailed description can be found 

in DIN ISO 10110, Part 8. 

The shape of optical elements is mainly obtained by grinding or lapping in which the errors of the 

surface shape are below 500 nm. Thermal drift of the machine and the tool wear can lead to shape 

deviations from the defined mathematical description. Depending on the largeness of the deviations on 



General Concepts  

 

15 
 

machined surfaces, optical surface topography is commonly classified into three main different spatial 

regions, namely long-wave shape deviation, waviness, and roughness (Table 2.4).  

Long-wave shape deviation (also known as geometry error) refers to a general macroscopic scale 

specified by spatial wavelengths larger than 1 mm. This deviation causes imaging error (aberration). 

Random and quasi-periodical height variations (called roughness and waviness) can be generated either 

by machine vibrations or tool feed in the final steps of surface machining, generally consisting of 

polishing. Waviness and roughness are distributed over the entire surface and are jointly named surface 

texture and localized imperfections and result into blur image and contrast loss. Waviness has often 

regular structures characterized by spatial wavelengths in range of 20 µm to 1mm. Roughness is often 

isotropic distributed unevenness, described by the short-wavelength (or high spatial frequency) 

component of a measured surface. It can be caused by microscopic processes in tool-surface interaction. 

Nevertheless, most polished surfaces have a mixture of roughness, waviness, and geometry errors that 

cannot be distinguished effortlessly. The spatial wavelength regions can be detached from each other 

by spatial filtering. 

 Table 2.4 Classification of surface topography error. 

  

The polishing grades are related to maximum permissible number of micro defects on the surface 

determined by scanning a given distance on the surface, for instance, by using a stylus with a suitably 

tiny tip radius. The degree of polishing is specified in four ranges and is assigned to defined limits. 

Table 2.5 provides information about the number of micro defects Nd per 10 mm scanning length for 

the respective polishing grade. 

Table 2.5 Classification of degrees of polishing according to DIN ISO 10110. 

Degree of polishing Number Nd of micro defects per 10 mm scanning length 

P1 80 < Nd < 400 

P2 16 < Nd < 80 

P3 3 < Nd < 16 

P4 Nd < 3 

 

Main description of material specifications as well as the tolerance values for the exemplary case (i.e., 

aspherical focusing lens shown in Figure 2.5) is provided according to DIN ISO 10110 in Table 2.6.  

 

 

 

Roughness 

(short spatial wavelength) 

Waviness 

(mid spatial wavelength) 

Long-wave shape deviation 

(large spatial wavelength) 

λ ≤ 20 µm 20 µm ≤ λ ≤ 1 mm λ ≥ 1 mm 
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Table 2.6 Main description of the material specifications according to DIN ISO 10110.  

Index Required properties 

 

Specifications 

 

Tolerance values fur aspherical 

focusing lens (Figure 2.5) 

0 Stress birefringence 0/A (where A is max. permissible stress 

birefringence in nanometers per 

centimeter of optical path length) 

0/10 (max. permissible stress 

birefringence 10 nm.cm-1) 

1 Permissible bubbles and 

other inclusions 

1/Nd × A (number of defects × size of 

errors; number of steps) 

1/5 × 0.4 (max. 5 permissible 

errors with number of steps 0.4) 

2 Inhomogeneities and streaks 2/A; B (where A is inhomogeneity class; 

B is streak class) 

2/1; 1 (according to class 1) 

 

2.5 Applications of modern optics 

Practical applications of modern optics with complex surface designs including aspherical and freeform 

lenses are found in a variety of technologies and everyday objects such as (E)UV lithography, laser 

beam shaping, free-electron laser, illumination system, imaging system (i.e., mobile camera), and space 

telescope. In this section, the characteristic features of each technology and the relevant optical elements 

are described, individually. 

2.5.1 (E)UV-lithography  

The increasing trend towards greater integration density of microelectronic circuits permanently 

demands smaller feature-sizes. The microlithography printing system with a high resolution (i.e.,100 

nm or below) is necessary to generate these small feature-sizes. The resolution of a lithographic printing 

system can be improved either by transition to a shorter wavelength or by increasing numerical aperture 

(NA) of lenses according to the Rayleigh criterion. Designing compact, high NA projection lenses for 

lithography is a challenging task. Very high-resolution lenses across the entire field of view should be 

realized at large NAs of microscope objectives while preserving almost ideal wavefront correction. This 

can be implemented by optical design modification, and the use of aspherical or freeform lenses. 

Nevertheless, enlarging NA of lenses is theoretically restricted, and hence improving the resolution of 

lithographic methods based on NA has a limited point18. 

Another alternative solution for extending the resolution limit of lithographic methods is to use a shorter 

wavelength (e.g., EUV). However, the absorption of EUV radiation is extremely high in bulk material, 

and hence the use of refractive lens is problematic. To overcome this difficulty, refractive optics is 

replaced with multilayer mirrors with about 70% maximum reflectivity. Still because of the 30% 

absorption of these optical elements, it should be tried to use the minimum number of them in the design. 

This minimizes the degree of freedom for the design process and imposes an upper limit for the etendue 

of the lens. Therefore, the extra degree of freedom should be rewarded by using freeform mirrors86-87. 
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Currently, fabrication of freeform deformation of a few millimeters and mirrors with large diameter and 

higher surface quality are some challenges to realize leading-edge optical systems used in (E)UV-

lithography. Hence, optical manufacturing technologies, which are the key know-how for generating 

freeform mirror surfaces with sub nanometer precision, should constantly improve88. 

2.5.2 Mirror telescope  

Free-space optical (FSO) communication applies light propagation in free space to wirelessly transmit 

data. In future, optical fiber and FSOs will be used increasingly for high-speed data exchange over long 

distance. Theoretically, the beam divergence is proportional to the ratio of the transmitted wavelength 

 over the transmitter aperture diameter. As optical beams have considerably shorter wavelength than 

radio frequency (RF), much higher intensity can be projected to the receiver for the same power at the 

transmitter. Nevertheless, the slender beam of optics is an issue to wirelessly transmit data as the 

receiver must capture the narrow beam. Hence, the optical connection should operate with sub-

arcsecond accuracy. To exchange data between two stations optically, a transceiver at both ends of 

communication systems is necessary. The telescope is the main part of optical transceiver which is 

typically an all-mirror system. The all-mirror telescopes with compact size are deigned and used 

currently not only for space communication but also mostly for astronomical observations. The all-

mirror telescope should offer three fundamental properties: (i) the emitted forward wavefront must be 

diffraction limited to focus sufficient light at the opposite station, (ii) the diameter of entrance pupil 

must be suitably large to capture sufficient backward light, (iii) the mirrors should be made of particular 

materials with low mass, great thermal expansion, and they must have long term stability against space 

environmental loads89.  

 

Figure 2.6 Afocal all-mirror free space system in application for optical intersatellite communication 

telescope47.  
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An exemplary afocal all-mirror system in application for optical intersatellite communication telescope 

is shown in Figure 2.6. It consists of three off-axis aspherical mirrors (two parabolic mirrors M1 and 

M4 and a hyperbolic mirror M2) that are attached around the x-axis. To minimize the manufacturing 

complexity, the aspherical shape of all mirror is only conical. Since these mirrors are slightly tilted 

around the x-axis, a plane folding mirror M3 with a freeform correction is exploited as a corrector 

element. This design allows to avoid beam obscuration and reduce the intensity loss of the beam emitted 

to the other terminal. A precision surface machining technique is required to fabricate an aspheric shape 

mirrors with an accuracy of 1 m. Accordingly, afocal all-mirror systems deliver a communication 

beam divergence of 2-3 arceseconds over very long distance (up to 60000 km)22.  

Zerodur is a type of glass-ceramic material with a great thermal expansion and high rigidity against 

high-energy radiation loads. Due to these properties, Zerodur is a favorite choice for all-mirror 

telescope. However, there is a risk of different failures like sub-surface damage during machining of 

Zerodur that is the disadvantage of it.  

2.5.3 Imaging optics 

Imaging optics like camera lenses are used in a variety of applications requiring different lenses from 

small to large size, low- to high- aperture, and wide-angle to telephoto. For large-format cameras, 

symmetric lenses can be used, where distortion and color aberrations can be handled, conveniently. 

However, because of the ongoing miniaturization and improving quality of imaging devices, the use of 

asymmetric optics with the small size is increasing. The aspherical and freeform lenses are often used 

in cameras which allow the manufacturers to fulfill the increasingly strict requirements of imaging 

optics. Compared to only one degree of freedom for spherical surfaces, aspherical and freeform lenses 

have up to six degrees of freedom due to their constantly changing local curvature. Based on this feature, 

aspherical and freeform surfaces can be designed precisely for a particular error correction purpose. 

Initially, aspherical lens was employed in cameras to correct monochromatic errors such as spherical 

aberration, imaging distortion, coma and astigmatism. Currently, camera lenses for mobile phones 

consist of several aspherical lenses. 

2.5.4 Illumination optics 

These days, typical illumination systems such as digital projectors and rear-projection televisions as 

well as automotive headlights should be mass-produced while maintaining strong customer 

requirements including low cost, high efficiency and space restrictions. To meet such requirements, the 

use of modern optics in these products is unavoidable.  

Conventionally, parabolic mirrors have been used in car headlights to collect light while structured 

cover glasses distributed the light onto the road. Application of high-intensity discharge (HID) lamps 
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raised demands to precisely collect and distribute the light according to relevant safety standards. The 

recent advances are super poly-ellipsoid (PE) projection systems with transparent cover glasses. In these 

systems, a multi-ellipsoidal, aspherical, or freeform reflector is used to efficiently capture the light from 

HID lamp arc. Cost- and space-saving requirements while preserving performance have led the designer 

to use one single aspherical and freeform lens as projection lens instead of multi-lens system. Therefore, 

asymmetries in light distribution and all other requirements listed in the safety standard were defined 

for one single lens surface.  Accuracy requirement of aspherical and freeform lens used in car headlights 

can tolerate global surface deviation within 30 m from referenced shapes while local deviation should 

be less than few micrometers90. 

Compact digital projectors have today wide range of applications from business purposes to 

entertainment. To project image on a screen, digital image data was modulated onto the light beam by 

the liquid crystal display (LCD) or digital micromirror device (DMD) in these projectors. However, the 

transmissivity of the displays was not satisfactory. Moreover, the filaments of halogen lamps and arc 

discharge lamps were bulky and did not match with the expected aperture of screen. Therefore, a more 

compact light source with considerably smaller arc gaps and higher brightness efficiency was 

developed. In the layout of digital projectors, light from the discharge lamp is collected by an ellipsoidal 

mirror with a coating to inhibit UV and IR from entering the system91. 

More recently, for achieving a more efficient system, light emitting diode (LED) is introduced. Latest 

advances in LED allows the production of power-efficient, ultra-compact pocket projectors. Today, 

such projectors are widely applied in consumer rear-projection televisions.  

2.5.5 Laser beam shaping  

Beam shaping is a process in which both the irradiance and phase of an optical beam radiation is 

redistributing. Beam shaping is used in a variety of applications such as laser/material processing, 

optical image processing, lithography, printing, and laser art patterns. There is no single beam shaping 

approach that can be suitable for all cases. In some applications, mask imaging or direct focusing is not 

simply sufficient, and more complicated spatial beam shaping is required. The “beam aperturing” is a 

simple but quite applicable beam shaping method. In this configuration, the input beam is expanded 

into beamlets by a lenslet array, and then superimposed by the primary lens in the output plane. The 

output pattern results from summation of all diffraction patterns selected by the lenslet apertures. 

Refractive or diffractive optical elements are used for the conversion of a Gaussian input beam to a 

super Gaussian irradiance output profile at the desired plane. Advantages of using these optical elements 

are the greater process speed and higher overall feature quality. Refractive beam shaping optics provides 

high transmission but is restricted to input beam geometries. On the other hand, diffractive beam 

shaping optics can provide comprehensive and flexible output beam shapes although they are more 

susceptible to particular input laser beam parameters92-93. 
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2.5.6 Synchrotron beam line optics/FEL optics 

A free-electron laser (FEL) is a synchrotron light source generated by accelerating a beam of electrons 

to nearly the speed of light. FEL resembles laser in different aspects except that it uses relativistic 

electrons as a gain medium instead of exploiting stimulated emission from atomic or molecular 

excitations. The generated beam passes through a periodic structure of magnets with swapping poles 

(called undulator) across the beam path creating a side-to-side magnetic field. This array of magnets is 

called an undulate. Acceleration of the electrons across the beam path causes the release of photons 

(synchrotron radiation), that are monochromatic but still incoherent as the electromagnetic waves of 

randomly distributed electrons have stochastic constructive and destructive interference in time. The 

output radiation power depends linearly on the number of electrons. An appropriate optical mirror 

should be used at each end of the undulator to generate an optical cavity resulting in the radiation to 

form standing waves. For this purpose, there are recently increasing demands for single layer mirrors 

with large diameter and high surface quality in sub-nanometer scale. Accordingly, surface finishing 

technology is currently capable of generating large mirrors (of size up to 1 m) with surface roughness 

below few nanometers94. 
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3 The-State-of-the-Art in Manufacturing Precision Optical Elements 

3.1 Classification of processing technologies  

Currently, there are many different processing technologies available in manufacturing of precision 

optical elements. Depending on their mechanism, these technologies can be mainly classified to 

“replicative” and “subtractive” manufacturing methods. The appropriate techniques are selected 

typically based on the production volume, the types of materials, the degree of complexity, and the 

required tolerance values95-99. Figure 3.1 provides an overview on different types of processing 

technologies used for manufacturing of precision optical elements.  

 

Figure 3.1 Overview of different types of processing technologies used for manufacturing of precision 

optical elements. 

Subtractive manufacturing technique has, as its greatest advantage, a very high flexibility regarding to 

geometry and material. No advanced molding machine or special coating technology is required, and 

almost any brittle material can be machined. As a cold surface-finishing process, it can be applied to a 

wide variety of glasses with low and high transformation temperature Tg. Additionally, in the final step 

of subtractive manufacturing chain, the locally acting so called sub-aperture tools can be applied for 

local figure correction to reach the highest form accuracy of the optical surfaces. On the other hand, 

replicative manufacturing methods have been developed to facilitate an economic mass production of 

precise spherical, aspherical, and freeform optical surfaces. Depending on the type of material and its 

application, different approaches of this category can be applied. For instance, precision glass molding 

is of great interest for production of imaging and lighting components from special “glasses” the so-

called “low-Tg glasses”. This is while high quality aspherical and freeform optics made of “plastic” are 

mass produced by the process of high precision injection molding. Characteristic features of each 

process step are discussed in the following100-104.  
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3.2 Replicative (forming) manufacturing  

Molds for fabricating asymmetric optical elements out of either glass or plastic were introduced along 

with other advances in generating aspherical optics in 1970. The manufacturing of molds mainly 

determines the possibility as well as the efficiency of the actual precision glass and plastic molding. 

The different processing technologies such as grinding, milling and subsequent polishing are used to 

manufacture molds. Many small aspheric and freeform lenses like camera lenses are produced by the 

direct molding of glass or plastic into an aspheric or freeform mold. The molds are generated from 

special materials that can tolerate the prerequisite high temperatures. The molds are designed to have 

the opposite shape of the finished lenses. Hybrid technology is an alternative, cold replicative 

manufacturing approach suited for generating optics with high accuracy where a thin polymer layer is 

molded on a polished glass surface. Table 3.1 provides a brief overview on the features of different 

replicative processing technologies in optical surface fabrication. Characteristic features of each process 

step are discussed in the following26. 

Table 3.1 Overview on features of different replicative processing technologies in optical surface 

fabrication.  

Process Material Advantages Disadvantages 

Optics 

size 

(mm) 

Shape 

deviation 

(nm) PV 

Surface 

roughness 

(nm) 

RMS 

Precision 

glass molding 

- Low Tg 

glasses 

- Potential for mass 

production 

- Complicated 

shapes possible 

- Size limitation 

- Limited accuracy 

- Long cycle time 

- Undefined machining 

operation 

 

 

0.5-35 

 

 

1 – 5 

 

 

2 

Injection or 

hot embossing 

 

- Polymer - Low birefringence 

- Reduced weight 

- Potential for 

complex   mounting 

features integrated 

with optics 

- Limited Thickness 

- Low cycle time 

accuracy 

 

 

 

0.5-200 

 

 

1 – 10 

 

 

5 

Injection 

molding 

 

- Polymer - Potential for mass 

production 

- Complicated 

shapes possible 

- Low birefringence 

- Microstructure 

 

0.5-200 

 

1 – 10 

 

5 

Hybrid 

technology 

 

- Combination 

of polymer 

and glass 

- Cost effective with 

larger quantities 

- Sensitive to humidity 

and scratching 

 

0.5-50 

 

1 – 10 

 

5 

 

3.2.1 High-precision plastic molding 

Plastic optics can replace molded glass lenses in different applications. Low weight and the capability 

of developing complicated mounting features combined with optical systems are some benefits of 

plastic optics. Conventionally, for fabricating plastic optics, three different types of processes are used, 

namely (i) injection molding, (ii) injection embossing, and (iii) hot embossing. In the case of injection 
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molding, the pressure is applied to fill mold with liquid plastic. For injection embossing, liquid plastic 

drops are injected into an extended shape and then pressed onto the master shape. When a plastic disc 

is warmed up and subsequently pressed onto the master form, the process is called hot embossing. 

However, conventional injection molding is not applicable for manufacturing of high-precision 

freeform surfaces, and more advanced process is required. Hence, advanced technologies and molding 

machines have been developed to fabricate high-precision plastic lenses and mirrors. Currently, by 

controlling the process parameters such as temperature and pressure carefully step-by-step, and based 

on the advanced molding machines and technologies, precise aspherical, and freeform plastic lenses 

and mirrors can be mass fabricated by the high-precision plastic molding. No requirement for surface 

finishing, cost-effective mass production, and its suitability for manufacturing complex surfaces are the 

main features of high-precision plastic molding that make it appealing for market demands. However, 

the disadvantage of this process is that the molding machines and the tooling are quite expensive if it is 

not aimed for mass production105-107. 

3.2.2 High-precision glass molding 

High-precision glass molding technology is of great interest for mass production of precision optics 

from special glasses, the so-called low-Tg glasses, by hot forming and without any cold post-processing. 

In this process, the glass is warmed up to temperatures larger than Tg (i.e., between 350 °C and 650 °C) 

until the glass is soft enough to be shaped. Then, it is molded into the final shape by being pressed into 

a master shape. In contrast to other hot forming processes used for glasses, the viscosity here is quite 

larger. Though large viscosity increases cycle time, it can be beneficial to eliminate destructive effects 

like shrinkage. Fabrication of high precision molds is the most challenging step in the process chain 

that demands extensive know-how in tooling and molding process, and hence it may be expensive. 

Nevertheless, this process is suited for mass production of imaging and lighting components as well as 

small lenses with aspherical and freeform shapes especially in those cases where standard subtractive 

methods like grinding and polishing are not affordable. The quality of optical elements is comparably 

like those obtained by grinding and polishing. Currently, high-precision glass molding is used 

commonly to fabricate small spherical, aspherical and freeform lenses (with diameters less than 10 mm) 

providing diffraction-limited performance and excellent surface finishing. Still precision glass molding 

is used to build large condenser lenses used for projectors that tolerate reduced quality108-109.  

3.2.3 Hybrid press technology 

The hybrid press method is “cold” replicative manufacturing process ideal for fabricating precision 

optical elements consisting of glass and polymer layer with a complex, and even freeform shape. As 

the quantities increase, this method becomes more cost-effective. In this process, an aspherical or 

freeform mold is used to press extremely transparent optical polymer with thickness of 1-30 µm on a 
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preliminary model of polished glass. Optical, physical, and thermal properties of fabricated surfaces are 

comparably like that of preliminary polished glass. Currently, the hybrid press method is used to 

efficiently fabricate aspherical and freeform lenses with diameters up to 50 mm providing excellent 

surface finishing. However, the hybrid optical elements may show higher susceptibility to humidity and 

scratching that is the main drawback of this method26. 

 

3.3 Subtractive manufacturing and possible processing chains 

Figure 3.2 is a brief effort to distinguish between four different commonly used subtractive process 

techniques including mechanical-abrasive approaches, laser-based method, ion beam technology and 

plasma-based methods. The typical process chain for precision manufacturing of optical surfaces 

follows three steps consisting of surface figuring, polishing and local figure correction. With these three 

processing steps, the bulk material is converted to spherical, and even freeform shapes. Rather than 

applying an individual subtractive process technique, an appropriate combination of different 

techniques also can be used to improve the surface quality or to make the process cost-effective. For 

one of these examples, the freeform lens can be shaped by zonal grinding, subsequent polishing with 

ion beam smoothing, and lastly fine focused plasma jet for local figure correction110-111. 

 

Figure 3.2 Overview on different subtractive process techniques and their processing chain used for 

optical surface fabrication.  
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3.3.1 Surface figuring  

Surface figuring is the first step in the process chain of subtractive techniques for manufacturing of 

optics (Figure 3.2). This step has the role of generating precise shape but still microscopic rough surface 

that is not suitable for optical applications. Subsurface damage and roughness, formed in this step, 

require to be removed by subsequent polishing step. A variety of different techniques, that are available 

for surface figuring, are compared in Table 3.2. Characteristic features of these techniques are discussed 

in the following section. The appropriate technique is selected typically based on the production volume 

and the properties as well as types of material. However, mechanical-abrasive approaches like zonal 

grinding are mostly chosen for the fast surface figuring of prototypes of any brittle material due to their 

high flexibility and short step-time. Figure 3.3 presents the structure of the material removal process 

on the bulk glass by using a single point acting tool (i.e., zonal grinding)112-114.  

 

Figure 3.3 Material removal process on the bulk glass by a single point acting tool. 

Depending on the loads and mechanism of engaged acting tool, material removal as well as variety of 

different cracks are formed beneath the tool. The zonal loads with accurately controlled machines lead 

to a plastically deformed zone known as ductile removal mode. However, applying global loads by 

manually controlled machines may yield radial and lateral cracks. The radial cracks are the reason of 

the subsurface damage and their largeness determines the depth of subsurface damage. On the other 

hand, lateral cracks are responsible for the brittle mode of surface when they reach to the surface. Stable 

acting tools with high-precision CNC machines (i.e., deterministic process) are necessary to perform 

merely in the regime of the ductile removal mode115-116.  
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Table 3.2 Overview on different existing methods for shape generating on optics used in the first step 

of process chain of subtractive techniques.  

Surface 

figuring 

technique 

 

Material 

 

Advantages 

 

Disadvantages 

Shape 

deviation 

(nm) PV 

Surface 

roughness 

(nm) RMS 

Zonal 

grinding 

- Almost all 

brittle 

materials 

- Fast generation 

process 

- Subsurface 

damage 

2000 50-1000 

Diamond 

turning 

- Almost all 

brittle 

materials 

- No subsurface damage 

- Sufficient roughness 

for IR 

- Surface 

roughness 

300 5-20 

High-power 

Q-switched 

CO2 laser/ 

Pulse VUV 

laser 

- Fused 

silica 

- N-BK7 

- S-TIH6 

- No subsurface damage 

- Contactless 

- Surface 

roughness due to 

glass ablation 

2000 50 

High-rate 

plasma jet 

etching 

- Silicon 

- Fused 

silica  

- ULE 

- SiC 

- No subsurface damage 

- Contactless 

- Low physical load 

- Limited choice 

of material 

- Surface 

roughness due to 

chemical process 

2000 50 

 

 

3.3.2 Polishing 

In the second step of subtractive manufacturing process chain, polishing is performed to meet the 

requirement for the optical quality. The role of the polishing process is to eliminate microscopic 

roughness, subsurface damage, and mid-frequency surface error after the surface figuring step while 

the form accuracy is preserved. The amount of material that needs to be removed in this step depends 

on the depth of subsurface damage. If the material removal in the former step (i.e., surface figuring 

step) is carried out in ductile removal mode by deterministic process (i.e., CNC machines), the 

subsurface damage becomes nearly zero. In this case, the amount of material that should be removed is 

very small, and only the smoothing of the surface is enough. However, the optical elements are 

frequently shaped by manually controlled machines causing a large subsurface damage such that 

rigorous and zonal polishing is required117-122.  

The material removal rate MRR [m/s] achieved by polishing can be estimated with the Preston equation 

as  

𝑀𝑅𝑅 = 𝐶𝑃 
𝑄

𝐴
 . 𝑣          (3.1) 

where Cp denotes the Preston coefficient, A [m²] the surface area where the removal takes place, v [m/s] 

the relative velocity of the work piece to the tool, and Q is the load [N]. For zonal polishing, sub-

aperture tools within a tolerance of few micrometers are used which are flexible enough to adapt 
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themselves to the local curvature of different optical surface shapes such as asphere or freeform123. A 

variety of different techniques that are available for polishing are compared in Table 3.3. 

Table 3.3 Overview on different existing methods for polishing on optics used in the second step of 

process chain of subtractive techniques.  

Smoothing 

technique 
Material Advantages Disadvantages 

Surface 

roughness 

(nm) RMS 

Speed/pitch 

polishing 

- Almost all 

brittle materials 

-Very low surface 

roughness 

- Fast polishing process 

- Not effective 

for correction of 

local surface 

deviations 

0.2-0.5 

Continuous-

wave CO2 laser 

polishing/ 

Ultrashort pulse 

VUV laser 

- Fused silica 

- N-BK7 

- S-TIH6 

- No subsurface damage 

- Contactless 

- Surface 

roughness due to 

glass ablation 

1 

Direct ion beam 

smoothing 

- SiC 

- Si 

- SiO2 

- GaN 

- ZnO 

- Effective for surface 

roughness with very high 

spatial frequencies 0.001 

nm-1 

- Less effective 

for low 

frequency 

roughness 

- Surface erosion 

0.1-0.4 

Ion beam 

smoothing with 

planarization 

- Optical 

surfaces 

-Semiconductor 

- Suitable for high-spatial 

frequency roughness  

- Spray-coating 

by photoresist 

layer is required 

0.8 

Plasma jet 

polishing 

- Fused silica 

 - ULE 

 

- No subsurface damage  

- Low physical load 

- Limited choice 

of material 

- Surface 

roughness  

Less than 1 

 

3.3.3 Local figure correction  

After the polishing process, the roughness of the surface with freeform shape has an optical quality, but 

still the surface accuracies cannot reach below 1 m. Therefore, a third step known as “local figure 

correction” within the process chain is prerequisite to meet the final surface specification124. The goal 

of this step is to minimize residual surface deviations from specified shape. This can be fulfilled by 

target removal depth D(x,y) in the localized areas of the optical element based on measurement 

performed in advance. Due to the lacking rotational symmetry and varying local slopes, a locally acting 

so called sub-aperture tools are usually employed in deterministic surface machining processes. In 

recent years, a series of sub-aperture tools have been developed that revolutionized the fabrication of 

aspherical and freeform optical surfaces125-128. Table 3.4 provides a brief overview on the features of 

different techniques that are available currently for local figure correction. The sub-aperture tools are 

usually characterized by the certain tool function R(x,y) that determines the material removal rate. The 

shape of the tool function R(x,y) has significant effect on the convergence of process. 
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Table 3.4 Overview on different existing methods for local figure correction used in the third step of 

process chain of subtractive techniques.  

Local corrective 

figuring 
Material Advantage Disadvantage 

Shape 

deviation 

(nm) PV 

Surface 

roughness 

(nm) RMS 

Sub-aperture 

bonnet polishing 

- Almost all 

brittle 

materials  

- Fast polishing 

process 

-Tool wear 

- Edge roll-off 

30 0.5 

Magnetorheological 

finishing 

- Almost all 

brittle 

materials  

 

- No edge roll-off  

- No tool wear 

- Low damage 

- Central artifact 

for tool path 

- Required fluid 

10 0.3 

Fluid jet - Almost all 

brittle 

materials  

 

- No edge roll-off - Stability of 

footprint 

30 0.5 

CO2 laser 

evaporation 

(laser beam 

figuring) 

- Fused silica  

- N-BK7 

- S-TIH6 

- No 

subsurface 

damage 

- Contactless  

- Surface 

waviness  

5 Less than1 

Ion beam figuring  - No edge roll-off  

- No tool wear      

- Low damaged 

- Low removal 

rate  

- Requires 

vacuum 

5 0.2 

Fine-focused plasma 

jet etching 

- Silicon 

- Fused silica  

- ULE 

- SiC 

- No tool wear 

- Low SSD 

- Limited choice 

of material 

 

5 Less than 1 

 

On the one hand, it must be narrow banded to remove the appropriate amount of material precisely; on 

the other hand, it must be smooth enough to create smooth surface. It is found out that Gaussian-like 

tool is one of the most desirable shapes. It is smooth and removes most of material within a small central 

area. Additionally, due to its normal shape, it reduces the required positioning correctness of the acting 

tool, that allows more stochastic moves tending to smooth the machined surface out130.  

The sub-aperture tool with a determined tool function R(x,y) moves over the surface to be corrected in 

either “feedrate” or “dwell-mode” to realize a target removal depth D(x,y). Within the dwell-mode, the 

tool moves alternatingly at tool path points for a given time. Here, the tool is continually accelerated 

from zero to maximum speed of the machine imposing undesirable stress and vibrations. Furthermore, 

extreme runtime is an issue particularly for machining process requiring highly repetitive sweeping 

movement131.  

Within feedrate mode, the tool moves between the dwell points with a constantly varying feed. This 

mode is most widely used as it does not suffer from the drawbacks of dwell mode. The determination 

of the feed rates is accomplished by “dwell time” calculation algorithms that are either based on 
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“numerical deconvolution” method132-134 or “linear matrix model”135-136. Then, the determined feedrate 

commands are sent to CNC controller to machine the surface based on the target removal depth137. 

Figure 3.4 provides a typical workflow of the standard deterministic surface machining based on the 

dwell-time method using sub-aperture tool129.  

 

Figure 3.4 Typical workflow of the standard deterministic surface machining process based on the 

dwell-time method using sub-aperture tool129.  

The resulted removal �̂�(𝑥, 𝑦) can be derived by the convolution of the tool function R(x,y) with the 

dwell time t . 

�̂�(𝑥, 𝑦) = ∬  𝑅(𝑥 − �́�, 𝑦 − �́�) 𝑡(�́�, �́�) 𝑑�́�𝑑�́� = 𝑅 ⊗ 𝑡                    (3.2) 

Figure 3.5 shows the target and resulted removal depth obtained in both simulation and experimental 

measurement for deterministic surface machining process using fine-focused plasma jet as a sub-

aperture tool138. The evaluation of results indicates the existence of a residual removal error ER = D - 

R⊗t.  

The residual removal error ER is normally in the range of medium-frequency structures that cannot be 

removed easily although the RMS-value of ER decreases as the tool becomes smaller. Hence, the tool 

should be adapted to the error structure. Table 3.5 shows effect of the size of Gaussian tool function on 

the RMS-value of the residual removal error ER and the corresponding processing time during 

deterministic machining on fused silica 138. The results indicate the reduction of residual error as the 

size of tool function decreases. However, the RMS-value of residual removal error does not approach 

to zero as the tool size cannot be arbitrary small. The process time increases rapidly with decreasing the 

tool size. For instance, in the case that the sub-aperture tool has a Gaussian tool function, the processing 

time ttotal cab be estimated as follows 

𝑡𝑡𝑜𝑡𝑎𝑙 =
volume to be removed

volume removal rate
∝

1

𝐹𝑊𝐻𝑀2                          (3.3) 
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where FWHM indicates the full width at half maximum. Furthermore, depending on the respective 

machining technology and sub-aperture tool, the tool function R(x,y) may exhibit a nonlinear temporal 

behavior that must be taken into account appropriately in the dwell time calculation algorithms. To 

tackle this problem, regularization methods were proposed in applying a typical damping factor based 

on the tool function to adjust the convergence rate and dynamic fluctuation of dwell time139-140. 

However, these indirect feedrate scheduling methods have some problems in integrating the variable 

behavior of tools (for instance imposed by the machine dynamic stressing) directly into the dwell time 

optimization algorithm. 

 

Figure 3.5 Target and resulted removal depth obtained in both simulation and experimental 

measurement for deterministic surface machining process using fine-focused plasma jet as a sub-

aperture tool. 
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Table 3.5 Effect of the size of Gaussian tool function on the RMS-value of the residual removal error 

ER and the corresponding processing time during deterministic machining on fused silica138.  

 

Hence, a more direct and novel scheduling method was required to enhance the scope of variable 

deterministic processes. The linefeed scheduling (varying linefeed along the tool function), the tool 

scheduling (adjusting path spacing across the surface) and scheduling volumetric removal rate (VRR) 

across the surface through process parameters are some recent novel scheduling approaches to optimize 

deterministic material removal in time-dependent processes. For instance, adaptive polishing paths in 

form correction were introduced to reduce ripple error and optimize the dwell-time distribution141-142. 

Furthermore, it was proposed to actively adjust the pressure in tool function to obtain uniform material 

removal distribution for curved surface polishing143. In another study, the removal uniformity of 

polished low-rigidity parts was improved by adjusting the processing distance of the tool, 

dynamically144. During the surface figuring using pure chemical PJM, the tool function is highly 

affected with the workpiece surface temperature induced by jet heat flux. Thus, a comprehensive 

method of determining the corresponding model parameters was developed based on temperature 

measurements to adapt the tool function at any given time145. However, there is still a lack of a unified 

scheduling model for deterministic processing applicable to a variety of different sub-aperture tools and 

optical elements. For instance, when the material removal of optics containing metal compositions is 

realized by a chemical dry etching process (i.e., PJM), the resulting non-volatile etch by-products can 

influence the tool function in non-linear way leading to a time-dependent process146. To tackle this 

problem, in Chapter 5 of this thesis, an iterative algorithm is proposed for dwell time calculation to 

rescale the reactive tool function on N-BK7 depending on feed rate.  
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3.3.4 Advances in abrasive methods for precision aspheres manufacturing 

The benefits of aspheres and freeform in optical designs such as better performance and a lower number 

of elements have been recognized for several years. However, the difficulties in fabricating them was 

always an obstacle. Due to the deviation of aspherical surfaces from spherical optics, grinding with full-

size shaping tools does not work properly, and peripheral grinding with quasi-point engagement is 

required. Nevertheless, the principle of the spherical CNC machining with fixed abrasives can be still 

exploited to realize a reproducible fabrication with standard cup tools. Precisely controllable positioning 

of the tool and a transition from a line contact (during spherical grinding) to point contact allowed a 

deterministic and reproducible production of aspherical surfaces. In contrast to the spherical surfaces, 

the contour of the asphere surface is followed as a path. In this way, various radii of curvature can be 

generated by variation of the tool angle and without any form tools122.  

After aspherical shaping by zonal grinding, the surface needs subsequent polishing step. In this step, 

high stock removal is required to eliminate subsurface damage, perfectly. However, the full aperture 

polishing tools cannot be applied here due to the local curvature variation of freeform surfaces. In such 

cases, a controlled zonal polishing method with adaptive sub aperture tools is desirable. The sub-

aperture tools can be adjusted to the surface, for instance, by an elastic pad or by air pressure behind 

the polishing pad. Individual methods for zonal polishing of optical elements are used by designers 

where each of them has its own manual and empirical solution. The commence of computer technology 

allowed to automate the zonal polishing process. The first commercially available CNC machines for 

zonal polishing of aspheres with shorter diameter ranges (< 100 mm) entered the market in the mid-

1990s. To date, sub-aperture polishing with CNC machines has been applied for almost all kinds of 

optics with specifications of λ/2 or even less, and diameters ranging from a few millimeters up to 8 

meters47.  

Following up the zonal polishing process, the use of computer-controlled bonnet polishing (CCBP) for 

a correction of the surface deformation allowed to improve the optical performance of treated element 

and reduce the number of iterations. These methods have the advantage of being applied for different 

substrate materials with various shapes (from planar to freeform surfaces) and diameters. However, 

CCBP methods still suffer from tool wear during process that results in deviation of the tool function125.  

Alternatively, the advanced local figure correction methods without a polishing pad such as 

magnetorheological fluid (MRF) and fluid jet polishing (FJP) made it possible to remarkably decrease 

the deviation of the tool function. The strength lies in its flexibility, principally achieved by exploiting 

no special tool127.  

MRF is best suited for the fast fabrication of preliminary models of aspherical and freeform surfaces in 

the low- and even mid-size series. As it requires no particular tools, it represents a minimal preparation 

time and high flexibility. A wheel with a magnetorheological liquid is used instead of sub-aperture pad. 
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The effect of tool wear (i.e., the main problem in CCBP process) is removed by using a fluid which can 

be adjusted via its viscosity by applying external magnetic field. The stable tool function is achieved by 

stabilization of the fluid viscosity and constant modification of the contact zone between tool and 

workpiece. In this way, it is possible to preform deterministic ultra-precision surface finishing in the 

scale of nanometers of nearly any surface, in particular, aspheres and freeform. The measured surface 

deformation of a polished asphere is deterministically corrected by dwell time-based approach.  

FPJ is a sub-aperture finishing technique that uses an abrasive slurry jet for polishing optical surfaces. 

A pressure ranging from 3 to 20 bar is applied through a nozzle to guide a premixed slurry to the surface 

of the workpiece. The characteristics of the tool function are determined by the process parameters (e.g., 

the form of the nozzle and the direction of the slurry beam w.r.t. the local surface normal) but not with 

the given tool geometry. As no tool wear appears during the manufacturing process, the tool removal 

function remains constant. Thus, FPJ is appropriate for deterministic shape corrections of nearly any 

surface with different shapes and materials, especially for the brittle materials such as glass147.  

 

3.4 Laser-based methods 

Laser ablation of optical glasses is a challenging task as the laser photon absorption is usually low while 

a good machining performance requires sufficient absorption. By pulsed vacuum ultraviolet (VUV) 

lasers (157 nm), a sufficient absorption for machining of optical glass like fused silica can be achieved 

even for nanosecond lasers148-149. Due to the nonlinearity of absorption processes, ultra-short laser 

pulses are applied to allow laser ablation at reduced fluences and hence to enable machining of these 

materials150-151. However, the ablation rate is rather high (~100 nm/pulse), and the surface quality is 

regularly limited due to the impact of melting or laser-induced (periodic) surface structures. Hence, a 

different approach has been developed for laser ablation of optical glasses that makes use of an 

absorbing material attached to the surface to be etched. The absorbing material enhances the absorption 

of the laser photons and induces processes that finally result in a precise etching of the surface with low 

roughness and small etching rates. The properties of absorbing materials correlate with the etching rates; 

for liquid hydrocarbons (LIBWE – laser-induced backside wet etching), 152 hydrocarbon 

gasses (LESAL – laser etching at surface adsorbed layers)153, and metal films (LIBDE – laser-induced 

backside dry etching) 154 etching rates of approx. 10 nm/pulse, less than 1 nm/pulse and less than 

20 nm/pulse have been respectively determined. The mechanism of LIBWE is rather complex but, in 

the case that halogenated organic solvents are used, can involve processes of chemical etching with 

activated halogen components. 155 However, the requirement of laser photon absorption at the interface 

of the sample material and the absorber limits the applicability of this approach. Therefore, several 

laser-enhanced chemical etching technologies have been introduced that utilize the laser beam to 

stimulate inherent chemical reactions of gaseous etchants with surfaces. These techniques are 
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demonstrated mainly for pure optical materials such as silicon or GaAs, which make use of highly 

reactive gases like chlorine and require usually absorbing sample materials156. The combination of laser 

and plasma processing simultaneously or sequentially has been already investigated. The simultaneous 

application of a pulsed VUV laser beam with a plasma jet in a co-axial configuration has been used for 

optical glass surfaces. However, the expected modification of the glass surface by the plasma source is 

not appropriate for a substantial alteration of the laser glass interaction process. The surface 

characteristics of the laser-irradiated glass mostly correspond to the laser ablation process since the laser 

energy density in the laser spot is 700-times larger than that of the plasma jet157-159. In the case of the 

sequential approach, in which firstly a laser irradiation with ultra-short laser pulses is applied and 

afterwards it is followed by a microwave plasma etching process, the differences in the surface 

morphology are observed. It seems, that the surface morphology of the combinatorial process is a 

mixture of those achieved by each of the techniques separately160. 

Ablation of fused silica as well as some other glass materials can be reached also by using CO2 lasers. 

It was shown that an initial roughness with RMS value of 0.33 nm can be improved to 0.27 nm by 

applying the defocused continuous-wave CO2 laser radiation and a meandering scanning scheme. 

Moreover, the pulsed CO2 laser based polishing method was introduced for industrial applications to 

fabricate micro-optics. Because of the fast movement of the defocused continuous-wave CO2 laser 

beam, a homogenous temperature distribution in the quasi line on the surface was achieved that reduced 

the surface roughness by a remelting process to some extent161-167.  

However, the achieved roughness with different types of laser polishing was not enough for illuminating 

and imaging optics due to a roughness Sa > 1 nm that is still not suited for spatial wavelengths of 

λ > 100 μm. On the other hand, the fabrication of high-quality freeform optics by laser-based process 

requires further process steps including surface figuring and local figure correction168-171. More recently, 

a CO2 laser process was introduced by Fraunhofer Institute that changed the picture. Sophisticated and 

freeform shapes can be fabricated from bulk glass through a three-step laser-based process including 

the ablation, surface polishing, and local figure correction. By applying two acousto-optic modulators, 

the laser radiation is generated within two modes: (i) Q-switched pulse mode for ablation, and (ii) 

modulated pulse mode for local figure correction. In the first step, Q-switched pulse is applied for 

surface figuring with the average power of 200 W, the pulse duration ≥ 250 ns and the maximum 

repetition rate of 150 kHz. The selective ablation of bulk glass with the relatively high VRR value of 

2.35 mm3/s is accomplished allowing fabrication of any freeform shapes though it is microscopically 

rough. This remaining large roughness after the ablation process can be reduced in the second step by 

using continuous-wave CO2 laser radiation. In this step, the surface roughness decreases below 1 nm 

via a remelting process. Eventually, in the third step called laser beam figuring, modulated pulses with 

the average power of 50 W are applied that have lower material removal rates suited for local figuring 

correction and elimination of residual waviness. By adjusting the pulse duration of each laser pulse, 
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material can be ablated locally with lower depths down to 3 nm. It was demonstrated that the surface 

quality of the fabricated optics by this laser-based process is sufficient for illuminating optics172. 

 

3.5 Ion beam technology 

Ion beam technology is a contactless surface machining technique that uses an ion gun instead of sub-

aperture tool in CCBP process to manufacture precision optical elements. An ion source from a plasma 

of rare gas (e.g., argon) is used to create ions in vacuum chamber where they are accelerated by a 

negative voltage. The ions hit the surface with kinetic energy of several keV and absorb inside the 

workpiece. Each incoming ion is able to extract one to two atoms of the workpiece. The sputter rate of 

the ion beam can be calculated exactly based on the elastic and inelastic scattering rule. One of the 

reasons that makes the process stable and predictable is the absence of chemical interaction. Extensive 

investigations have been performed to exploit ion beam for generating a variety of microscopic surface 

topographies on optical components173, 187. These studies have revealed that a nano-pattern or in some 

cases a smoothing effect can occur depending on ion beam sputtering conditions and relative materials 

properties. More recently, some efforts concerning applications of ion beam techniques for ultra-

precision optical freeform design have been conducted. The latest outcome is technically exploited as 

ion beam figuring (IBF) and ion beam smoothing (IBS) which are employed respectively in surface 

figuring and local figure correction of optical surfaces with accuracies in a nanometer range as required 

for optical applications187. IBF is a highly deterministic method for the final figuring of curved 

substrates such as aspherical lenses or freeform mirrors. A scanning ion beam is used in IBF that can 

be adjusted to the surface form, which is not reachable with any conventional polishing technologies. 

Several IBF technologies have been introduced aimed for deterministic figuring of either plane or 

freeform surfaces with different lateral dimensions of optical surfaces. These technologies operate 

based on a deterministic dwell time approach in which the dwell time distributions are qualified for the 

proposed profile depth. In this respect, the central point of beam is derived on a curving path with 

variable rate along the surface to figure the freeform target shape. The aim is to figure final surface 

shape with RMS value of surface roughness below 1 nm.  

IBS is used for smoothing of optics to generate ultra-smooth surfaces with RMS values less than 0.2 

nm.  Compared to IBF, the IBS process is less deterministic as it is based on atomic (or molecular) 

material removal mechanism, and hence it is characterized for much shorter spatial length scales. 

Different types of IBS have been used as unconventional tools for the preparation of ultra-smooth 

surfaces with RMS values ≤0.2 nm. They are used for the treatment of nanometer-precision optical 

surfaces, where smoothing properties dominate over ion beam roughening during the surface 

morphology evolution. Recently, developed IBS processes can be categorized into beam direct 

smoothing, smoothing with planarization173-175. 
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3.6 Classification and generation of plasmas 

Plasma is an ionized gas described as the fourth aggregate state of matter. Plasma is an electrically 

neutral medium of unbound positive and negative particles which occurs naturally but also can be 

artificially created by exposing a neutral gas to a strong energy until an eclectically conductive ionized 

gaseous matter is achieved235. This energy can be thermal or carried by either electric current or 

electromagnetic radiations. Most of industrial plasmas are generated by introducing high-voltage DC 

electric power fields in which the energy in plasma is first transmitted to electrons due to their greatest 

movability236-237. Then, the electrons can transfer the energy to heavy particles by either elastic or 

inelastic collisions. Plasma temperature is determined by average energies of plasma components, 

electrons and their related degrees of freedom including translational, rotational, vibrational, and 

electronic excitation. Electrons temperature Te in plasma is initially greater than heavy particles T0 since 

electrons are much lighter, and during ionization process, merely slight quantities of electrons energy 

is consumed through the collision with heavy particles. However, if time and energy are adequate, the 

consecutive collisions of electrons with heavy particles can equilibrate plasma temperatures locally. 

Otherwise, plasma temperature cannot reach to the equilibrium locally and present different ranges of 

temperatures. Based on plasma temperature, plasma is classified to thermal (or local thermodynamic 

equilibrium (LTE)) and non-thermal (or non-local thermodynamic equilibrium (NLTE))176. In LTE 

plasma, ionization and chemical process is controlled by temperature although the electrical fields can 

also affect indirectly through Joule heating. LTE plasmas are very powerful with temperatures of around 

10,000 K and are used in wide variety of applications from academia to industry. LTE plasmas are 

particularly suitable for material processing approaches such as melting, cutting, welding, or coating. 

On the other hand, in NLTE plasma, only velocity of electrons follows Maxwell-Boltzmann 

distribution. In this case, the electron temperature Te is remarkably higher than that of heavy particles 

T0 (i.e., Te>>T0)
176. In NLTE plasmas that are weakly ionized, electron temperature Te is the largest in 

the system and may even reach to 1 eV (about 10,000 K) followed by the temperature of vibrational 

excitation of molecules Tv. The temperatures of gas (i.e., heavy neutrals) T0, ions Ti as well as molecules 

Tr with rotational degree of freedom are roughly close to each other and make the lowest temperature 

in system and even they can reach to room temperature. Therefore, the relation of different plasma 

temperatures in NLTE plasmas can be realized as Te > Tv > Tr ⋍ Ti ⋍T0
176.  Due to low temperature, 

NLTE plasmas can be used in a wide variety of applications in different areas of engineering particularly 

for plasma chemistry. Despite their lower power compared to LTE plasmas, NLTE plasma can be more 

selective. Although LTE and NLTE plasma have very different types of ionized gases, both have some 

common features which can be used for ionization and chemical process. Based on the general rule in 

chemical kinetics, the total energy for ionization is estimated about 10 eV. However, the energy required 

for initiating chemical process is Arrhenius activation energy which is about 10% of the total required 

energy (1 eV). This amount of activation energy can be provided by both LTE and NLTE plasmas as 
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they have the highest temperature (electron temperature Te) on the order of magnitude of 1 eV, which 

is about 10% of the total energy required for ionization (i.e., 10 eV). This energy can be used as 

activation of the ionization and chemical process238.  

Furthermore, plasmas are classified according to gas pressure and degree of ionization. Plasma 

generated under pressure of 10-4 to 10-2 kPa is known as low-pressure plasma. Low pressure plasmas 

are usually NLTE. During the low-pressure plasma process, the surface can be modified through the 

ion bombardment using energetic species, the chemical interaction of the ionized gases with the 

substrate surface, and the UV radiation. Hence, low-pressure plasma is used widely for the act of 

treating, etching, and coating of surfaces of different materials by bringing physical and chemical 

features which are different from the ones initially found on the surface of a material. In Atmospheric 

pressure plasma the gas is ionized under atmospheric pressure by a high voltage such that a plasma 

discharge is emitted with compressed air from the nozzle to be ignited.  During the atmospheric-pressure 

plasma, surface can be etched or modified by reactive particles contained in plasma source. In addition, 

loose, adherent particles can be detached from solid surface by gas flow in the accelerated plasma jet. 

Surface modification accomplished by plasma jets can have comparable results with that obtained by 

low-pressure plasma239. The plasma source can have different lengths and treat a substrate surface with 

different widths depending on the power and gas flow. In this work, reactive atmospheric-pressure 

NLTE plasma source is used for optical surface figuring through chemical etching. 

3.6.1 Plasma-based pure chemical etching: mechanisms and kinetics 

Surface etching is a type of treatment by which a desired pattern is created on the substrate surface by 

removal of material chemically. Since the chemical and disposal costs for deploying wet etching are 

high, modern processes make use of plasma etching rather than wet etching. Plasma-based pure 

chemical etching functions under atmospheric pressure without any contribution of energetic ions. The 

non-thermal plasma sources generate high concentration of active particles, which are able to react with 

surface chemically to form volatile products. The volatile products exhaust away immediately by the 

continuous gas flow, and then the surface is etched. As plasma generated particles attack the surface 

from all angles, isotropic process is made. The plasma etching rate is determined by several parameters 

such as plasma composition, supplied power, substrate and other working conditions. Gas mixture used 

for plasma source affects etching features like rate and selectivity. The role of different gas mixtures in 

a non-thermal plasma contributing to etching can be categorized into the following clusters: 

I. Saturated compounds: different chemically inactive gases such as NF3, CF4, COF4, SF6, CCl4 can 

be used to dissociate in plasma for generating chemically active particles like etchants and 

unsaturated compounds.  
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II. Unsaturated compounds: radicals such as CF3 and CCl3, and molecules like C2F4, C2F6 and C3F8 

react with surface which mostly ends up with forming residual layers. However, it is possible that 

in some cases volatile etch products are generated to remove material from surface. 

III. Etchants: atoms such as F and Cl and molecules like F2 and Cl2 are the most reactive components 

of plasma discharge which interact with substrate surface immediately to remove material.   

IV. Oxidants: O and O2 are mixed to plasma feeding gas in order to react with unsaturated compounds 

transforming them into etchants. 

V. Reductants: H, H2 gases are mixed to plasma feeding gas in order to react with etchants to 

neutralize them generating inert volatile components. 

VI. Inert gases: additives like N2, Ar and He are supplied to plasma feeding gas for adjusting surface 

temperature of substrate, shielding of discharge and controlling electrical features of plasma.  

The flux ratio of “etchants” to “unsaturated compounds” plays an important role in etching process. A 

low flux ratio can form residual layers and suppress etching while isotropic etching is achieved for a 

large flux ratio. The flux ratios can be boosted by feeding plasma with the gases that are able to produce 

only etchants but not unsaturated compounds like F2. Alternatively, oxygen can be added to the gas 

mixture to increase the flux ratio by transforming unsaturated compounds to etchants176-177. 

3.6.2 Plasma technology for high efficiency machining of optical elements 

In the past 25 years, plasma-based machining was investigated for highly efficient surface figuring and 

local figure correction of optical elements under atmospheric pressure. Mostly, a barrier-like method is 

exploited for producing plasma sources which are either spatially limited to the space between the 

electrodes or embedded in a kind of chamber. The plasma source can be supplied with noble gases (i.e., 

argon and helium) mixed with potentially reactive gas containing fluorine (i.e., NF3, CF4, SF6). The 

interaction of plasma generated active fluorine with Si atoms in glass results in “volatile products” and 

material removal. The ability of achieving enhanced gas phase chemistry without need for elevated gas 

temperatures makes reactive plasma discharge a valuable source to remove material of optical surfaces 

in multiple directions with the uniform rate (i.e., isotropic etching). The surface is scanned by reactive 

plasma source in place of a sub-aperture tool causing a geometric self-determination to largely reduce 

the existing constrains in the manufacturing precision optical surfaces with an individualized design. 

The atomistic material removal mechanism without applying any significant mechanical forces on the 

surface is the main advantage that plasma-based machining has over mechanical-abrasive correction 

methods. No subsurface damage (SSD) is introduced to the surface providing a long-term stable etching 

tool predetermined for the freeform optical fabrication. In contrast to IBF, this process does not require 

ultrahigh vacuum conditions. The removal rate of plasma etching is a factor 10 to 20 higher compared 

to IBF. A reactive plasma torch with the large lateral dimension of several millimeters can be used for 

surface figuring as substitutional approach for conventional methods like the mechanical grinding. Also, 
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the fine focused plasma jet can be used for local figure correction as a replacement for IBS or 

magnetorheological finishing (MRF).   

However, due to the pure chemical nature of plasma-based machining, the choice of material that can 

be etched is limited. Moreover, the surface roughness can be sometimes insufficient for optical 

application. In this circumstance, the process chain should comprise additional mechanical polishing 

steps, for example, shape-preserving bonnet polishing to meet the obligatory specification for surface 

roughness. The plasma chemical vaporization machining (PCVM), reactive atom plasma technology 

(RAPT), atmospheric pressure plasma processing (APPP), arc-enhanced plasma machining technology 

(AEPM) and PJM are some of the main plasma-based machining techniques currently applied in the 

production of optical elements. 

PCVM is RF-driven Capacitive coupled discharge (13.56 MHz) used commonly for surface figuring 

and machining of fused silica with the VRR efficiency equivalent to that of the precision grinding. The 

findings show that the device allows high-precision fabrication from nanometers to micrometers. The 

shaped surface is sufficiently smooth for optical use179.  

RAPT is an inductively coupled plasma (ICP) developed for surface machining of ULE optical elements 

providing high VRR (up to 0.55 mm3/s) and low surface roughness. VRR and the surface temperature 

both depend on plasma parameters such as the RF power and the travel speed of plasma source180. 

APPP is a coaxial electrode type plasma source using capacitive coupled discharge that is an efficient 

tool for precise figuring process of fused silica. The APPP can operate by either jet or contact discharge 

mode where the VRR efficiency of contact discharge mode is much higher than that of jet processing 

mode181.  

AEPM is an arc-enhanced plasma machining technology introduced for high efficiency and near-zero 

damage machining of silicon carbide (SiC). Due to the high chemical stability of SiC, most of plasma 

etching methods seem incapable of obtaining a high VRR for SiC.  It was shown that VRR can be 

considerably enhanced while the electric spark develops between the plasma discharge and the SiC 

surface. The VRR of 0.35 mm3/min is obtained, that is about 10 times as high as the other plasma-based 

machining methods. Due to the negligible thermal effect, the surface figuring can be achieved using the 

conventional dwell time method. Furthermore, the shape error of a flat SiC surface is corrected by using 

AEPM182. 

3.6.3 Plasma jet machining (PJM) 

The development of PJM has been started in IOM approximately 20 years ago183. PJM is an atmospheric 

pressure non-thermal reactive plasma jet used as an etching tool providing possibility of varying the 

corresponding radical beam from small to large lateral dimensions. PJM is mostly supplied by a 
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combination of fluorine containing gas and oxygen as the precursor gas dissociating in the plasma jet 

to form reactive gas. The energy of source is provided either by a microwave or RF power for triggering 

plasma at the tip of the inner nozzle where the high electric field power ionizes gases to create jet-like 

plasma discharges184-185.  

PJM is currently successfully applied in the production of freeform optical elements made of silicon, 

fused silica, or silicon carbide, as well as to some other types of optical glasses. Here, the underlying 

principle of material removal is a localized chemical dry etching process performed by a fluorine-

containing jet-like plasma discharge that interacts with the substrate material whereby the substrate 

surface is converted to gaseous state.  In the case of fused silica etching, the reactive species form 

mainly SiF4 and O2 as reaction products. Caused by the chemical material removal mechanisms, the 

removal rate depends on the one hand on the concentration distribution of reactive species (i.e., fluorine) 

and on the other hand on the surface temperature distribution186-188.  

Deterministic dwell-time approach for freeform surface machining has been used so far for easy-to-etch 

materials (e.g., fused silica). Depending on the corresponding assignment, plasma jet with certain tool 

widths (i.e., FWHM) is used leading to desired etch-profile depth and VRR.  

 

Figure 3.6 Different types of PJM designed for precision surface machining of optical elements.  



The-State-of-the-Art in Manufacturing Precision Optical Elements  

 

41 
 

For surface form generation, a high-rate plasma jet etching with the microwave power of 200-400 W 

and tool width (Gaussian FWHM) about 2-4 mm is developed. By applying plasma jet to surface in 

downstream mode, the maximum VRR 20 mm3/min can be obtained. Surface temperature of this plasma 

jet is in the range of 200 °C to 600 °C which imposes high non-linearity to etching rate (Figure 3.6(a)). 

Such behavior can be considered in iterative dwell time calculation algorithms by appropriate rescaling 

of the tool function depending on the feed rate145.  

A low-rate plasma jet etching is made by a pulsed microwave excitation with the mean input power 6-

30 W and the tool width about 0.4-1 mm used for low depth surface figuring as well as residual error 

correction. This plasma is applied currently for surface figuring of N-BK7 and fused silica with 

maximum VRR 0.03 mm3/min and 0.01 mm3/min, respectively (Figure 3.6(b)).  

For local figure correction, fine focused plasma jet etching with a low etching rate is required to work 

in direct mode. For this purpose, capacitively coupled plasma jet driven by a RF-power supply (13.56 

MHz) with maximum mean input power 60 W is developed. These compact systems can reduce the 

lateral dimension of the plasma jet to the submillimeter range aiming to correction of residual error. 

Currently, capacitively coupled plasma jet with tool width down to 0.2 mm is available. These plasmas 

are used for correction of mid-spatial frequency structures of fused silica, Si and ULE. Maximum VRR 

0.1 mm3/min is obtained in the case of fused silica (Figure 3.6(c)).  

Plasma jet polishing of optical glasses is used for preparation of surface machining such as cleaning 

surfaces and formation of diffusion layers. Instead of mechanical polishing procedures which are time-

consuming and have limited flexibility, thermal surface modification by plasma jet polishing can be 

used alternatively for removal of damages. The plasma jet is supplied by a combination of carrier gases 

like helium and oxygen as the reactive precursor gas mixture (Figure 3.6(d)).  

The application-required specific glass properties are achieved by a unique complex material 

composition, which is challenging for PJM.  For instance, PJM of N-BK7 (as a metal oxide containing 

glass) by fluorine-based plasma jet has some limitations in process due to formation of non-volatile 

etching by-products. Therefore, the focus of this thesis is to investigate the interaction of PJM on N-

BK7 surface aiming to extend deterministic plasma-based machining particularly for freeform surface 

figuring of optical glasses beyond the pure silica-based material. 

 

3.7 Aspects of optical testing techniques  

Surface topography is one of the most significant features of optics indicating shape, texture as well as 

roughness of the surface. Both applications and properties of optics depend on their surface topography. 

Efficient analysis of surface topography becomes achievable only when testing devices with adequate 
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magnification-capability are available. In this way, structures of different surfaces can be analyzed 

effectively to determine the dissimilarities between areal surface and general characterization of surface 

shape with high accuracy. Different types of techniques are used currently to measure surface shape 

and roughness with sub-nanometer accuracy. Table 3.6 summarizes the main features of four different 

commonly used optical testing techniques including contact and pseudo-contact measurement, 

interferometry, wavefront sensor and scattering measurements191-200.  

Table 3.6 Overview on different commonly used optical testing techniques. 

Optical testing technique Accuracy (nm) Disadvantage 
Diameter 

(mm) 

Contact and pseudo-

contact measurement 

3.2 - 0.8  - Require calibration process 

-  Measurement of aspheres is not possible 

1-200 

Interferometry /20 - /4 

(1 nm for high precision) 

- Need for use of null lens for Measurement of 

aspheres and freeforms 

2 -250 

 

Wavefront sensor /20 - /4 

(1 nm for high precision) 

- Ambiguity 2-100 

 

Scattering measurement 1 - 0.1  - Radius of local curvature bigger 10 spot size 4-400 

 

Mechanical profilometer is a contact metrology consisting of a sensor (i.e., ruby ball or diamond tip) 

that is moved in touch with a sample perpendicularly, and then displaced horizontally through the 

sample for a certain distance and contact force. The goal is to examine the shape as well as the roughness 

of optical surfaces within different states of the production process. No a priori information about the 

shape is required. This approach can be classified as 2D- and 3D-scanning systems. The accuracy 

requirements are comparable to the visual inspection methods in interferometry (i.e., /10 with = 633 

nm). Mechanical profilometer can be used to measure aspherical and freeform surface deformations. 

Pseudo-contact approaches refer to atomic force microscopy (AFM) and scanning tunneling 

microscopy. Sensor types can be classified to optical, pneumatic, and atomic force sensors. AFM is 

commonly used for surface roughness measurement with very high-resolution ranging from fractions 

of a nanometer to about thousand times greater than the optical diffraction limit. The surface roughness 

is quantified by employing tapping mode with an atomic force sensor, and accurate scanning is achieved 

by piezoelectric elements.  

Interferometry refers to a technique in which electromagnetic waves are superimposed resulting in 

interference. This phenomenon of interference is used to extract information. Scale of interferometry is 

the wavelength of light. Polished optical surfaces with different shapes either spherical or freeform 

surfaces can be measured by this approach with high precision. Interferometry can be used to measure 

surface deformation, micro roughness, as well as material homogeneity and birefringence for both 

reflective and refractive elements. Additionally, interferometry can be applicable for lens thickness 

measurement. Typically, 104-106 points can be delivered in one interferometry measurement providing 
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a 2D map of optical path differences and surface deviations from a reference based on defined setups 

and calibration data. For measurement of aspheriacal and freeform surfaces, no reference is usually 

available, and hence a null corrector (null optics) is required. Aspheriacal and freeform surfaces with 

up to a few 100 m deviation from the best-fitting sphere can be estimated with the precision of 1 nm 

or even less. However, the typical interferometry setups are calibrated for small deviations from the 

null setup such that extra errors appear, and interferogram indicates more than a few fringes. Extremely 

aspherical and freeform surfaces generate fringe patterns which are too many to be analyzed. 

Accordingly, the local slope and high surface deviation limit the applications of the technique201-206.  
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4 Experimental Methods 

4.1  Experimental setup  

4.1.1 Plasma jet facility 

Machining of optical surfaces throughout this thesis was performed in a chamber which is equipped 

with a plasma jet source, a 3-axis motion system, a substrate heater, and an infrared thermography 

camera (Optris PI 160) (Figure 4.1). The substrates are placed on the heater that can be moved in x and 

y direction, respectively. The plasma jet is mounted on the z-axis of the motion system (Figure 4.1). 

Mass flow controllers (Bronkhorst EL-FLOW) are used to adjust the gas feed rates of the plasma jet. 

The inner nozzle of plasma jet is fed by an inert carrier gas as well as a reactive gas. As an inert shielding 

gas, N2 is provided through the outer nozzle of plasma jet to stabilize the plasma jet discharge. The gas 

feeding nozzles of plasma jet are made of metal, and hence they act as inner and outer electrical 

conductors of a coaxial line to conduct microwave excitation energy. A custom-made solid-state 

generator provides microwave power at 2.45 GHz, and a pulse generator is employed to produce the 

pulsed microwave signal. Microwave power is coupled into the plasma jet source in the form of 

rectangular pulses. The effective power PE which is defined as the difference of mean input power PM 

and the reflected mean power PR was measured by a directional power sensor (Rohde & Schwarz NRT 

Z44) located between the microwave generator and the plasma source. The reflected power PR can be 

increased or decreased based on the choice of inert carrier gas and tuning of the coaxial system. For the 

experiments, helium plasma with low electron density provides low reflected power PR, and hence the 

obtained effective power PE is practically high, i.e., 85%. The maximum electric field intensity arises 

around the tip of the inner nozzle where the plasma is ignited. For all experiments, a repetition frequency 

of 2.1 kHz was adjusted, while the peak power Pp and the pulse width tp were respectively set to 200 W 

and 38 µs, resulting into a mean power of approximately 16 W. The working distance between the 

nozzle and sample during the etching process was set to 5 mm207.  

For the experiments carried out in this thesis, an atmospheric pressure non-thermal fluorine-based 

plasma jet was developed to be used as a deterministic etching tool. This plasma jet is made of a 

stainless-steel pipe with the exterior diameter of 2 mm and inner diameter of 0.2 mm inserted into the 

middle of brass nozzle with the inner diameter 12 mm (Figure 4.2). The inserted stainless-steel pipe is 

fed by 400 sccm helium (He) as an inert carrier gas. Additionally, 1 sccm carbon tetrafluoride (CF4) is 

fed into the pipe as the reactive precursor gas mixture to form reactive particles in the plasma jet. 

Furthermore, 400 sccm nitrogen (N2) is supplied as inert shielding gas through the exterior brass nozzle 

to stabilize the gas flow in the plasma jet discharge. The gas feeding pipes act as inner and outer 

electrical conductors of a coaxial system to conduct the microwave energy towards the inner tube outlet. 
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Figure 4.1 (a) Plasma jet facility used for performing machining of optical surfaces, and (b) graphical 

scheme of test facility. 

 

 

Figure 4.2 Atmospheric pressure fluorine-based plasma jet used as a deterministic etching tool. 

The energy is provided by a pulsed 2.45 GHz microwave for triggering plasma at the tip of the inner 

nozzle where the high electric field power ionizes gases to create jet-like plasma discharges. The 

microwave power is initially transferred to free electrons which have the greatest mobility, and then the 

electrons are accelerated causing both elastic and inelastic collisions with the molecules of gas mixture. 

The inelastic collisions generate etchants (i.e., F atoms and molecules) as well as unsaturated products 

(i.e., CF3 radicals and C2F4 molecules) which depart from the tip of the inner nozzle with high velocity. 
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Etching performance depends on the flux ratio of etchants to unsaturated products at the substrate 

surface. When this ratio is high, a pure chemical etching becomes dominant, resulting in isotropic 

etching176.  On the contrary, a low flux ratio causes the formation of fluorocarbon film on the surface, 

which can stop etching. The etchants-to-unsaturated products flux ratio can be raised by adding 

adequate oxidants to the supplied gas mixture, which are able to convert unsaturated products into 

etchants (e.g., CF3+O → COF2+F).  Hence, a certain amount of oxygen is added depending on the 

etched material and the amount of fluorine containing gas CF4. For instance, in this present work, 1 

sccm oxygen for fused silica, and 2 sccm for N-BK7 is admixed to CF4 in all experiments207.  

4.1.2 Laser workstation  

Throughout this work, laser cleaning of optical surfaces, performed after plasma etching, was carried 

out in a laser workstation equipped with a laser source, a dielectric attenuator, an x-y-z positioning 

stage, a camera position system, a beam shaping and homogenizing optics (Figure 4.3).  A krypton 

fluoride (KrF) excimer laser (LPX220i from Lambda Physik) was used as laser source for generating 

the shock waves. The wavelength λ of the laser radiation emitted by this type of laser source is 

determined by the gas mixture which acts as active laser medium. For this work, a gas mixture of 6.0 

% Krypton (Kr) and 0.2 % Fluorine (F) was used for the generation of the noble gas-halogen excimer 

which forms the active laser medium. The main part of the gas mixture was 93.8 % neon (Ne) acting as 

buffer gas. The emitted wavelength λ = 248 nm is obtained by consuming this composition of the gas 

mixture. Owing to the use of excimers as active laser medium, excimer lasers can only be operated in 

pulsed mode. The excitation is done by a gas discharge in the gas mixture which is generated by a high 

voltage pulse (discharge voltage). The adjustable voltages are between 16 - 24 keV.  The pulse repetition 

frequency is limited to maximum f = 100 Hz, and the emitted laser pulse duration ton is set to ~ 25 ns. 

The pulse energy of at the laser output is determined by the discharge voltage. Due to the laser operation, 

the KrF gas mixture is subjected to an ageing process by secondary effects, which influences the output 

pulse energy. In order to keep the pulse energy constant, the pulse energy of each laser pulse can be 

monitored, and the discharge voltage can be readjusted via a control loop. The laser radiation is guided 

to the respective experiments in a controlled manner by inserting into a laser workstation. In the laser 

workstation, two different beam paths are built as shown in Figure 4.3. The pulse energy is controlled 

by means of a beam attenuator in both beam paths. After the passage of the laser beam through the 

attenuator, the laser beam can be guided into either beam path "I" or "II". In beam path "I", the laser 

beam is focused on the sample surface by a lens with the focal length F = 75 mm. The maximum 

possible laser pulse energy in the beam path "I" is ~ 4 µJ which corresponds to a fluence of ~ 40 J/cm³. 

The laser spot sizes on the sample surface are ~ 250 µm x 400 µm. In the beam path "II", the lateral 

beam profile of the laser pulses is processed by a homogenizer system. After shaping and 

homogenization, the laser beam has a flat top beam profile (5% energy deviation). The shaped beam 

was used for illumination of a motorized aperture that was projected onto the sample surface through a 
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Schwarzschild objective (magnification Γ = 1:15). Typical spot sizes on the sample surface are ~ 100 

µm x 100 µm by using beam path "II". To avoid damage to the Schwarzschild objective by the laser 

pulses, the pulse energy had to be reduced to such an extent that a maximum laser fluence of F = 4 

J/cm² is achieved on the sample surface.  

 

Figure 4.3 Schematic of laser workstation used for laser cleaning of optical surfaces. 

In both beam paths "I" and "II", the sample was transported below the focus or imaging plane of the 

respective beam path by a computer-aided movement system. The laser pulse energy is measured with 

a laser energy sensor. In this work, after every plasma jet treatment, an array of ~ 100 µm × 100 areas 

were laser cleaned into beam path "II". The estimated total error in determining the laser fluence is ≤

|±5%| that is given by the laser pulse energy fluctuations and the precision of the pulse energy 

measurement. For the experiments, the laser fluence Φ was fixed to a value of ~ 2.8 J/cm² to prevent 

damaging of the substrate surface. This laser fluence Φ is below the ablation threshold of the chosen 

optical glass (N-BK7), and in consequence, no material ablation or optical visible material modification 

could be observed after applying more than 10000 laser pulses at a reference area of the N-BK7 optical 

glass209,215.  

 

4.2 Optical glass samples: N-BK7 and fused silica 

The etching process was performed on optically polished N-BK7 wedged windows and fused silica 

windows (supplied by Schott Optics) with a thickness of 3 mm and diameter of 50 mm. The typical 

feature of N-BK7 in comparison to fused silica glass (99.93 % silica) is the presence of about 20% of 

boron trioxide and alkaline oxide in its chemical composition, which affects its properties. The nominal 
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composition of the initial N-BK7 surface is given in Table 4.1 according to literature216, which was also 

confirmed by the XPS analysis208.  

Table 4.1 Nominal composition of the untreated N-BK7 surface208.  

Element O Si C Na B K Ca Mg N Zn Ba 

Proportion 

(at-%) 
57.9 25.4 4.7 3.9 3.5 3.2 0.5 0.4 0.3 0.2 0.1 

 

4.2.1 Surface temperature measurement 

Substrate surface temperature distributions were measured by an IR thermography camera (Optris PI 

160) that is capable of acquiring temperatures in the range between 0 °C and 550 °C. The calibration of 

the emissivity ε for the surface temperature measurements on polished N-BK7 was performed based on 

the comparison of the surface temperature of a black sooth layer (with ε = 0.98) partly applied on the 

N-BK7 substrate and the temperature of the bare glass surface, while the substrate was externally heated 

to several temperature levels. The emissivity 𝜀 of polished N-BK7 was determined to be 0.7. The IR-

camera was located at a fixed position focusing onto the substrate surface. Thus, the temporal 

temperature curves and local temperature distributions are referred to the plasma jet center point. The 

local surface temperature Ts during the surface machining increases by the plasma heat flow since the 

plasma jet acts as a significant heat source for the substrate surface. Depending on the plasma mean 

input power PM, dwell time t, and thermal coupling of the substrate to the environment, a characteristic 

spatiotemporal temperature distribution develops during the etching process. It should be noted that the 

transition temperature Tg of N-BK7 is 550 °C210. Thus, during the machining process, the surface 

temperature Ts was controlled to ensure it is well below Tg. 

 

4.3 Methods of plasma jet machining  

For understanding the fundamentals of etching mechanism using a fluorine-based plasma jet, three 

different schemes on the optical surfaces were generated, namely the footprint, groove and area etching. 

The footprint etching formed by a static machining process where the plasma jet dwelled on one spot 

for a certain time. Groove and area patterns were created by a dynamic machining process using a 

driving plasma jet. For the footprint generation, the plasma jet was placed perpendicular to the substrate 

surface. Depending on the dwell time t, a footprint with a certain etching depth D is created. It was 

confirmed by the experiments that the footprint profile has a rotational symmetry as shown for instance 

by the white light interference (WLI) images obtained from the footprint pattern in static etching of N-
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BK7 (e.g., Figure 5.27 in Section 5.6). Then, the VRR is calculated in terms of the local etching depth 

D(r) and dwell time t as follows208 

VRR =
1

𝑡
∫ 𝐷(𝑟) 2π𝑟 𝑑𝑟

+∞

−∞
,                                                 (4.1) 

For achieving a groove etching, the plasma jet is horizontally moved by a three-axis motion system 

relative to the substrate surface while the working distance is fixed. A straight line on the surface is then 

treated iteratively with the constant scan velocity v resulting in a groove. In this case, the VRR is derived 

by208 

VRR =
𝑣

𝑁
∫ 𝐷(𝑥) 𝑑𝑥

+∞

−∞
                       (4.2) 

where N denotes the number of iterations, and x is the lateral distance.  An area etching is performed by 

moving plasma jet over the surface in raster path mode. For the experiments, several area etchings with 

individual scan velocities v are generated in experiments by moving the plasma jet over the surface in 

a raster path mode with a constant line feed y of 0.1 mm. The working distance was fixed. An etched 

area with the desirable size is obtained by adjusting the number and length of lines which are used in 

the experiment. In this case, the VRR is computed as follows,  

VRR =  𝑣 𝐷 ∆𝑦                                                                                                                                   (4.3) 

For illustrative purpose, the schematics of footprint, groove and area etchings showing the axis 

definitions and motion directions are presented in Figure 4.4.  

 

Figure 4.4 Schematics of (a)static footprint, (b) groove, and (c) area etchings showing the axis 

definitions and directions208. 

Moreover, in this work, the fluorine-based plasma jet is used as a deterministic etching tool aiming to 

optimize applications towards the fine residual removal error correction and freeform surface figuring 

of optics particularly made of N-BK7. To follow the deterministic surface machining scheme, plasma 

jet and sample stage are moved by the 3-axis motion system. The motion schemes are controlled by a 

dwell time matrix calculated by a numerical deconvolution algorithm between the defined freeform 

shape and the etch rate function. Based on the dwell time matrix, for points with large local depth, a 
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large local dwell time is assessed and vice versa. For clarification, the schematic of freeform surface 

generation by plasma jet is presented in Figure 4.5.  

 

Figure 4.5 Schematic of freeform surface machining by using reactive plasma jet as deterministic 

etching tool208. 

 

4.4 Sample preparation 

Prior to performing the surface treatment whether by plasma or laser, all specimens were cleaned 

following the RCA clean. The RCA clean is a standard procedure of sample cleaning required before 

surface treatment (i.e., etching and oxidation) of silicon-based materials in semiconductor 

manufacturing211. In this procedure, samples are prepared by rinsing them into four different solutions 

in order to remove organic contaminants, thin oxide layers and ionic impurities from the surface. The 

RCA clean consists of four steps which are described in the following211:  

I. The specimens are prepared by soaking them in deionized water. In the case that the specimens 

are noticeably contaminated and have obvious residues, they may need a primary cleaning in a 

mixture of sulfuric acid (H2SO4), water, and hydrogen peroxide (H2O2). This solution is known 

as Piranha solution. It should be noticed that between each cleaning step, the specimens should 

be carefully washed with deionized water. 

II. The second step is accomplished in an ultrasonic cleaning bath for 30 minutes at 50 °C by a 

solution of 1 part of ammonium hydroxide (NH4OH), 2 parts of hydrogen peroxide (H2O2) and 

40 parts of H2O. This base-peroxide solution mixture eliminates organic contaminations. This 

mixture can even eliminate insoluble residues successfully since it modifies the surface and 

initiates the particle zeta potentials. The zeta potential can be a key indicator of repelling 

insoluble particles and residues from surface.  Nevertheless, in this cleaning step, a low amount 

of metallic impurity (particularly iron) can be formed on the surface along with a thin silicon 

dioxide layer which will be washed away in the following steps. 

III. The third step is accomplished with a solution of 1 part of hydrogen chloride (HCl), 2 parts of 

H2O2, and 8 parts of H2O for 30 minutes at 50 °C. During this cleaning step, a thin passivizing 
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layer forms on the substrate surface, which shields the surface from later contamination. 

Moreover, a certain degree of metallic and ionic impurities which remained on the surface from 

the previous cleaning step are washed away in this step. 

IV. The last step includes rinsing and drying. In case that the former steps in RCA clean are applied 

properly, a clean surface is obtained for the sample which is still entirely underwater. Hence, 

careful rinsing and drying steps are required to prevent the recontamination of the surface with 

organics and particulates floating on the water. Therefore, the specimens were cleaned with 

flowing water and subsequently dried in a vacuum drying container. 

Besides the RCA clean that is used prior to etching, a cleaning step is additionally required for the 

etched optical glasses with complex composition like N-BK7 as these materials develop a residual layer 

during plasma etching. The residual by-products must be removed to ensure a precise depth profile 

measurement by an optical surface profiler on the etched surfaces. It was found in this work that most 

of these residual products are mainly soluble in water/ethanol solution208. Thus, after the etching 

process, the N-BK7 specimens are cleaned with the solution of 1 part of H2O, 1 part of C2H5OH. This 

procedure ensures a precise depth profile measurement on the etched surfaces by optical surface 

profiler. 

 

4.5 Measurement techniques for surface analysis 

4.5.1 Topography analysis  

Different types of techniques can be used based on either contactless optical method or contact and 

pseudo-contact methods to measure a surface topography quantifying surface profile and its 

roughness212. Scanning white light interference microscopy (WLIM) is a contactless optical tool for 

surface height measurement on 3-D structures with surface profiles ranging from nanometers to 

centimeters. Throughout this work, the cross-section profiles of etched structures on the optical surfaces 

were determined by using WLI microscope (NPFLEX-Bruker) where ten depth profiles were averaged 

for each structure. Micro roughness was measured by the WLI microscope using 50X objective.  

The cross-section profiles of etched structures were examined additionally throughout this work by the 

mechanical profilometer (PGI freeform - Ametek®) as a contact method. The mechanical profilometer 

consists of a diamond stylus that is moved in contact with a sample perpendicularly and then displaced 

horizontally through the sample for a certain distance and contact force. Depending on the position of 

the diamond stylus, an analog signal is created that is converted into a digital signal213. A profilometer 

that is used in this investigation can measure small vertical topographies fluctuating in height from 1 

nm to 10 mm. The diamond stylus has a radius ranging from 20 nm to 50 μm. The resolution is 

determined by the scan rate and the sampling rate of signals.  
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AFM is a scanning probe microscopy with very high-resolution ranging from fractions of a nanometer 

to about thousand times greater than the optical diffraction limit. In this work, surface roughness is 

additionally quantified by AFM employing tapping mode with a mechanical probe. Piezoelectric 

elements that facilitate tiny but accurate and precise movements on (electronic) command enable exact 

scanning. The measured data presented in this work was obtained with a dimension 3000 stage with a 

Nano Scope IIIa controller from Veeco Instruments. All the measurements were performed in air 

applying silicon tips with a nominal radius smaller than 10 nm and sidewall angles of 18°. For a 

quantitative analysis of the surface roughness, the scan sizes of (10  10) μm² were used with 512  

512 points214.  

4.5.2 Surface structure assessment 

Scanning electron microscope (SEM) is one type of electron microscope that generates pictures of a 

sample by scanning the surface with a focused beam of electrons. In this work, SEM technique is 

equipped with Energy-dispersive X-ray spectroscopy (EDS) which is an analytical technique employed 

for the elemental examination or chemical analysis of a workpiece. It is based on an interaction of some 

source of X-ray excitation and a substrate surface. Its characterization abilities are relied on the 

fundamental principle of spectroscopy that each chemical element has an individual atomic 

configuration permitting a unique arrangement of peaks on its electromagnetic emission spectrum. In 

this investigation, the surface composition mapping was performed by secondary-electron microscope 

energy dispersive X-ray (SEM-EDX) measurements in a Zeiss Gemini Ultra 55 machine with a Bruker 

XFlash 3001 detector.  

Focused ion beam (FIB) can also be combined with SEM, letting the same feature to be examined. In 

this investigation, FIB was used to prepare vertical cross sections through the formed residual layer, 

which have been subsequently analyzed by SEM.   

X-Ray Diffraction (XRD) is used as a non-destructive method to analyze the atomic and molecular 

structure of crystalline materials. The XRD analysis is used to recognize the crystalline phases existing 

in a material in which the crystalline structure produces a beam of incident X-rays to diffract into many 

individual directions. The XRD measurements were performed in this work to examine the crystallinity 

of the residual layer formed on the N-BK7 after plasma etching.  

4.5.3 Surface chemistry analysis  

X-ray photoelectron spectroscopy (XPS) as a surface-sensitive quantitative spectroscopic method is 

used for performing semi quantitative analysis of elemental compositions that are within a material. By 

exposing X-rays to the substrate surface and instantaneously computing the kinetic energy and number 

of electrons emitted from the surface, XPS spectra are derived. X-rays hit the solid surfaces to knock 

electrons out of the specimen surface, and then the energy of these electrons are collected and analyzed 
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to determine the chemical composition of the solid surfaces.  XPS technique can be used to determine 

not only the elements within a specimen surface, but also number of other elements bounded to them. 

This means that by detection of a metal oxide on the surface, XPS can reveal if the metal is in a +1 or 

+2 state. However, the average depth of analysis for an XPS measurement is limited to the maximum 

depth of 10 nm. In this investigation, XPS (Instrument Axis Ultra DLD, KRATOS Manchester) was 

used to determine the chemical composition of the surface. 

Secondary-ion mass spectrometry (SIMS) is used to investigate chemical composition of substrate 

surfaces and is considered as one of the most profound surface analysis techniques224. Through SIMS, 

the substrate surface is primarily sputtered with a focused primary ion beam, and subsequently an 

emitted secondary ion is gathered by using a mass spectrometer. Based on the assessment of 

mass/charge ratios of secondary ion, elemental or molecular composition of the material surface is 

determined up to the depth of 2 nm. In SIMS, as a highly precise surface analysis technique, the 

elemental detection margins can vary from parts-per-million (ppm) to parts-per-billion (ppb). Even 

though SIMS is regarded as a qualitative technique because of the large difference in ionization 

possibilities among diverse materials, the quantitative measurement is still possible by referencing it to 

standards. In this investigation, SIMS is used to determine the elements present in the outer layers of 

the surface and to probe the depth distributions of elements below the outermost surface up to 100 nm.  
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5 Results and Discussion 

5.1 Evaluation of pre-processing cleaning step  

As already described in Section 4.4, before surface processing of optical glasses, an accurate and 

standard surface-cleaning step is required. The RCA clean that is a standard set of wafer cleaning steps 

is used in this investigation. However, cleaning of optical glasses containing alkali metal ions like N-

BK7 can cause undesirable modification of the surface as its metal ions can leach out. Hence, the 

cleaning steps should be carefully examined to ensure that the metal ions of the N-BK7 surface are not 

significantly drained to change the chemical surface-composition. To evaluate the effect of the cleaning 

methods on the elements present in the outer layers of N-BK7 surface, besides the RCA clean, two other 

types of cleaning methods including oxygen plasma and ethanol were used. Afterwards, the surfaces 

cleaned by these different methods were analyzed by XPS (Figure 5.1). The chemical composition of 

the untreated surface of N-BK7 is additionally measured as reference. By comparing the results, it can 

be observed that the effects of the cleaning methods on the arrangement, type, and ratio of atoms present 

in the outer layers of N-BK7 surface are not significant enough to impact the subsequent surface 

machining process.  

  

Figure 5.1 Comparing the effects of cleaning methods on the elements present in the outer layers of N-

BK7 surface by using XPS analysis. 

For more investigation, the surface chemical analysis by means of SIMS is used to determine the 

elements present in the outer layers of surface and to probe the depth distributions of elements below 

the outermost surface up to 100 nm before and after applying the RCA clean (Figure 5.2(a) and Figure 

5.2(b), respectively). The comparison of the results reveals that the RCA clean process cannot modify 

the surface chemical composition of N-BK7, and hence it cannot have any significant effect on the 

etching performance of N-BK7 surface.  
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Figure 5.2 SIMS analysis of the outer layers of N-BK7 surface in depth distributions of different 

elements below the outermost surface up to 100 nm, (a) before applying the RCA clean, (b) after 

applying the RCA clean. 

 

5.2 Investigation of fluorine-based plasma jet interactions with optical glass 

In this section, the results for interactions of borosilicate crown optical glass with the fluorine-based 

plasma jet are presented, highlighting the difference among different amounts of O2 addition into the 

CF4/He gas mixture, surface temperature, mean input power and working distance. Furthermore, the 

results for fused silica as an easy-to-etch optical glass are also provided under the same conditions for 

comparison. The aim of the experiments is to explore the PJM performance of optical glasses under 

different processing conditions and gather experimental data for the development of a general model 

for the deterministic surface machining. For the following optimization experiments, the plasma jet 

moves on the surface iteratively in a straight line with the constant scan velocity v = 2 mm/s to create a 

groove etching. The number of line iterations N was set to 2 to have a small plasma dwell time t. In fact, 

for a small dwell time t, the resulting residual layer formed on the N-BK7 surface is too thin, and hence 

it cannot affect the performance of PJM208. 

5.2.1  Influence of O2 addition on CF4 decomposition in plasma jet  

As discussed in Section 4.1.1, the plasma jet is supplied by 1 sccm CF4 as the potentially reactive 

precursor gas to form chemically active fluorine in the plasma discharge. It is supposed that the addition 

of the low amount of O2 into gas mixture can increase the etching rate. The O2 flow rate was varied 

from 0 sccm to 4 sccm to find the optimal amount of O2 addition, while the flow rates of CF4 was fixed 

to 1 sccm. Figure 5.3(a-b) shows the dependence of the etch depth profile on the proportion of O2 in 

the CF4/He gas mixture for the groove etchings performed on the optical surfaces of both N‐BK7 and 

fused silica. The corresponding VRR is presented in Figure 5.3(c). 
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Figure 5.3 Dependence of etch depth profile on the O2 gas flow rate [sccm] for (a) N-BK7, (b) fused 

silica, and (c) the corresponding VRR values. 
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Figure 5.4 Cross section of electric field strength at the inner gas tube outlet of the plasma jet source 

calculated by FEM. 

For both N-BK7 and fused silica, the etch depth profiles exhibit nearly a Gaussian shape except the 

ones with the low O2 flow rate where nearly no etching in the center of the profile is achieved, though 
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at lateral positions, a high etching is observed (Figure 5.3(a-b)). It is assumed that the dissociation of 

CF4 generating fluorine atoms or ions preferably takes place in the region of high electric field strength. 

A simple finite element method (FEM) model was used to simulate the electric field distribution of the 

coaxial conductor system with no ignited plasma discharge. The FEM simulation of electric field 

strength at the inner conductor shows an annular shaped region of maximum field strength that occurs 

at the “edges” of the inner nozzle (Figure 5.4). This result validates that the dissociation of CF4 to form 

fluorine atoms mostly occurs at the edges of the inner nozzle; the region with higher electric field 

strength. On the other hand, in the center region where higher CF4 concentration and lower electric field 

strength appear, the CFx radical formation is more probable. If the O2 flow rate is low (i.e., < 2 sccm 

for N‐BK7, and < 1 sccm for fused silica), the recombination of F* and CFx form a masking layer at 

the center which can stop local etching by inhibiting the fluorine radical attack, and nearly no etching 

is observed at the center of the profile208, i.e., 

F* + CF3 → CF4                                               (5.1)  

CF3 + CF3  → C2F6                                                                                                          

The deposition rate of fluorocarbon film (i.e., CF4 (+M)) depends on the gas composition and precursor 

density. When no O2 is added into the gas mixture or the O2 flow rate is low, the fluorocarbon film 

deposits fast on the surface. Then, the film continues to thicken and makes the attained local etch rates 

in the center nearly negligible. However, it is well-known that O2 has the capability of reacting with 

neutral CFx to form COF2 and F2
176,  

CFx + O → COF2(g) + F                                                        (5.2)                                                                                                                      

O + COF2 → CO2 + F2                                                                                                                                                                  

By increasing the O2 content in the gas mixture, not only the deposition rate of the fluorocarbon film on 

the surface is impaired but also a larger concentration of F atoms is provided for etching the surface, 

and hence the etching rate in the center of the plasma interaction zone increases176.   

On the other hand, the addition of O2 to the gas mixture leads to dispersing the plasma energy discharge 

since O2 molecules compete with CF4 molecules in energy uptake from the free electrons in the plasma 

discharge leading to excited states, dissociation, or formation of ions176.  Furthermore, a dilution of the 

fluorine radical concentration becomes effective by the addition of O2 to the gas mixture. Hence, the 

etching rate decreases for N-BK7 and fused silica, respectively, when the O2 flow rate exceeds 2 sccm 

and 1 sccm207. A similar behavior of adding O2 has been reported in case of a low-pressure CF4-O2 

plasma etching process218. For the following experiments on the plasma jet machining of N‐BK7 and 

fused silica, the optimal flow rate of O2 was adjusted to 2 sccm and 1 sccm, respectively. 
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5.2.2 Effect of temperature on surface interactions with plasma 

Plasma etching of optical surfaces is controlled exclusively by chemical kinetics145. Hence, according 

to the Arrhenius equation219-220, the surface temperature Ts has a major effect on the local etching rate 

and consequently on VRR221-225.  

To investigate the effects of surface temperature Ts on the plasma etching performance, several grooves 

on the surfaces of N-BK7 and fused silica were generated at different initial temperatures Th. For this 

purpose, the workpiece was preheated by a heater to initial temperatures Th between 25 °C and 350 °C 

while all other process parameters were kept fixed, and the mean input power PM was set to 16 W. The 

final value of surface temperature Ts is obtained by the sum of the plasma heat flow and the heat flow 

originating from the heater. Figure 5.5 shows snapshots of the lateral surface temperature distribution 

perpendicular to the plasma jet for the initial temperatures Th = 25 °C, 150 °C, 250 °C and 350 °C during 

etching. As it is illustrated in Figure 5.5, when the plasma affects the surface, a sudden rise of 

temperature is detected. Because of the extra heat of the plasma flow, the maximum surface temperature 

Ts occurs at the center of the plasma jet surface interaction zone and reaches to {300±10, 350±10, 

415±10, 470±10} °C for the four different initial temperatures Th, respectively. The lateral distribution 

of surface temperature Ts has a nearly Gaussian shape. It approaches gradually to the initial surface 

temperature Th at the peripheral area of the plasma interaction zone. In case of a lower initial temperature 

(e.g., Th = 25°C), the impact of plasma heat flux on the surface temperature Ts becomes greater and 

provides a wider lateral heat transfer to the surface. Therefore, having a higher initial temperature Th 

helps to adopt a more uniform surface temperature Ts over the radial profile during the process, and to 

some extent inhibits the sudden rise of surface temperature Ts at the beginning of etching.  

The dependence of VRR on the surface temperature Ts is shown in Figure 5.6. It can be observed that 

the performance of etching for both N-BK7 and fused silica improves in terms of the local etching rate 

and the VRR. At the lowest surface temperature Ts when no extra heat is applied to the surface substrate, 

the VRR values are minimum. By applying the initial temperature Th, the proportion of reactant 

molecules with energy greater than the activation energy Ea (i.e., the minimum energy that must be 

provided to compounds resulting in a chemical reaction) increases. Therefore, adequate preheating of 

the workpiece can increase etching rate. However, it should be noted that when the surface temperature 

Ts is higher than the transition temperature Tg of N-BK7, the effect of temperature is not any more 

conducive to form a smooth surface. It rather introduces damage to the surface. Therefore, it is necessary 

to strictly control the surface temperature during the machining process to ensure the temperature is 

below Tg. The maximum surface temperature Ts used in this work is 480 °C that is still below the 

transition temperature Tg = 550 °C210.  
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Figure 5.5 Surface temperature profiles in the etching process obtained at four different initial 

temperatures Th: 25 °C (RT), 150 °C, 250 °C and 350 °C when the mean input power PM is fixed to 16 

W207. 
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Figure 5.6 Volumetric removal rate VRR of groove etching for N-BK7 and fused silica obtained at 

different initial temperatures Th increasing from: 25 °C to 350 °C when the mean input power PM is set 

to 16 W207. 

5.2.3 Variation of etching rate with mean input power 

As mentioned in Section 4.1.1, for igniting and sustaining plasma jet at the tip of inner nozzle, the 

electric field intensity is provided by a pulsed microwave field at 2.45 GHz. Then, the mean input power 

𝑃𝑀 of plasma jet can be calculated in units of W as 

𝑃𝑀 = 𝑡𝑝 𝑃𝑝 𝑓𝑝                   (5.3)

               



Results and Discussion  

 

60 
 

where fp denotes pulse repetition frequency in kHz, Pp pulse peak power in W, and tp is the pulse width 

in μs. The mean input power PM can be changed by the variation of either the pulse repetition frequency 

fP or the pulse width tp. The groove etching is performed at different values of PM to evaluate the 

corresponding performance. For this purpose, PM is varied from 6 W to 26 W by increasing tp from 12 

μs to 60 μs while Pp and fp are set to 200 W and 2.1 kHz, respectively.  

As shown in Figure 5.7, VRR increases by the mean input power PM for both N-BK7 and fused silica.  

By increasing the mean input power PM, the dissociation rate of CF4 and O2 increases, and more fluorine 

atoms, oxygen atoms and CFx radicals are generated. Moreover, at higher mean input power PM, CF4 

and O2 diffuse more strongly into the plasma center over a larger axial area and shift into a larger 

distance in accordance with the extent of the active plasma zone and the thermal influence zone. These 

effects lead to an increasing fluorine current density on the substrate surface and better etching 

performance. Additionally, by raising the plasma mean input power PM, the plasma gas temperature 

increases leading to higher surface temperature Ts. Figure 5.8 shows the surface temperature profiles 

in the etching process with different PM when the samples are not preheated (Th = 25°C). The rise of 

surface temperature Ts enhances the kinetic energy of particles to provide the activation energy required 

for chemical etching reaction leading to higher VRR207.  Nonetheless, due to the direct relation of Ts 

with PM, there is a limit for acquiring high VRR by increasing PM as Ts must be always below the 

transition energy Tg = 550 °C. According to the results shown in Figure 5.8, the optimal mean input 

power is found to be PM = 16 W as the sufficiently large VRR is achieved while Ts remains well below 

Tg such that preheating can be applied if necessary.  

3 6 9 12 15 18 21 24
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

V
R

R
 [

m
m

3
/m

in
]

PM  [W]

 N-BK7® 

 Fused Silica

 

Figure 5.7 Volumetric removal rate VRR of groove etching for N-BK7 and fused silica depending on 

different values of the mean input power PM.   
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Figure 5.8 Surface temperature profiles during groove etching at different values of mean input power 

PM when the workpiece is not preheated. 

 

5.2.4 Influence of distance between substrate surface and plasma discharge  

The efficiency of plasma etching is strongly sensitive to the distance between the plasma jet outlet and 

the substrate surface, known as working distance d. The optimal efficiency of plasma etching process 

with respect to the working distance d is achieved empirically by precisely adjusting the substrate 

surface within the active region of the plasma jet. The dependence of the etch depth profile on changing 

the working distance d is shown in Figure 5.9 for the groove etchings performed on the N‐BK7 when 

all other process parameters were kept fixed. The corresponding VRR and FWHM for these etch depth 

profiles are provided as well in Figure 5.9(a). It is evident that the optimal efficiency of plasma etching 

with respect to the etching depth and VRR is achieved at the working distance d = 5 mm (Figure 

5.9(b)). It is assumed, that the generation of etching particles such as fluorine radicals is promoted by 

O2 entrainment from the peripheral gas flow, yielding optimal conditions for dissociation of CF4 and 

oxidation to COF2 preventing the recombination of fluorine radicals. At too short working distance (i.e., 

d = 4 mm), sufficient amount of O2 entrainment from the peripheral gas flow cannot be provided. On 

the other hand, for too large working distance, (i.e., d = 6 mm) recombination effects may become 

stronger. In the following experiments, the optimal working distance d = 5 mm is used207.  
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Figure 5.9 (a) Etch depth profile, and (b) the corresponding VRR and FWHM values for groove etching 

at three different working distances d.  

 

5.3 Freeform figuring of optical glass by PJM 

Over the past decades, optical elements made of N-BK7 are vastly used in a wide variety of optical 

applications even more than fused silica. Hence, the possibility to use reactive plasma technique for 

deterministic surface machining of N-BK7 especially with regards to freeform fabrication is of great 

interest. As described in Section 4.1.1, PJM as an etching tool with an adjustable width can be a good 

choice in applications towards the complex freeform surface machining by imposing no geometric 

limits. In this investigation, a fine focused plasma jet with a tool FWHM of 1.5 mm (Figure 4.2) is used 

as an advanced deterministic machining tool to chemically interact with the N-BK7 surface for freeform 

shape generation. However, the application of PJM on N-BK7, due to the presence of about 8% alkaline 

oxide in its chemical composition (Table 4.1), is not a straightforward approach. 

In the etching process, etched by-products cover the surface that can affect the steady sate etching and 

the machining process. The aim is to evaluate the performance of PJM for N-BK7 regarding to the 

following main applications: (i) Local figure correction which can be a replacement approach for the 

ion beam figuring (IBF) or magnetorheological finishing (MRF). This step is characterized with a 

comparatively low material removal of few nanometers by having a small plasma dwell time aiming to 

correct the fine residual removal errors which remain on the surface after a complex freeform surface 

figuring. It is noted that the requirement here is to not alter the roughness remarkably after applying the 

error correction method. (ii) Freeform surface figuring on the N-BK7 surface, where PJM can be 

substituted for conventional methods like the mechanical grinding189-190.  

To examine the performance of PJM for freeform fabrication of N-BK7, the optimal process parameters 

(i.e., PM =16 W, CF4= 1 sccm, O2= 2 sccm, Th = 25 °C) found in Section 5.2 are chosen207. In the 
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workflow of deterministic surface machining (Figure 3.4), firstly, a 2D-sinusoidal test structure with 

low depth profile (PV= 500 nm) is defined as the target removal depth D (Figure 5.10(a)). Afterwards, 

the dwell-time matrix t is calculated by the deconvolution of the plasma tool function R and the target 

removal depth D. Due to the complex and time-varying behavior of material removal of N-BK7, it is 

rather hard to estimate the accurate plasma tool function on N-BK7. Hence, an approximate time 

independent tool function with the maximum etch rate Rmax= 200 nm/s is used for the calculation of the 

dwell time matrix t. 

 

Figure 5.10 (a) Target removal depth D with a 2D-sinusoidal test structure with low depth profile (PV= 

500 nm) for deterministic surface machining, and (b) distribution of residual layer after the 

deterministic surface machining over the plasma treated areas. 

 Afterwards, based on the calculated dwell time matrix t, the feed rate commands are determined and 

sent to CNC controller for machining the desired removal depth on the N-BK7 optical glass. The highest 

velocity applied in the plasma jet system is set to 20 mm/s which yields the base removal depth about 

255 nm PV. This base-removal leads to an unavoidable bias in the resulting etch depth profile which 

should be considered in the experimental process.  

After the shape machining, an inhomogeneous layer with irregular structures is distributed over the 

plasma treated areas (Figure 5.10(b)). In this figure, colorful interference patterns are observed as the 

residual layer thickness varies locally. Figure 5.11 shows the etch depth profile and the corresponding 

cross-sections along the horizontal and vertical axes after the residual layer removal with water/ethanol. 

The resulting non-volatile etch by-products influence the tool function on N-BK7 in non-linear way 

leading to a time-dependent tool function.  However, in standard deconvolution model, an approximate 

time-independent tool function is used to calculate the dwell time matrix t, and hence the resulting 

removal rate is much less than the approximate one, and it decreases continuously by increasing the 

plasma dwell time t. Table 5.1 shows the approximate etching depth assuming the constant etch rate 

200 nm/s as well as the corresponding measured one. The maximum depth, PV and the base removal 
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are measured on average as 180 nm, 107 nm and 50 nm, respectively, and hence their corresponding 

removal rates are only about 24%, 21% and 20% of the approximate one (i.e., 200 nm/s) used to 

calculate the dwell time.  

Table 5.1 Approximate etching depth assuming the constant etch rate 200 nm/s as well as the 

corresponding measured etching depth. 

Condition Max depth PV Base-removal  

Approximate etching depth assuming constant etch rate 200 mm/s 755 500 255 

Measured etching depth  180 107 50 

 

Therefore, unexpected asymmetric etching profile is obtained, and the cross-section profile along the 

x- and y-axis presents a complex and irregular shape (Figure 5.11). Furthermore, the increase of etch 

depth profile with respect to the plasma dwell time is non-linear. The residual layer, which is produced 

during the process, is the main factor which changes the material removal irregularly. It is obvious from 

the results that the degree of irregularity of material removal rate depends on the thickness of residual 

layer which itself depends on dwell time t. To tackle this problem, the spatiotemporal behavior of 

plasma tool function on N-BK7 should be estimated a priori for implementation in dwell time matrix t 

calculation. This topic is discussed in Section 5.5. 

 

Figure 5.11 Etch depth profile and the corresponding cross-sections along the x- and y-axis as the 

PJM-based deterministic surface machining is performed on the N-BK7 surface followed by the 

residual layer removal with water/ethanol. 

 

5.4 Surface characterization of plasma-treated N-BK7 

As shown in Section 5.3, the application of PJM for freeform figuring of N-BK7 is problematic since 

a residual layer may form during etching, which affects the local etching rate, and consequently the 

plasma tool function (i.e., the characteristic lateral material removal rate function)208. Such behavior 

leads to a complex time-dependent etching process. As deterministic surface machining processes rely 

on a well-defined etch rate distribution that is adequately stable in time, accurate freeform figuring of 
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optical glasses cannot be obtained without understanding the exact chemical kinetics between plasma 

generated active particles and the N‐BK7 surface atoms. For this purpose, here, the chemical 

composition, and structural properties of the residual layer, resulted from static and dynamic etchings, 

are extensively evaluated aiming at clarifying the mechanism of surface modification with respect to 

layer formation, material removal and local surface roughness. The outcomes of this investigation lead 

to a deeper knowledge of the mechanisms at work to develop a predictable machining process for 

plasma-based freeform generation. 

5.4.1 Analysis of the residual layer formed on the surface 

To investigate the chemical composition of non-volatile compounds formed on the N-BK7 surface after 

PJM, an area etching was applied. The process parameters were adjusted to the optimum parameters 

determined in Section 5.2. After the PJM, a rough residual layer forms on the plasma treated area which 

was analyzed by XPS without and after subsequent water/ethanol cleaning process (Figure 5.12). In 

addition, as a reference, the chemical composition of an unprocessed N-BK7 surface was measured and 

shown in the same figure. The residual layer formed on the plasma treated surface consists of a variety 

of metal oxides and fluorides such as Na2O, NaF, KF, BaF2 and multi-element compounds like 

BaOnFm, BaF6S, and SbOnFm(s) as well as a tetrafluoroborate anion (BF4-). The XPS analysis after 

washing exhibits a surface with very low amount of residual etching products. The chemical and 

structural properties of the plasma treated area was further investigated by SEM imaging and EDX 

analysis. Figure 5.13 shows the result directly after the plasma treatment without washing. A non-

uniform distribution of Na/F and K/F signals assigned to the residues NaF and KF, and Si/O signals 

with weak homogeneously distributed Na and K signals assigned to the substrate material N-BK7 is 

observed. Due to the inhomogeneous coverage of the surface by the residues, the layer thickness 

determination could not be performed.  

The XPS and EDX results indicate that the reactions of N-BK7 surface with the He/CF4/O2-based 

plasma can be divided into two general categories. One includes reactions between fluorine and network 

formers (i.e., 70% silica (SiO2) and 8% boron trioxide (B2O3)). The other category entails the interaction 

between fluorine and the metal oxides (i.e., BaO, K2O and Na2O). The reactions of the first category 

produce volatile compounds such as SiF4(g), CO(g), CO2(g), BF3(g), B2F4(g) and COF2 which have 

very low boiling points (Table 5.1)222, 223. The desorption of these volatile compounds from the surface 

occurs by thermal activation which results in material removal. On the other hand, the second category 

of reactions forms non-volatile fluorine compounds such as NaF, KF, BaF2 as well as the multi-elements 

layer like BaOnFm and SbOnFm that remain on the surface. 
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Figure 5.12 XPS analysis for chemical composition of N-BK7 surface treated by area etching after and 

without washing, and the untreated surface as reference. “Me” can stand for Na, K and Ba. 

 

Figure 5.13 Electron microscope images of a residual layer forming on the plasma treated surface of 

N-BK7 after area etching without washing: (a) Scanning electron (SEM) image of the surface 

morphology; and (b) color-coded elemental composition of the sample area given in (a) by the green 

box, analyzed by energy dispersive X-ray (EDX).  

Table 5.1 Boiling points and vapor pressure of volatile and non-volatile components of N-BK7 surface 

in interaction with CF4/O2-based plasma discharge222, 223.  

Reaction 

product 
CO BF3 SiF4 COF2 CO2 KF NaF aF2 

Boiling 

point 
-191  
[°C] 

-100 
[°C] 

-86 
[°C] 

-84 
[°C] 

-78 
[°C] 

1505 
[°C] 

1700 
[°C] 

2260 
[°C] 

Vapor 

pressure 

34 

[atm] 

(-140 °C) 

>50 

[atm] 

(20 °C) 

36.5 

[atm] 

(20 °C) 

55.4 

[atm] 

(20 °C) 

56.5 

[atm] 

(20 °C) 

0.0013 

[atm] 

(885 °C) 
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5.4.2 Lateral distribution of residual layer  

Due to the fact that the relative motion of the plasma jet leads to the convolution of the tool function R 

with the plasma dwell time t, area or dynamic etchings yield limited information on the local interaction 

of the plasma jet with the surface (i.e., Equation 3.2). Hence, static footprint etchings were performed 

to investigate the local etch depth and the lateral distributions of the residues. Figure 5.14 and Figure 

5.15 show SEM and EDX images of a footprint obtained for a dwell time of t=8 s. The formation of a 

residual layer is clearly observed. In the central area with a radius of approximately 400 µm the layer 

is cracked into several patches and partly delaminated. At the peripheral area, the layer seems to be 

compact until the edge at r ~800 µm, where the layer is fully delaminated in a ring-like zone. However, 

at even larger radius (i.e., r > 800 µm), a compact layer is again visible, though partly delaminated on 

the edge. This finding is consistent with the EDX measurement shown in Figure 5.14(b), where the 

main components of the substrate and residues are color-coded. Four different spots (labeled with A, B, 

C, D) along the radial profile r were further analyzed to reveal their corresponding chemical 

composition. The relative abundance of elements at these spots is shown in Figure 5.16. At the center 

of the footprint pattern (i.e., the location A), the largest amount of fluorine as well as Na and K is 

measured. This is attributed to the residual layer consisting of NaF and KF with the largest thickness 

that accumulates at the center of the footprint. At the position B, the signal indicating alkali-fluorides 

decreases, while at the position C at approximately 0.8 mm distance from center nearly no fluorine 

occurs, and Si and O signal exhibit a maximum. According to the SEM images in Figure 5.14(a) and 

Figure 5.15, the residual layer is removed at this radial position and the initial N-BK7 surface shows 

up. This radial distribution of the residual layer can be explained by the gas flow pattern of the plasma 

jet. In this configuration, an impinging jet flow is assumed that forms a stagnation point in the center. 

A FEM simulation of helium jet emerging from a tube with the inner diameter of 0.2 mm, that is directed 

to a perpendicular plate at the distance of 5 mm, was performed to obtain the radial gas velocity on the 

plate surface (i.e., the velocity component parallel to the surface). 

 

Figure 5.14 (a) SEM and (b) EDX images of a footprint obtained after static etching for the dwell time 

of t =8 s. 
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Figure 5.15 Surface morphology SEM of the spots A, B, C corresponding to Figure 5.14. 
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Figure 5.16 Relative abundance of elements at the spots shown in Figure 5.14 with the labels A, B, C, 

D.  

The distribution of radial gas flow velocity is shown in Figure 5.17. At radial position of 0.8 mm, 

approximately the maximum is observed. As the residual layer is probably not compact and prone to 

delaminate, the gas blows loose parts outwards and spreads it radially over the surface. In the SEM 

image (Figure 5.14, the location C), such particles are found around the footprint. 
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Figure 5.17 Velocity magnitude of radial gas flow for He gas jet at z=5 mm on perpendicular plate. 

5.4.3 Etch depth profile as a function of plasma dwell-time  

Static etching for different treatment times t was performed to investigate the temporal evolution of etch 

profiles. Figure 5.18 depicts the etch depth profiles for the dwell times of 1 s to 12 s after removal of 

the residual layer with water/ethanol solution. At the beginning of the process when the dwell time t is 

less than 2 s, the profiles exhibit a near-Gaussian shape, that is usually found for fused silica or Si 

plasma jet etching.185 Hence, the near-Gaussian profile represents the reactive particle density 

distribution always present on the surface. Even if a residual layer is formed, it is thin enough to be 

penetrated by etching species and the isotropic etching can proceed. However, as the dwell time 

increases, the profiles depart significantly from the Gaussian shape. Obviously, the residual layer in the 

center masks the surface underneath and prevents the attack of etching species. Thus, etching is 

inhibited leading to a flattened profile shape. Consequently, by increasing the etching time t, the 

material removal barely is observed at the center and the local etching rate R considerably decreases. 

Contrariwise, the gas velocity vg at the radial position of 0.8 mm reaches a maximum (e.g., 20 m/s) 

(Figure 5.17) such that the brittle residual layer is cracked easily and blown away by the gas flow, and 

the parted residual particles stay on the surface instead of a dense residual layer. Therefore, the profile 

cross sections show a sharp edge at r >0.8 mm because the local material removal is not affected by the 

separated residual particles dispersed over the surface. The SEM image for the peripheral area of 

footprint at the etching time t = 8 s before washing and cleaning is shown in Figure 5.14 (the location 

C).  
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Figure 5.18 Etch depth profiles obtained by reactive plasma jet on N-BK7 surface with static plasma 

processing at different dwell-times t and after the removal of the residual layer with water/ethanol 

solution. 

5.4.4 Roughness measurement 

After washing the plasma treated sample, the roughness of footprint etching over the radial profile r 

was determined. Figure 5.19 illustrates a qualitative dependence of N-BK7 surface roughness on the 

dwell time t ranging from 1 s to 8 s for different spots on the radial profile. At the beginning of footprint 

etching when the dwell time t is less than 2 s, the etching results in a relatively smooth surface, and the 

measured roughness of footprint (i.e., Sq = 4 nm) does not change remarkably in comparison to the 

polished N-BK7 surface without any plasma treatment (Figure 5.19, the curve at t = 1 s). However, by 

increasing the etching time t, the measured roughness over the radial profile r rises especially at the 

center, i.e., approximately r = 0.8 mm. At the center, the thick local residual layer converts into a 

masking layer during the process. However, as it seems to partly delaminate, the mask is not fully dense, 

and it leads to a rough surface. Additionally, at the peripheral area of footprint, the brittle residual layer 

is locally cracked and removed during the process by increasing the etching time. However, instead of 

a dense and packed residual layer, separated residual particles remain on the surface which cause a 

rough surface (Figure 5.14, the spot C). 
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Figure 5.19 Surface roughness of N-BK7 which forms after static etching at different dwell times t for 

different spots of radial profile. 

 

5.5 Development of a model for numerical convolution 

As it was noticed in Section 5.3, the applicability of PJM for freeform figuring of N-BK7 becomes 

limited particularly for large dwell times t. The lateral distribution of material removal exhibits a 

complex behavior, and the evolution of local etch depth with dwell time t decreases causing the time-

varying nonlinearity in the radial removal rate function. Therefore, the characteristic behavior of plasma 

tool function on N-BK7 surfaces must be determined specifically. Recalling the unusual static etch-

profiles results in Figure 5.18, they were in this section to monitor the spatiotemporal behavior of 

etching rate. Subsequently, semi-empirical quantitative model is developed to describe the non-linear 

characteristics of the tool function on N-BK7 surfaces. Finally, the derived model is extended into the 

dynamic machining process, and the outcomes are compared with the experimental results. 

5.5.1 Estimation of spatiotemporal behavior of etching rate R(r,t) 

The experimental data presented in Figure 5.18 is used to illustrate the local etch depth D of static 

etching for N-BK7 as a function of the radial profile r and dwell time t (Figure 5.20). For typical PJM-

based deterministic machining in which the local etching rate R(r) is constant with respect to the dwell 

time t, the relation between the local etching rate R(r) and the depth D(r) can be simply expressed as  

𝑅(𝑟) =  𝐷(𝑟 )/ 𝑡.                                  (5.4) 

However, as discussed in Section 5.3, the removal behavior of N-BK7 is not linear in terms of dwell 

time t. In order to compute the local etching rate R of N-BK7, the dwell time t must be considered as 
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an extra variable in addition to the radial position r. In this case, the relation between the local etching 

rate R and the etch depth D is expressed as follows 

𝑅(𝑟 , 𝑡) =
𝜕𝐷(𝑟 ,𝑡)

𝜕𝑡
                                             (5.5) 

The local etching rate R(r,t) is computed by the partial derivative of local etch depth D(r, t) with respect 

to the dwell time t. The experimental data has been interpolated to obtain a smooth 2D function (i.e. 

spatiotemporal etching rate R(r, t)). The result of local etching rate R(r, t) is illustrated in Figure 

5.20(b). 

 

Figure 5.20 (a) The attainable local etch depth D(r, t) of static machining for N-BK7 as a function of 

the radial profile r and dwell time t, (b) the corresponding local etching rate R(r, t) based on the 

obtained depth D(r, t) over the radial profile r and dwell time t. 

5.5.2 Non-linear characteristics of plasma tool function 

Based on Equation 5.5, it is now possible to calculate a dependence of the rate on the already reached 

local etching depth D(r, t) for a certain radius r, i.e. R(r, D(r, t)). By using an interpolation routine, a 

new dataset for R(r, D) is generated, which is shown in Figure 5.21. The local etching rate R(r, t) is 

maximum at the center of radial profile r where the local depth is low (e.g., D(r, t) ≤ 0.2 µm). However, 

the etching rate R(r, t) decreases and approaches zero with some small fluctuations in its amount as the 

depth D(r, t) increases. These fluctuations of local etching rate R(r, t) at the center for large values of 

depth D(r, t) can be attributed to the brittle residual layer on the surface which can be removed 

coincidentally by the gas flow velocity vg during the process. The peaks in depth D(r, t) achieved for 

the radial profile around r = - 0.8 mm and r = 1 mm as the gas flow velocity vg has the highest amount 

(Figure 5.17) and results in the removal of the residual layer.  
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Figure 5.21 Tool function (i.e., depth-dependent removal function R(r, D)) obtained by interpolation. 

5.5.3 Modeling of dynamic machining process 

The characteristic behavior of plasma tool function (Figure 5.21) is intended to be used for modeling 

the deterministic dynamic machining process. Based on the predefined removal depth, the estimated 

tool function should move over the surface for the “dwell time” values calculated by the numerical 

deconvolution method (outlined in Section 3.3.3). However, the resulting tool function has a complex 

shape that largely deviates from the typical rotationally Gaussian form. Consequently, the standard 

deconvolution methods used for dwell time calculation are not anymore applicable here for modeling 

the dynamic machining process as they highly rely on a constant functional form. Therefore, in this 

section, a modeling algorithm is proposed which enables the use of the depth-dependent removal 

function R(r, D(r,t)) in a 2D coordinate space.  

To demonstrate the applicability of the proposed approach for modeling the dynamic etching, the tool 

function R(r, D(r,t)) is moved either in a straight line or raster path to generate respectively etched 

groove or etched area. The motion is implemented by shifting the center of the tool function R(r,D(r,t)) 

with the applied velocity v and direction x/y. The radial distance r for each local dwell time t of this 

motion is continuously updated to get the corresponding value for the removal rate R(r,D(r,t)). Then, 

the convolution of the local removal rate R with the dwell time t results in the local etch depth D(r,t). 

This convolution is numerically computed by the iterative summation of the multiplication of the depth-

dependent removal function with dwell time t as follows 

𝐷𝑖𝑗
𝑝+1

= 𝐷𝑖𝑗
𝑝

+ [𝑡𝑘𝑙  𝑅𝑖−𝑘,𝑗−𝑙(𝐷𝑖𝑗
𝑝

)]                  (5.6) 
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where p denotes the time-step index. According to the shape of the tool function R(r, D(r,t)) shown in 

Figure 5.21, at certain regions (e.g., at the center of tool function), etching stops due to masking layer, 

and hence removal rate in these regions cannot be defined. These masking constraints are considered 

as stopping criterion in the simulation algorithm. Table 5.2 summarizes the proposed algorithm. This 

algorithm is implemented in MATLAB®, and the simulation results are obtained for both the groove 

and area etching.  

Figure 5.22 shows the cross-sectional shape of simulated depth profiles and experimental results for 

the groove etching. It can be observed that the calculated profiles agree well with the experimental 

results for the same setting parameters when the velocity v = 3 mm/s is used, and the number of line 

iterations N is set to {1, 2, 4, 8}.  
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Figure 5.22: Etch depth profiles obtained by the experimental approach and the proposed simulation 

algorithm for groove etching on N-BK7 surface with the different numbers of line iterations N. 

Furthermore, Figure 5.23(a) and Figure 5.23(b) respectively show the simulated and experimental 

results for the case of area etching when the velocity v = 4 mm/s is used, the line feed y is 0.1 mm and 

the number of line iterations N is 70. In addition, the cross-sectional shape of etched area for both the 

simulated and experimental results is presented in Figure 5.23(c,d). It can be observed that the 

simulated and experimental etch depth profiles match with each other. Both the experimental and 

simulated depth profiles exhibit a complex shape (Figure 5.23). 

Obviously, the produced residual layer in the center of the etching zone reduces the removal depth. At 

the beginning of area etching, this dense layer reduces the diffusion of fluorine atoms into the surface 
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of N-BK7 repeatedly and causes the ripple-structure at a position of x = -4 mm. The same effect causes 

the ripple structures at beginning and end of the cross-section profile in y-direction. 

Table 5.2 Proposed algorithm for creating the dynamic surface machining from the footprint profile 

that is already obtained using the static process. 

 

The obtained results in this section help to establish a plasma-based process chain for surface figuring 

and error correction of N-BK7 freeform optics. This introduced model is capable of simulation of 

different forms quite well. However, as it turned out, the surface roughness is high, the surface quality 

is not sufficient for optical applications, and the process chain should comprise additional polishing 

steps such as shape-preserving bonnet polishing. Therefore, there is still need for improvement and 

further research on the N-BK7 surface machining procedure with PJM. In this regard, the aspects of 

elevated surface temperature on surface machining are investigated in Section 5.6. 

Algorithm 1 

Require: Simulation of dynamic surface machining  

Input: Experimental static footprint etching 

Output: Simulated groove and area etching 

1. Initialization:  

1. Define 2D space over x and y axes 

2. Set the center of tool for 𝑡 =  𝑡0  at 𝑥𝑐(𝑡0) =  𝑥0 and 𝑦𝑐(𝑡0) =  𝑦0 

3. Set the initial etching depth 𝐷(𝑥, 𝑦, 𝑡0) = 0  

4. Set the masking constraint by setting etching rate 𝑅0 = 0 for 𝐷0 > 0.3 µm, 𝑟0 < 0.5 mm  as the local 

etching stops in this region according to the plasma tool function R(r, D) shown in Figure 5.21  

2. While  𝑝 ≤  𝐼 − 1  where  𝑝 denotes the time-step index  𝐼 denotes the total number of time steps ∆𝑡 for the given 

maximum etching time 𝑡 = 𝑡𝑚𝑎𝑥: 

a. Calculate the radial profile 𝑟(𝑡𝑝) =  √(𝑥 − 𝑥𝑐(𝑡𝑝))
2

+ (𝑦 − 𝑦𝑐(𝑡𝑝))
2

   

where 𝑡𝑝 = 𝑡0 + 𝑝 ∆𝑡 denotes the current etching time and ∆𝑡 is the time-step  

b. Calculate the interpolant of local etching rate 𝑅(𝑟(𝑡𝑝), 𝐷(𝑟(𝑡𝑝), 𝑡𝑝) )  

c. If: 𝑅(𝑟(𝑡𝑝), 𝐷(𝑟(𝑡𝑝), 𝑡𝑝) ) = 𝑅0 = 0 and  𝐷(𝑟(𝑡𝑝), 𝑡𝑝) >  𝐷0 where  𝑟(𝑡𝑝) <  𝑟0, then the masking 

becomes effective and the etching stops, i.e., 𝐷((𝑟(𝑡𝑝+1), 𝑡𝑝+1)) = 𝐷(𝑟(𝑡𝑝), 𝑡𝑝)                

d. Else:  Perform the etching by calculating the new depth 𝐷 as 

  𝐷((𝑟(𝑡𝑝+1), 𝑡𝑝+1)) = 𝐷(𝑟(𝑡𝑝), 𝑡𝑝) + ∆t 𝑅(𝐷(𝑡𝑝), 𝑟(𝑡𝑝))   

e. Move the center point of the tool by 

 𝑥𝑐(𝑡𝑝+1) = 𝑥𝑐(𝑡𝑝) − (−1𝑛 𝑣 ∆𝑡)  

𝑦𝑐(𝑡𝑝+1) =  𝑦𝑐(𝑡𝑝) 

where n denotes the line iteration index, and v is the velocity in mm/s 

3. If: groove etching 

a. Reset the center point as 𝑥𝑐(𝑡𝐼−1) → 𝑥𝑐(𝑡0) and 𝑦𝑐(𝑡0) → 𝑦0 

b. Go to the step 2 for the next line iteration 𝑛 → 𝑛 + 1  

4. Else If: area etching 

a. Reset the center point as 𝑥𝑐(𝑡𝐼−1) → 𝑥𝑐(𝑡0)   and 𝑦𝑐(𝑡0) → 𝑦𝑐(𝑡0) +  ∆𝑦 where ∆𝑦 denotes the groove 

feed in mm 

b. Go to the step 2 for the next line iteration 𝑛 → 𝑛 + 1 
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Figure 5.23 Area etching results: (a) the outcome of proposed simulation algorithm, and (b) the 

experimental results when the velocity v =4 mm/s is used; Cross-sectional shape of area etching: (c) 

along x-axis, and (d) along the y-axis where the red line indicates the simulated etch depth profile, and 

the black line indicates the experimental etch depth profile. 

 

5.6 Improvement of the plasma jet machining process at elevated surface temperature  

Looking at the results presented in Figure 5.21, the complex non-linear characteristics of the tool 

function are not suitable for stable machining process due to the formation of waviness and high level 

of surface roughness. The aim of the study in this section is to improve the footprint shape of the tool 

function, which allows to go one step forward in the production of freeform optics. In this regard, the 

elevated surface temperature is proposed as a decisive factor to modify the shape of tool function. As a 

result, it is expected that the performance of N-BK7 surface machining improves in terms of 

deterministic material removal, surface quality and etching rate. To evaluate the effects of surface 

temperature Ts, static footprint patterns as well as dynamic etching were generated on the N-BK7 surface 
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by PJM at different surface temperatures Ts. Subsequently, the chemical and structural characterization 

of the residual layer is analyzed to obtain better knowledge on the effect of temperature on the lateral 

distribution of residues and the local interaction of the plasma jet with the surface. Moreover, the etching 

performance of N-BK7 is compared with that of fused silica to verify the optimality of the obtained 

results. Finally, dynamic machining process is performed at elevated surface temperatures.  

5.6.1 Variation of material removal by surface temperature 

Figure 5.24 presents the effect of surface temperature Ts on the temporal evolution of static etch profile 

for N-BK7. In this regard, the etch depth profiles for different dwell times t (1 s, 2 s, 4 s, 6 s, 8 s, 10 s 

and 12 s) are shown at initial temperatures Th = 25 °C, 150 °C, 250 °C, and 350 °C. Since surface 

machining of fused silica by plasma jets is well understood, the results for fused silica are also provided 

in Figure 5.25 for the sake of comparison when the surface is not preheated (i.e., Th = 25 °C), while all 

other conditions are kept the same. In this case, the material removal is obtained by the chemical 

reactions of fluorine and oxygen with the fused silica surface forming exclusively volatile etching 

products, i.e., SiF4. The resulting etch-profile exhibits a near-Gaussian functional form, where the 

maximum etching depth (in a simple approximation disregarding temperature changes during footprint 

etching) is a linear function of etching time t. The radial depth profiles on N-BK7 surfaces generated 

by static footprint etchings at Th  = 25 °C exhibit a much more complex structure depending on the dwell 

time t, compared to fused silica208. It can be observed from Figure 5.24(a) that for short dwell times 

(i.e., t ≤ 2 s), the shape of etch profile is near-Gaussian similarly to fused silica (see Figure 5.25). In 

this case, the N-BK7 etch profile is not significantly hindered by the residual layer as it is too thin, and 

hence an expected distribution of reactive particle-densities on the surface is achieved which leads to 

isotropic etching. The temporal behavior of the profiles shown in Figure 5.24(a) for t > 2 s is mainly 

attributed to the formation of an alkalifluoride layer inhibiting the etching process in the center part, 

while the tangential process gas transport phenomena lead to a removal of the layer at a radius of 

approximately 0.8 mm spreading the material in the surrounding.  

For larger dwell times (t > 2 s) and low initial temperatures Th <150 °C, the etch depth profiles deviate 

significantly from the Gaussian distribution leading to a flattened profile shape. By further increasing 

the etching time t, material removal is barely observed at the center while a sharp etching structure is 

achieved at the peripheral area (Figure 5.24(a)). Apparently, at the center, the residual compounds 

accumulate and mask the surface underneath by obstructing the diffusion of fluorine atoms into the 

surface of N-BK7. Eventually, the endpoint of etching occurs at the dwell time t = 12 s where the 

residual layer completely prevents the attack of etching species even at the peripheral area (Figure 

5.24(a)). One can observe from Figure 5.24(b,c) that by increasing the initial temperature Th, the 

flattened (non-Gaussian) shape of the etch profiles at large dwell times (t > 2 s) gradually change to a 

more Gaussian-like profile.  
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Figure 5.24 Temporal evolution of N-BK7 etch depth profiles during static plasma etching at different 

initial temperatures Th: (a) 25 °C, (b) 150 °C, (c) 250 °C and (d) 350 °C, after the removal of the 

residual layer with water/ethanol. 
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Figure 5.25 Etch depth profile obtained by the reactive plasma jet on the un-preheated surface (Th = 

25 °C) of fused silica after static plasma processing.  
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Obviously, the residual compounds do not mask the surface underneath at the center to impede the 

continuous and isotropic etching. Finally, when the surface is adequately preheated Th = 350 °C, the 

etch profiles have a near-Gaussian shape indicating isotropic etching even for larger values of the dwell 

time t (Figure 5.24(d)). The etch depth profiles presented in Figure 5.24 and Figure 5.25 are used for 

computing the VRR at different conditions with respect to dwell time t by Equation 4.1, and the 

obtained results are shown in Figure 5.26. One can observe from this figure that VRR for fused silica 

(SiO2) is roughly linear with respect to the dwell time t, whereas VRR for N-BK7 is a decaying non-

linear function of dwell time t which exhibits a rather irregular behavior. However, by increasing the 

initial temperature to Th = 350 °C, the VRR becomes more predictable exhibiting a stable behavior that 

could be described by an exponential decay law.  
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Figure 5.26 Time-dependent volumetric removal rates VRR obtained for different surface temperatures 

Ts.  

5.6.2 Analysis of residual layer at different surface temperatures 

As observed in Section 5.6.1, the elevated surface temperature treatment can improve the footprint 

shape of tool function leading to enhanced material removal. This improvement can be attributed to the 

changes imposed by temperature on the features of the formed residual layer in the etching zone such 

as thickness and structure. To evaluate the impact of the surface temperature Ts on the properties of the 

residual layer, the N-BK7 surface was preheated to initial surface temperatures Th ∈{25, 150, 250, 350} 

°C and static footprint etching was performed for the dwell time t = 8 s. Figure 5.27 illustrates EDX 

images of the distribution of residual compounds over the radial profile r for static footprint patterns. 

In this figure, the main components of the substrate (Si, O) and the residues (Na, K, F) are color-coded. 

It can be observed that at each specific surface temperature, the lateral distribution of the residual layer 

exhibits its own characteristic pattern. As it is observed in Figure 5.24(a) and Figure 5.27(a), during 
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etching a masking layer is formed which strongly hinders continuous etching. However, the layer 

appears cracked in clods. In the periphery at r = 800 µm approximately, the residual layer is delaminated 

in a ring-shaped zone, while for larger radius a closed layer with decreasing thickness is visible. When 

the surface is not preheated (i.e., the initial temperature Th = 25 °C), the local surface temperature Ts at 

the center of the footprint reaches to 300 °C. It deviates largely from that of the peripheral area because 

of the plasma heat flow (i.e., Figure 5.24(a)). Cracking and delamination are thus attributed to the 

relatively high temperature gradient over the radial profile leading to thermal stress in the layer. Layer 

removal in the ring-shaped zone may be due to the lateral gas flow that shows a maximum tangential 

velocity at r = 800 µm, as it was discussed in Section 5.4.2.   

In the case that the sample is preheated to the initial temperature Th = 150 °C (Figure 5.24(b)), the 

radial distribution of residual layer exhibits a similar structure compared to the latter case, except that 

the central part is delaminated. Only some of clod-like portions remain in this region. As it is conceived 

from the etch profiles in Figure 5.24(b), the etching depth in the center is in the range of 0.8 µm 

(compared to 0.3 µm in the non-preheated case) suffering from a higher accumulation of residues, 

locally. Hence, under this circumstance, a higher thermal stress is induced to the residual layer leading 

to cracking and layer removal. If preheating temperature Th is increased to 250°C, a uniformly closed 

residual layer is formed, and only a marginal delamination occurs in the center, which is not visible at 

all for Th = 250 °C and Th = 350 °C (see Figure 5.24(c) and Figure 5.24(d)).  

 

Figure 5.27 EDX images of the footprint patterns obtained after static etching for dwell time 𝑡=8 s at 

different initial temperatures Th: (a) 25 °C, (b) 150 °C, (c) 250 °C, and (d) 350 °C. 
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Three different spots over the radial profile at the distances r ~ 0, r ~ 0.8 and r ~ 1.6 mm are selected 

in Figure 5.27 for a given initial temperature Th. The relative abundance of elements at these spots is 

provided in Figure 5.28. This figure illustrates that at the radial spots r ~ 0 and r ~ 0.8 mm the amount 

of fluorine, potassium and sodium increases noticeably by the rise of initial temperature Th. This 

observation proves that, as the surface temperature Ts grows, more uniform and thicker residual layer 

consisting of NaF and KF forms at the center of footprint. On the other hand, at the low initial 

temperature Th, no fluorine is detected, and the maximum oxygen is measured in the spots r ~ 0 and r 

~ 0.8 mm. This is because the residual layer at these spots is removed or cracked severely (Figure 5.27 

(a,b) and Figure 5.28). Moreover, the amount of fluorine and sodium measured at the radial spots r ~ 

1.6 mm increases at lower initial temperature Th. The reason for this observation is the outwards 

dispersion of fragile particles from the spots r ~ 0 and r ~ 0.8 mm radially over the surface into the spot 

r ~ 1.6 mm by the plasma gas flow at the low initial temperature Th. 
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Figure 5.28 Relative abundance of four elements including fluorine, sodium, oxygen and potassium 

over the radial profile at three different spots r~ 0, r~ 0.8 and r~ 1.6 mm shown in Figure 5.27 at four 

initial temperatures Th.  

The resulting surface morphology and thickness of residuals formed on the N-BK7 surface after a 

plasma area scanning treatment were analyzed at the constant velocity 2 mm/s, line feed ∆y of 0.1 mm 

and different surface temperatures Ts. Focused ion beam (FIB) vertical cross-sections were prepared 
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and imaged by SEM. Furthermore, the SEM images in the top-view configuration were obtained. The 

results are illustrated in Figure 5.29. For Th = 25 °C / Ts = 290 °C a layer of approx. 300 nm thickness 

is created exhibiting a granular but densely packed structure. Eventually, some cracks are observed 

(Figure 5.29(a)). At Th = 150 °C / Ts = 350 °C, the layer is 1.4 µm thick and shows evenly distributed 

pores or voids in the cross section. The top view reveals smaller granules that are less densely packed, 

and the voids are visible as well (Figure 5.29(b)). If the surface is heated to Th = 250 °C / Ts = 425 °C, 

the layer thickness increases to 1.5µm. The voids increase as well as the size of the granules, which 

resemble a partly crystalline structure with regular edges (Figure 5.29(c)). For the highest temperature 

applied (Th = 350 °C / Ts = 480 °C), the layer shows a thickness of 3.7 µm, large pores are visible in the 

cross section, and the crystalline structure of the granules are obvious. (Figure 5.29(d)). The findings 

are discussed as follows. When the N-BK7 surface is not preheated, a sudden rise of temperature is 

imposed locally into the contact area of the plasma-treated zone by applying plasma heat flow. 

Therefore, this noticeable variation of surface temperature Ts during area etching in the plasma contact 

zone and surrounding causes a thermal shock to the non-volatile compounds. Hence, the residues 

rearrange into a less ordered form, accumulate, and create a closely compact layer. Although the formed 

residual layer is thin, it is dense enough to mask the surface underneath and obstruct the diffusion of 

fluorine atoms through the layers to the surface of N-BK7. On the other hand, by preheating the sample 

gradually, the surface becomes less likely subjected to an abrupt rise of temperature imposed by the 

plasma heat flow, and the thermal gradient seen by the surface is reduced. Therefore, the residual 

compounds formed during the machining process remain for a longer time at high temperature. They 

solidify gradually, and consequently they can rearrange into a more ordered crystalline form. As shown 

in Figure 5.29(d), such ordered crystallites, which build up at high surface temperature Ts, have more 

cavities that allow the diffusion of fluorine atoms through the layers to the N-BK7 surface. Therefore, 

etching proceeds for much larger values of etching time t, and a much thicker layer forms on the surface.  

To prove the crystallinity of the residual layer, XRD measurements were performed and the spectra are 

presented in Figure 5.30. The results show that for the lowest temperature, a broad band occurs that is 

identical to the spectrum obtained from an untreated N-BK7 reference sample. At increased surface 

temperatures, a growing number of narrow peaks appear in the XRD signals, which have maximum 

intensity for the highest surface temperature, indicating that the residual compounds solidify into a more 

crystalline form. The four different plasma-treated areas, presented in Figure 5.29, were further 

analyzed by XPS to reveal the dependence of the chemical composition of the formed residual layer on 

the surface temperature Ts. The chemical composition of the unprocessed surface of N-BK7 is 

additionally measured as reference. The results are depicted in Figure 5.31 which shows a wide variety 

of chemical elements belonging to either the N-BK7 glass components (e.g., Si, O, K, Na) or plasma-

generated reactants (F). 
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Figure 5.29 SEM images showing surface morphology of N-BK7 after area etching at four different 

initial temperatures Th: (a) 25 °C, (b) 150 °C, (c) 250 °C and (d) 350 °C. The measured layer thickness 

is denoted in the plots by ∆𝑙.  

By comparing the results, it can be observed that the arrangement, type, and ratio of atoms in the 

structure of the residual layer vary when the initial temperature Th changes. XPS spectra were analyzed 

and the relative abundance in atom-% was calculated. In the case of an initial temperature Th = 25 °C, 

the chemical composition of the residual layer shows a large amount of fluorine-metal compounds such 

as KF, NaF, BaF2, NaBF4 and Na2SiF6. Moreover, low amounts of oxygen and silicon are measured in 

the composition. However, by increasing the initial temperature from Th = 25 °C up to Th =250 °C, the 

quantities of oxygen and silicon increase whereas the quantities of fluorine, sodium, and potassium 

decrease. Finally, once the sample is preheated, i.e., the initial temperature Th = 350 °C, the chemical 

composition of the residual layer is dominated by oxygen and silicon. Although signals indicating 

fluorine, sodium and potassium are detected, their intensity is still much less than that for lower initial 

temperatures, i.e., for Th < 350 °C. This finding seems to be contrary to the results obtained from EDX, 

where the fluorine abundance is increased, and the oxygen abundance is decreased for an elevated 

temperature. However, information depth of EDX is in the range of some micrometer, whereas for XPS, 

the measurement signals arise from the topmost 10 nm, approximately. This would indicate that under 

high temperature conditions a significant amount of SiO2 is present on the layer surface, while the layer 

itself consists mainly of alkalifluorid compounds. The presence of SiO2 on the surface layer could be 

explained by a conversion of SiF4 generated during the etching process and might be still present in the 
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pores and voids of the layer even after stopping the etching process. As the sample is brought to 

atmospheric environment after the plasma process, it comes into the contact with humidity leading to 

hydrolysis of SiF4 forming a thin film of SiO2 on top of the granules.  Since the purpose of plasma jet 

machining technique is to process optical elements, the surface roughness evolution during the etching 

is of great interest. Figure 5.32 illustrates the influence of initial temperature Th on the variation of N-

BK7 surface roughness (per Sq) over the radial profile r that was etched with different values of dwell 

time t. Before roughness measurement by WLI technique, the surfaces were cleaned using the procedure 

described in Section 4.4. When the dwell time t is less than 2 s, the etching for all initial temperatures 

Th results into a relatively smooth surface, and the measured roughness of the footprint is Sq = 4 nm 

(see Figure 5.32, the curve at t = 1 s). However, by increasing the etching time t, the effect of initial 

temperature Th on the surface roughness becomes more evident. When the surface is not preheated (i.e., 

Figure 5.32(a)) and the dwell time t is large, the measured roughness over the radial profile r rises 

sharply especially at the center of the etched footprint, reaching to Sq = 70 nm. 

 

Figure 5.30 XRD analysis of N-BK7 after area etching at four different initial temperatures Th: (a) 25 

°C, (b) 150 °C, (c) 250 °C and (d) 350 °C by preheating the sample. 
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Figure 5.31 Chemical composition of the N-BK7 surface measured by XPS after the area etching at 

four different initial temperatures Th: 25 °C, 150 °C, 250 °C and 350 °C. 

This roughness distribution can be attributed to the formation of multiple cracks and clods in the 

relatively dense layer, which was observed in Figure 5.27(a). That layer acts as a non-uniform 

roughness mask spatially modulating the attack of the underlying N-BK7 surface by the fluorine atoms. 

As the initial temperature Th is increased to 150 °C, the radial zone of high roughness broadens, which 

may be attributed to an extended zone of the cracked residual layer. At Th = 250 °C, the central part 

shows a significantly lower roughness of maximum Sq=30 nm, whereas in the periphery the roughness 
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reaches values up to Sq=80 nm. It was shown in Figure 5.29 that for sufficiently high surface 

temperatures Ts, the residual layer shows a closed, non-cracked but porous structure allowing a more 

uniform etching attack. However, in the periphery, the layer seems to be denser but cracked indicating 

that at this location the surface temperature is not high enough to form a closed layer. Consequently, 

the roughness is higher at this location. If the initial temperature Th is adjusted to 350 °C, the increase 

of surface roughness is minimum, and a homogeneous distribution is observed. Obviously, the residual 

layer exhibits uniform properties determined by a surface temperature high enough to form a porous 

layer that can be penetrated by fluorine atoms to etch the underlying N-BK7 surface.  
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Figure 5.32 Surface roughness of N-BK7 after static etching at different dwell times t over the radial 

profile r at various initial temperatures Th: (a) 25 °C, (b) 150 °C, (c) 250 °C and (d) 350 °C; after the 

removal of residual layer with water/ethanol. 

5.6.3 Area etching at elevated surface temperature 

It was shown in the Section 5.6.1 that during static footprint etching, the characteristic etching profiles 

occur depending on the surface temperatures Ts, which show a high degree of complexity.  However, it 

was observed that by increasing the surface temperature Ts through preheating the sample to 350°C, the 

influence of an inhomogeneous structured residual layer on the N-BK7 etch profile is suppressed. 
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Hence, a uniform material removal with comparably low surface roughness can be achieved over the 

radial profile. In this case, the etching rate follows a Gaussian function. Therefore, an initial temperature 

Th = 350 °C was chosen to perform a dynamic etching to assess the predictability of surface machining. 

Predictable dynamic etching is a prerequisite for a deterministic dwell-time based machining scheme. 

In the experimental setup, a raster path mode was employed with a constant line feed ∆y = 0.1 mm, 

while the velocity 𝑣 was stepwise increased after every 25 lines starting from 1 mm/s up to 12 mm/s 

(see Figure 5.33(a)). Since the tool function has a symmetric Gaussian shape at elevated surface 

temperature (i.e., Th =350 °C), the result of surface machining provides a uniform etching profile D 

which is predictable for different plasma dwell-times t (or equivalently different velocities of the plasma 

jet v). However, even at elevated surface temperature, the etching rate decreases at increasing plasma 

dwell-time t due to the continues growth of residual layer. To show the effect of the residual layer on 

the reduction of etching rate, the VRR for area etching presented in Figure 5.33(d) is computed by 

Equation 4.3. One can observe that VRR strictly increases with velocity 𝑣. Furthermore, the surface 

roughness Sq over the radial profile is presented in Figure 5.33(c) while the velocity increases from 

𝑣 = 1 mm/s to 12 mm/s.  

 

Figure 5.33 (a) Experimental area etching results; (b) cross-sectional shape of area; (c) surface 

roughness of N-BK7; (d) volumetric removal rate VRR of N-BK7 when the plasma jet moves over the 

surface from left to right with an increasing value of scan velocity v from 1 mm/s to 12 mm/s at an initial 

temperature Th = 350 °C.  
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It can be observed from this figure that by increasing the velocity 𝑣, the surface roughness decreases. 

This finding corresponds to the previously discussed effects for high surface temperatures. By 

performing a deep etching, a residual layer with a thickness equivalent to the measured etching depth 

is formed. Although this layer can be penetrated by fluorine atoms through its pores and voids, it reduces 

the removal rate and causes a relatively high surface roughness. As total etching depth decreases, the 

volumetric removal rate rises, while surface roughness decreases. The functional form of etching depth 

depends on the VRR and it should be considered if a deterministic machining process is performed. 

This investigation is followed up in Section 5.7.  

 

5.7 Modelling approaches to deterministic freeform surface machining  

Following up the discussion in the previous section, etching at increased substrate surface temperatures 

of 300-350°C promotes the formation of a more uniformly structured residual layer leading to 

continuous and isotropic attack of etching species. As a consequence, the footprint tool function exhibits 

a near-Gaussian functional form similar to the case of fused silica. However, even then the local etching 

rate depends on the local thickness of the formed residual layer221. During a dynamic machining process 

(e.g., groove etching or area etching), the tool is moved over the surface and interacts with the already 

formed layer at a certain position leading to varying local removal rates. Therefore, the resulting tool 

function deviates from the simple rotationally Gaussian form (Figure 5.33). Consequently, standard 

methods used for dwell time calculation, that are based on tool functions exhibiting a constant functional 

form, cannot be applied here.  

The aim of the study in this section is to investigate the removal rate function behavior depending on 

residual layer thickness. With this information, a numerical model for the calculation of material 

removal is developed that takes the spatiotemporal variation of the etching rate into account. The model 

allows to predict the material removal for a given tool path and local dwell time distribution. Hence, a 

recursive algorithm is introduced for the determination of local dwell times achieving a predefined 

removal depth map226. Moreover, a defined freeform was machined, and the surface topography was 

compared to a simulated removal depth map to validate the proposed approach.  

5.7.1 Determining depth-dependent removal function R(r, D(r,t)) at elevated temperature  

As mentioned in Section 5.6, by heating the substrate during the etching process a Gaussian-shaped 

material removal function is obtained.  Additionally, the plasma jet imposes its own characteristic 

spatiotemporal temperature distribution during the etching process depending on the process parameters 

such as the mean input power, dwell time, or plasma jet scan velocity. Assuming a constant radial 

current density distribution j(r) for etching species and a simple etching reaction (as it is the case for 
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fused silica), the removal function R is expected to follow the spatiotemporal behavior of the 

temperature distribution Ts(r,t) via the Arrhenius equation 

𝑅(𝑟, 𝑡) ∝ 𝑗(𝑟) exp (−𝐸𝑎/𝑇𝑠(𝑟, 𝑡)),                                                                  (5.7) 

where r is the radial coordinate with respect to the jet center and Ea is an activation energy. Since both 

j(r) and Ts exhibit a nearly bell-shaped form, the removal function can be approximated by  

𝑅(𝑟, 𝑡) = 𝑅𝑚𝑎𝑥(𝑡)exp (−
𝑟2

𝜎(𝑡)2).                                                       (5.8) 

Hence, at increasing surface temperature Ts over dwell time t, a certain increase of both the maximum 

Rmax and width σ of the removal rate function is expected145.  

In the case of groove etching, the equivalent dwell time t for a certain velocity v can be computed by 

𝒕 =  
 𝝈 √𝝅

 𝒗
 .                                      (5.9) 

The lateral distribution of the surface temperature Ts during groove and static etching was measured at 

the center of plasma-surface interaction zone under preheated condition on fused silica and N-BK7. The 

dwell time t was set to vary from 1 s to 60 s that is equivalent to scan velocities v from 25 mm/s to 0.5 

mm/s. In Figure 5.34, the peak values Tmax of surface temperature distributions during static and groove 

etchings on N-BK7 are compared. It is observed that, for the same value of dwell time t, the surface 

temperatures Ts during static etching are slightly higher than that of groove etching which is due to the 

heat distribution over the treated line in the latter case.  

 

Figure 5.34 Maximum values Tmax of lateral surface temperature distributions during static and groove 

etching on N-BK7 depending on effective dwell time t. Measurements are performed at the center of 

plasma-surface interaction zone under the preheated condition Th = 350 °C. Temperature distributions 

exhibit the same characteristics on fused silica. 
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To monitor the temporal evolution of the etch profiles, static etchings were performed on preheated 

fused silica and N-BK7 surfaces for various discrete dwell times. Figure 5.35 shows the cross sections 

of the rotationally symmetric etch profiles on N-BK7 obtained for dwell times t varying from 1 s to 60 

s. Similar profiles were measured on fused silica.  

The measured etch depths were fitted by a Gaussian function D(r),  

𝐷 (𝑟) =  𝐷𝑚𝑎𝑥  𝑒
−

𝑟2

𝜎2,                               (5.10) 

where r is the lateral coordinate relative to the plasma jet axis, Dmax denotes the maximum depth, and  

is the standard deviation. The full width at half maximum is obtained by  

𝐹𝑊𝐻𝑀 = 2𝜎√𝑙𝑛 2                                 (5.11) 

In Figure 5.36(a) and Figure 5.36(b), the Gaussian parameters Dmax and FWHM are plotted over dwell 

time t. In order to obtain analytical expressions for Dmax(t) and FWHM(t), these data were fitted by 

monotonously growing functions which are shown as red curves in Figure 5.36(a) and Figure 5.36(b), 

respectively, yielding an analytical expression for D(r,t). Additionally, corresponding results for fused 

silica are shown for comparison.  
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Figure 5.35 Static etch-profiles on N-BK7 obtained for different dwell times t. 

The momentary local etch rate can then be expressed by  

𝑅(𝑟, 𝑡 ) ∝
𝜕𝐷(𝑟,𝑡 )

𝜕𝑡
 .                                                                                                                       (5.12) 
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By taking the derivative with respect to dwell time t, a two-dimensional representation of the time-

dependent local etching rate functions for fused silica and N-BK7 are obtained, which are depicted in 

Figure 5.37. The respective maximum rates R(0, t) = Rmax at different dwell times are shown in Figure 

5.37(b) and Figure 5.38(b).   

It is evident that the time-dependent etch rates exhibit a significantly different behavior. For fused silica 

the maximum rate exhibits an increase by approx. 30% during the first 20 s and remains nearly constant 

thereafter. Furthermore, the lateral width of the rate distribution broadens slightly over time, which is 

also seen in Figure 5.36(b). Both effects are attributed to the surface temperature shown in Figure 5.34 

(for static etching) and the corresponding relationship via the Arrhenius Equation 5.7. 
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Figure 5.36 (a) Maximum etch-depth Dmax at discrete dwell times t for fused silica (FS) and for N-BK7 

where the corresponding fitted function Dmax(t) is depicted by red line. (b) FWHM of etch-profiles over 

discrete dwell times t and the corresponding fitted function FWHM(t) indicated by red line. 

 

Figure 5.37 (a) Spatiotemporal distribution of etch rate R(r,t) of fused silica; (b) corresponding cross 

section of etch rate at r = 0.  
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Figure 5.38 (a) Spatiotemporal distribution of etch rate R(r,t) of N-BK7, (b) corresponding cross 

section of etch rate at r = 0. These results are based on experimental static etch-profiles presented in 

Figure 5.35. 

However, the rate function for N-BK7 decreases depending on dwell time. Although the surface 

temperature increases in the same manner as on fused silica, which leads to a corresponding broadening 

of the lateral rate distribution as shown in Figure 5.36(b), the maximum rate decreases quickly by 

approximately 36% in the first 10 s followed by a nearly linear decrease to less than 50% of the initial 

rate at 60s. This effect is attributed to the increasing thickness of the residual layer formed on N-BK7 

that inhibits the attack of the etching species and impedes a rate increase due to the rising surface 

temperature. When starting the process, the initial N-BK7 surface is etched with relative high rate. The 

successive growth of a porous residual layer inhibits the attack of the reactive species on the interface 

between layer and glass surface leading to a steep decrease of the rate. After approx. 10 s, the weaker 

decrease of the rate may be attributed to a structural change of the layer. The effect of residual layer is 

so pronounced that undermines the rate-driving effect of the temperature. Thus, the etch rate deviates 

from the Arrhenius temperature dependence showing complex temperature-dependence behavior on N-

BK7.  

In order to establish a relationship between the momentary rate function R(r,t) and etching depth D(r,t), 

a numerical interpolation routine was employed leading to a depth-dependent etch rate function R(r,D), 

where the dwell time t is eliminated. This function is shown in Figure 5.39(a) and 5.39(b). It allows to 

predict the local etch rate for a given etching depth in the range of 0 to 8 µm. From the cross section at 

the center line, it can be seen that for low etching depths up to 1 µm the rate decreases strongly while 

for higher etch depths the rate decrease is weaker. 
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Figure 5.39 (a) Depth-dependent removal function R(r,D) obtained by merging D(r,t) and R(r,t), (b) 

corresponding cross section of removal rate function at r = 0.  

5.7.2 Simulative approach to calculate material removal  

As it was shown in the previous section, the local removal rate can be described as a function of local 

etching depth. Therefore, a standard convolution of the tool function with a given local dwell time 

distribution will not correctly yield the removal function. The reason for this lies in the fact that the 

convolution kernel is neither constant nor can be simply scaled. It rather varies its local distribution 

depending on the depth of already etched areas. To illustrate this, an etching process using a raster path 

and constant motion speed is assumed. When the plasma jet moves to create a first groove, the leading 

front of the tool etches the pristine glass surface while the trailing part of the tool touches areas that is 

covered by the residuals. Hence, the removal function is depleted there. After a feed forward motion, 

the next groove is etched, where the tool partly etches the pristine surface as well as different levels of 

residual layer thickness. To cope with this effect, the convolution operation is replaced by a numerical 

algorithm implemented in MATLAB®. The proposed algorithm is summarized in Table 5.3. 

After initializing an etch depth matrix Dij
0 to zero (no removal), the tool function is moved over the x-

y plane along a predefined tool path with a velocity v that is determined by the local dwell time matrix. 

The local velocity is calculated by vij = Δx/tij, where Δx is the pixel width of the etch depth map in 

millimeter and tij is the corresponding dwell time. As the tool function moves over the surface, the 

momentary etching rate at each location can be calculated using function R(r, D). The local etch depth 

is obtained by adding the momentary removal to the existing etching depth. After finishing the full 

etching process, the resulting removal map is contained in matrix Dij.  

By applying the described procedure using a dwell time matrix containing constant values on a linear 

path along the x-axis, a groove etching can be simulated. 
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Table 5.3 Numerical algorithm for material removal simulation.  

 

The average VRR is calculated by Equation 4.2. Similarly, an areal etching can be simulated using a 

dwell time matrix that contains constant values. The average VRR is then calculated by Equation 4.3. 

In order to compare the simulation results of VRR to experimental values, groove and area etchings 

were performed according to the settings used in the simulation, i.e., the dwell times were chosen to 

obtain the corresponding scan velocities v.  

The Figure 5.40(a) reveals that the measured VRR of grooves and areal etchings differ from each other. 

However, as a general trend, the removal rates increase for low velocities v, while at approx. v = 2 mm/s 

the removal rates start to decrease showing an exponential decay. Furthermore, when the scan velocity 

was fixed at v=4 mm/s and the groove etching was iterated multiple times, the VRR values decrease 

with iteration number N (see Figure 5.40(b)). The behavior of the removal rates reflects the combined 

etching and layer formation mechanism. As the residual layer grows thicker for low velocities v, the 

etching rate decreases accordingly. The higher the velocity v is, the thinner the residual layer is. 

Consequently, the removal rates tend to increase. The same argument holds for repetitive groove etching 

as shown in Figure 5.40(b).  

The residual layer increases in every scan which leads to a decrease of local removal rate, and thus to a 

decrease of the averaged VRR measured after completion of N scan iterations. The decrease of the 

experimental VRR starting from v = 2mm/s, however, is attributed to another effect, namely the surface 

temperature. Figure 5.41 shows the peak temperatures Tmax depending on the scan velocity v during 

groove etching. For increasing velocities, the temperature decreases due to shorter effective local dwell 

times227,228.  

Algorithm for material removal simulation 

Input: Etch rate function R(r, D) and dwell time matrix t. 

Output: Simulated etch depth matrix D  

1. Initialization:  

1.1 Define 2D space over x and y axes as a matrix Dij, where Dij denotes the etch depth at a pixel with center 

coordinates (xi, yj) 

1.2 Set the initial etch depth matrix 𝐷𝑖𝑗
0 = 0  

1.3 Define a dwell time matrix tij 

1.4 Define the path of the tool function over Dij 

1.5 Define the length of discrete time step ∆𝑡 

2. While  𝑝 ≤  𝐼 − 1 , where  𝐼 denotes the total number of time steps ∆𝑡 during etching with I= ∑ 𝑡𝑖𝑗/∆𝑡 

2.1 Set tool function center point to (𝑥𝑐(𝑝), 𝑦𝑐(𝑝)), depending on tool path and motion velocity determined by tij 

2.2 Determine local depth-dependent etch rate 

  𝑅𝑖𝑗
𝑝

= 𝑅(𝑥𝑖 − 𝑥𝑐(𝑝), 𝑦𝑗 − 𝑦𝑐(𝑝), 𝐷𝑝(𝑥𝑖 − 𝑥𝑐(𝑝), 𝑦𝑗 − 𝑦𝑐(𝑝))) 

2.3 Calculate new etch depth matrix  

  𝐷𝑖𝑗
𝑝+1

=  𝐷𝑖𝑗
𝑝

+ ∆𝑡 𝑅𝑖𝑗
𝑝
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Figure 5.40 (a) Experimental VRR of grooves and areal etchings as well as simulated values depending 

on scan velocity v; (b) VRR of grooves depending on number of line iterations N at the scan velocity v 

= 4 mm/s.  
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Figure 5.41 Peak surface temperatures Tmax depending on the scan velocity during groove etching. 

Different to the experimental values, the simulated VRR for groove and area etchings depicted in 

Figure 5.42(a) show an increase for low velocities but tend to saturate at higher velocities. The reason 

for the discrepancy between simulation and experiment is the temperature regime that is assumed in the 

simulation. As the depth-dependent etch rate function R(r,D) is computed based on etch profiles derived 

from static etching, it does not take the correct surface temperatures during scanning into account. By 

comparing the results in Figure 5.34, it is observed that at the same dwell times t, the surface 

temperatures Ts during dynamic etching are lower than that of the static etching. 

Thus, the simulated VRR values of dynamic etching based on this depth-dependent etch rate function 

R(r,D) are overestimated especially for velocities higher than 2 mm/s. A comprehensive treatment of 

the plasma heat flux and corresponding surface temperature evolution problem requires physical models 

based on finite element analysis, which is not the scope of the current work. A pragmatic way to take 
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the different temperature regime in dynamic etching into account is the introduction of a compensation 

function C(v). To estimate C(v) the ratios of experimental to simulated VRR values of area etchings for 

given velocities v are calculated, followed by curve fitting to obtain an analytical function which is 

shown in Figure 5.42(b). This decaying function starts at approximately one for low velocities, which 

indicates a correct temperature regime in simulation and experiment. As velocity increases the surface 

temperature in the dynamic case becomes smaller than the one in the static case, hence the ratio is <1.  
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Figure 5.42 (a) Volumetric removal rates VRR for both the simulated and experimental etch areas at 

individual velocities v, (b) Ratio of experimental to simulated VRR values for given velocity v and the 

corresponding fitted curve designated as compensation factor C(v). 

5.7.3 Recursive algorithm for calculation of dwell-time matrix 

In deterministic machining, a predefined local removal is to be achieved. As it was shown in the 

previous sections, standard deconvolution algorithms that are based on constant tool functions, or that 

at least rely on a constant functional form that may be scaled, cannot simply be applied for the current 

problem of processing N-BK7 since shape and removal rate vary depending on the local layer thickness. 

In the following, a recursive algorithm is proposed which is inspired by the van Cittert deconvolution 

scheme to obtain a dwell time matrix suitable to achieve a desired target removal matrix229.  

In a first step, an initial dwell time matrix t is estimated for the defined target removal map D0  using a 

conventional deconvolution algorithm developed for ion beam figuring187. This algorithm performs a 

Gold deconvolution based on a constant time-invariant Gaussian tool function. The tool function 

parameters have been chosen to be near the average values for maximum rate (i.e., 0.2 µm/s) and 

FWHM (i.e., 1.6 mm), respectively. This preliminary dwell time matrix t is used for a simulation of the 

material removal depth Dc by employing the depth-dependent etch rate function R(r,D) scaled with the 

temperature compensation function C(v) in the simulation algorithm described in Table 5.3. Due to the 

incorrect assumptions regarding the tool function in the deconvolution step the resulting removal map 

differs from the targeted map. Hence, the difference ∆ = D0 - Dc is added to the target removal height 
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yielding a new removal matrix D1. Now, a new dwell time matrix t1 is determined employing the 

deconvolution algorithm with the same constant Gaussian tool function settings, which is taken as basis 

for a next removal simulation. The iteration procedure is continued until the condition on the difference 

∆ (i.e. RMS(∆) < threshold) is satisfied. Then, the final depth matrix Dfinal is used to generate the final 

dwell time matrix tfinal for the machining process. The block diagram of the proposed algorithm is 

presented in Figure 5.43. 

 

Figure 5.43. Block diagram of recursive algorithm proposed for freeform surface machining of N-BK7 

optics inspired by van Cittert deconvolution. The index of iterations is indicated by n, and initially is 

set to 0.  

To evaluate the applicability of the described procedure a sinusoidal test structure with peak value PV 

= 1 µm is defined as the target removal map D0 (see Figure 5.44(a)). The preliminary dwell time matrix 

t as well as the histogram of velocity v for the plasma jet motion is estimated by the standard 

deconvolution algorithm. The maximum velocity v applied in the plasma jet system is estimated to be 

20 mm/s yielding a base removal height hbase about 0.255 µm. The dwell time matrix t is used to simulate 

the material removal D1 (Figure 5.44(b)). Then, the difference matrix ∆1 between the simulated map 

D1 and target map D0 is computed to estimate a deviation in height due to the presence of residual layer 

(Figure 5.44 (c)). A PV value of 0.15 m is observed for this difference matrix ∆1. The second iteration 

step yields the simulated map D2 shown in Figure 5.44(d). Again, the difference matrix ∆2 between the 

simulated map D2 and target map D0 is computed as depicted in Figure 5.44(e) showing a much smaller 

deviation in height with a PV value of 0.012 m. As ∆2 satisfies the convergence condition, which was 

chosen to be Threshold = 0.015 nm, a dwell time matrix is calculated, and a CNC code is derived 

accordingly to perform a plasma jet figuring experiment on a N-BK7 surface. (Figure 5.44(f)). The 

cross sections of D0, D1, ∆1, D2, ∆2 as well as the cross section of experimental removal height are 
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illustrated in Figure 5.44(g). A close match is observed between the target and experimental removal 

heights respectively with PV of 1.00 µm and 1.01 µm, respectively. This result demonstrates that the 

proposed algorithm can accurately exploit the depth-dependent nature of N-BK7 etch-rate function 

R(r,D) to provide the new removal height matrix. Based on simulated map, the deviation in height 

caused by the residual layer is estimated correctly to obtain a more precise target removal height. Figure 

5.45(a) and 5.45(b) show the PV and RMS values of the iteration result (i.e., convergence curve of the 

procedure) as well the achieved experimental results for a quantitative comparison. Obviously, for the 

current case, it is sufficient to perform two iterations only to achieve the required accuracy.  
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Figure 5.44. Surface figuring on N-BK7 for sinusoidal test structure with PV = 1 µm; a) target map 

D0, b) simulated map D1, c) difference map Δ1, d) measured shape, e) simulated map D2, f) difference 

map Δ2, and g) the cross sections of D0, D1, ∆1, D2, ∆2 and experimental removal depth. 
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Figure 5.45. Convergence curve of surface figuring on N-BK7 (a) PV, (b) RMS values of the iteration 

results. 

 

5.8 Deal-Grove inspired model for simulating plasma etching 

As shown in Section 5.3, the application of PJM to deterministic surface machining of metal oxide 

containing glass like N-BK7 exhibits some limitations. In this respect, a semi-empirical simulation 

model was proposed in Section 5.7 to account for the spatiotemporal variations in the removal function 

allowing to perform deterministic freeform machining on N-Bk7 surface. Nevertheless, a 

comprehensive chemical/physical model is required that can include all aspects in the complexity of 

interactions at the N-BK7–plasma interface on an atomic level.  

For this purpose, here, the well-known Deal-Grove (DG) model230 is inspired to provide a useful 

framework to simulate the kinetics of the plasma etching process of N-BK7 for a wide range of residual 

layer thickness232. The Deal-Grove model is a well-established model for thermal oxide growth that has 

been introduced in the middle of the 60’s, and because of its simplicity it is still frequently applied231. 

One reason for this simplicity is that the whole process is contained in two so-called DG parameters by 

which the growth kinetics can be described. The determination of appropriate DG model parameters is 

based on fitting the local etching depth data which was experimentally obtained. Additionally, local 

surface temperature data was used in the fitting procedure. After parametrizing, the model was extended 

to simulate etch profiles occurring in dynamic etching. The lateral distributions of the residual layer and 

etching depths are evaluated to prove that the modelled local depth distribution is equivalent to the 

thickness of the corresponding residual layer. The obtained simulation results are validated 

experimentally for the case of dynamic etching processes. By establishing such a model, it is possible 

to consider the effect of residual layer and surface temperature on the evolution of etching depths over 

dwell-time. The obtained results lead to a better understanding of the plasma‐surface interactions of N‐

BK7 and help to develop a comprehensive chemical/physical model that can be potentially used in 

deterministic machining process for plasma‐based freeform generation.  
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5.8.1 Concept of Deal-Grove model 

The DG model is used commonly to interpret and predict thermal oxidation of silicon. It describes 

mathematically the growth of an oxide layer on the substrate surface. In particular, the model is largely 

used in semiconductor device fabrication233. The DG model explicitly considers three phenomena that 

the oxidizing species undergo during the process including diffusion from the surrounding gas to the 

surface, diffusion through the existing oxide layer to the oxide-substrate interface, and interactions with 

the substrate (Figure 5.49). The concept of the DG model is based on two fundamental assumptions: 

(i) Fickian diffusion with a constant diffusion coefficient, and (ii) linear dependence of the mobile 

oxidant concentration on its position in the oxide. Based on these assumptions, a linear-parabolic 

function 𝐿 = 𝑓(𝑡) is obtained to illustrate the relation between oxide thickness 𝐿 [nm] and oxidation time 

t [s]. The linear term 𝐿∼𝑡 applies to extremely short oxidation times leading to very thin oxide 

thicknesses, whereas the parabolic term 𝐿∼√𝑡 defines the growth at relatively large oxidation times. 

The DG model is applicable for single-crystal silicon under most conditions although empirical data 

indicate that very thin oxides (less than 25 nanometers) grow much more quickly in O2 than the model 

predicts. This abrupt growth of oxide layer is attributed to reducing oxidation kinetics requiring a 

modification of the DG model. Nevertheless, the DG model provides precise results for thicker oxides 

if it is assumed that 25 nm of oxide exists instead of zero initial thickness (or any initial thickness less 

than 25 nm) before oxidation begins.  

 

Figure 5.49: One dimensional Deal-Grove model used for the thermal oxidation of silicon230. 

5.8.2 Modelling plasma jet etching   

To use the DG model concept for simulating the kinetics of the plasma etching process of N-BK7, first 

the exact interactions between plasma generated active particles (i.e., fluorine) and the N‐BK7 surface 

atoms must be clarified. According to the DG model assumptions, the etching reactions continue at the 

interface between the formed residual layer and the substrate material, rather than the residual layer and 

the plasma discharge. During the etching process, three different phases can be recognized which the 

plasma generated etchant (i.e., fluorine) undergo. Depending on species concentrations, material 

properties and surface temperature Ts [°C] at any certain radial distance r (that is related to the symmetry 
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axis of the rotationally symmetric plasma jet), the flux of fluorine atoms through each of the three 

phases can be expressed as follows (Figure 5.50) 

I. Transmission from the surrounding gas atmosphere to the boundary layer of the N-BK7 surface, 

according to Henry's law, i.e. 

𝐽1 = ℎ1(𝐶1 − 𝐶2),                              (5.13) 

where J1 [mol.m-2.s-1] is the flux of fluorine in gas, h1 [m.s-1] the gas-phase transport coefficient, 

C1 [mol.m-3] the equilibrium concentration of the fluorine in the surrounding gas, and C2 

[mol.m-3] denotes the concentration of the fluorine at the outer surface of the existing residual 

layer for absorbing inside a surface (surface reaction).   

II. Diffusion through the existing residual layer to the layer-substrate interface based on Fick's 

law, i.e. 

 𝐽2 = −𝐷2  
𝑑𝐶

𝑑𝑥
= 𝐷2

𝐶2−𝐶3

𝐿
,                               (5.14) 

where J2 [mol.m-2.s-1] denotes the flux of fluorine in residual layer, 𝐷2 [m
2.s-1] the effective 

diffusion coefficient, d𝐶2/d𝑥 the concentration gradient in the residual layer, C3 [mol.m-3] the 

concentration of residual layer near the residues-substrate interface, and 𝐿 is the residual layer 

thickness. The flux J2 [mol.m-2.s-1] is derived based on the assumed steady-state condition with 

𝜕𝐽2/𝜕𝑥 = 0, i.e. no fluorine is reacting in the layer.  

III. Reactions with the N-BK7 substrate: in the third part of the etching process, the flux of fluorine 

is consumed by the chemical reaction at the layer-substrate interface to further grow the residual 

layer and form volatile products. The reaction is considered as first-order as it controls only the 

concentration of one reactant (i.e., fluorine). The rate law for such a reaction is given by: 

𝐽3 = 𝑘𝐶3,                     (5.15) 

where J3 [mol.m-2.s-1] is the flux of fluorine in reaction with substrate material , and k denotes 

the surface rate constant as the number of processes occurring at the residues-substrate 

interface. These processes may include dissociation of the fluorine molecule (F2→2F), Si-O- or 

B-O-bond breaking, and Si-F- or B-F-bond formation. The rate at which this reaction takes 

place should be proportional to the fluorine concentration at the interface C3. 

It is assumed that each of the phases proceed at a rate proportional to the fluorine concentration. Due to 

similarities of the above-described phases of N-BK7 etching with thermal oxidation of silicon, the 

concept of Deal-Grove model is exploited here to model the PJM process of N-BK7 (Figure 5.49 and 

Figure 5.50). 
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Figure 5.50 (a) Modeling plasma jet etching with the Deal-Grove model, (b) SEM measurement 

illustrating the surface morphology and thickness of the residual layer after etching at an initial surface 

temperature Th = 350 °C.  

With the main assumption of the DG model, the above-described fluxes of fluorine are equal within the 

three different phases under steady state conditions, i.e. 

𝐽 = 𝐽1 = 𝐽2 = 𝐽3.                    (5.16) 

Then, by substituting C2 and C3 with C1, it yields 

𝐽 =
𝑘 𝐶1

1+
𝑘

ℎ1
+

𝑘𝐿

𝐷2

 .                       (5.17) 

The growth rate 𝑅 = d𝐿/d𝑡 [m.s-1] of the residual layer can be obtained directly from the ratio of the flux 

𝐽 and the concentration C [mol.m-3] of reactant molecules (i.e., fluorine) forming a unit volume of the 

residual layer, i.e. 

𝑅 =
𝑑𝐿

𝑑𝑡
=

𝐽

𝐶
=

1

𝐶

𝑘 𝐶1

1+
𝑘

ℎ1
+

𝑘𝐿

𝐷2

.                  (5.18) 

By defining the following parameters A [m] and B [m2.s-1] as  

𝐴 = 2𝐷2 (
1

𝑘
+

1

ℎ1
),                   (5.19) 

𝐵 =
2𝐷2𝐶1

𝐶
,                     (5.20) 

the differential equation Equation 5.18 can be rewritten as  

𝑑𝐿

𝑑𝑡
=

𝐵

𝐴+2𝐿
.                                                                                 (5.21) 
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In order to get an analytical relationship between residual layer thickness L and etching time t, the first 

order differential Equation 5.21 must be solved. For this purpose, in the first step, the expression (5.21) 

can be rewritten as 

(𝐴 + 2𝐿)𝑑𝐿 = 𝐵𝑑𝑡.                    (5.22) 

By taking the integration of both sides of the expression Equation 5.22, and with the assumption of an 

initial layer thickness L0 [m] at t = 0 s, a quadratic equation is derived for the layer thickness L: 

∫ (𝐴 + 2𝐿)𝑑𝐿
𝐿

𝑥𝑖
 = ∫ 𝐵𝑑𝑡

𝑡

0
,                  (5.23) 

𝐿2 + 𝐴𝐿 = 𝐵(𝑡 + 𝜏),                   (5.24) 

where the parameter  [s] is given by 

𝜏 =
𝐿0

2+𝐴𝐿0

𝐵
.                    (5.25) 

The parameter 𝜏 takes into account any residual layer thickness at the start of etching process. Solving 

equation Equation 5.24 for a given desired residual layer thickness L0 results in the estimation of 

etching time t as 

𝑡 =
𝐿0

2−𝑥𝑖
2

𝐵
+

𝐿0− 𝑥𝑖

𝐵/𝐴
.                    (5.26) 

In this study, the initial layer thickness L0 is assumed to be zero as with this setting acceptable results 

can be obtained.  

However, solving the quadratic Equation 5.24 with respect to L leads to the following expression 

𝑳 =  
−𝑨+√𝑨𝟐+𝟒𝑩(𝒕+𝝉)

𝟐
=  {

𝑩

𝑨
(𝒕 + 𝝉) 𝒕 + 𝝉 ≪

𝑨𝟐

𝟒𝑩

√𝑩(𝒕 + 𝝉) 𝒕 + 𝝉 ≫
𝑨𝟐

𝟒𝑩

               (5.27) 

where the parameters B [m2.s-1] and B/A [m.s-1] are called the quadratic and linear rate constants.  

In the first step, static footprint etchings were performed on preheated N-BK7 surfaces with Th = 350 °C 

to monitor the temporal evolution of the etch profiles. Afterward, the resulting layer thickness over the 

radial profile well as the etching profile was measured. In this experiment the plasma jet dwell time was 

adjusted to t = 4 s. The produced layer thickness cross section was measured using a thin film profiler, 

while the etching depth profile cross section was determined by white light interferometry after 

removing the layer by rinsing the surface with water/ethanol. As shown in Figure 5.51, the local etching 

depth D is equivalent to the thickness L of the residual layer, i.e.  

𝐷(𝑡) =  𝐿(𝑡).                     (5.28) 
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Figure 5.51 Profiles of residual layer thickness (blue squares) and etching depth (red curve) after the 

removal of residual layer with water/ethanol obtained on the surface of N-BK7 using fluorine-based 

plasma jet at the initial temperature Th = 350 °C for etching time t = 4 s. The dashed lines are the 

corresponding Gaussian fits with amplitude Dmax ≈ 800 nm and 𝜎 ≈ 1.1 𝑚𝑚. 

According to the discussion in Section 5.7.1, both heat and reactive species fluxes of plasma jet on 

substrate surface led to the characteristic bell-shaped profiles of residual layer thickness or etching 

depth, which can be approximated by Equation 5.10. Therefore, the variations of fluorine flux and 

temperature with the radial distance r must be considered in the model for simulation of local etching 

depths. Hence, the DG parameters B and B/A are a function of radial distance r and surface temperature 

T(r,t). Provided, the local etching depth D can be expressed by one inclusive model equation, it follows: 

𝐷(𝑡, 𝑇(𝑟, 𝑡), 𝑟) =  
−𝐴(𝑟,𝑇(𝑟,𝑡))+√𝐴2(𝑟,𝑇(𝑟,𝑡))+4𝐵(𝑟,𝑇(𝑟,𝑡))(𝑡+𝜏)

2
.               (5.29) 

For the case of silicon oxidation, it was found experimentally that the relation of model parameters B 

and B/A on temperature T can be well described by Arrhenius expressions230-231. Therefore, it is 

assumed that the temperature dependence in the current case can be described by the Arrhenius 

expressions as follows  

𝐵(𝑟, 𝑇(𝑟, 𝑡)) = 𝛼1(𝑟) exp (−
𝐸𝑎1

𝑘𝐵𝑇(𝑟,𝑡)
)                  (5.30) 

𝐵(𝑟,𝑇(𝑟,𝑡))

𝐴(𝑟,𝑇(𝑟,𝑡))
= 𝛼2(𝑟)𝑒𝑥𝑝 (−

𝐸𝑎2

𝑘𝐵𝑇(𝑟,𝑡)
),                 (5.31) 

where Ea1 and Ea2 denote the activation energy, kB the Boltzmann constant in eV, and 1(r) [m2.s-1] and 

2(r) [m.s-1] are the pre-exponential constants which are to be determined for the given radial distance 

r. A list of model parameters for the proposed DG-model based approach are presented in Table 5.4. 
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Table 5.4 List of model parameters for the proposed DG-model based approach.  

Model 

parameter 

[Unit] 

Description Definition 

B [m2.s-1] Quadratic term, a function of r and T Equation 5.30 

B/A [m.s-1] Linear reaction rate term, a function of r and T Equation 5.31 

1 [m2.s-1] Pre-exponential constant of quadratic term Estimated via fitting process at given r 

2 [m.s-1] Pre-exponential constant of linear reaction rate term Estimated via fitting process at given r 

𝑬𝒂𝟏[eV] Activation energy in quadratic term 0.05 

𝑬𝒂𝟐[eV] Activation energy in linear reaction rate term 0.05 

 

In order to find the model parameters 1(r) [m2.s-1] and 2(r) [m.s-1], an estimation procedure based on 

fitting experimental data is proposed. To provide such data including local depth D(r,t) and surface 

temperature T(r,t), static etching was performed on a preheated surface with initial temperature Th = 

350 °C for different dwell times t ranging from 1 s to 60 s. The local etching depth and temperature 

data used for the fitting process are presented in Figure 5.52.  

 

Figure 5.52 (a) Local etching depth D(r,t) obtained by static etching at the initial temperature Th = 350 

°C after the removal of residual layer, (b) corresponding surface temperature distribution T(r,t). 

Then, by fitting the experimental data D(r,t) and T(r,t) for each individual radial distance r to the 

Equation 5.29, the constants 1(r), 2(r) and  the activation energies Ea1 and Ea2 are determined. In this 

regard, it is required to solve nonlinear curve-fitting (data-fitting) problems in least-squares sense that 

is implemented here by the MATLAB built-in function “lsqcurvefit”.  

The empirically estimated activation energy for fluorine-based plasma etching of fused silica (SiO2) has 

been shown to be around 0.16 eV234. This activation energy usually is associated with the Si-O bond 

breaking process during SiO2 removal process. However, compared to SiO2, the activation energy of 
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N-BK7 is expected to be less due to the presence of alkali metal ions (e.g., Na+) in its glassy network. 

The results of fitting process showed that the value of Ea1 is very close to Ea2, and it can be set to the 

constant average value 0.05 eV. Moreover, the experiments revealed that the activation energy for N-

BK7 is in the range of 0.03-0.06 eV. This result suggests that the origin of activation energies Ea1 and 

Ea2 is likely associated with the diffusion of fluorine through residual layer but also with the interface 

chemical reaction rate k (i.e., bond breaking process related to chemical reactions).  

The results of fitting the experimental etching depth D to the DG model Equation 5.29 is shown in 

Figure 5.53. According to Equation 5.20, the parameters B and accordingly B/A are directly 

proportional to the flux of the fluorine (concentration C1). Therefore, it is expected that the pre-

exponential constants 1 and 2 adopt a bell-shaped functional form over the radial distance r as the 

distribution of fluorine flux follows a near-Gaussian shape. 

 

 

Figure 5.53 Results of fitting the experimental etching depth D to the DG model (Equation 5.29) for 

exemplary values of radial distance r.  

 

 

Figure 5.54 Pre-exponential functions 1(r) and 2(r) obtained for a range of radial distance r values 

using the fitting process on static etching experimental data.  
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Figure 5.54 shows the computed values of the pre-exponential functions 1(r) and 2(r) with respect 

to the radial distance r. With this parameter, the DG model can be employed to model layer thickness 

or etching depth profiles for dynamic etching. 

In case of static etching, for a given temperature distribution, the relation of local etching depth D and 

the dwell time t can be expressed as follows 

𝑫 = 𝑹𝒎𝒂𝒙 𝒕 𝒆𝒙𝒑 (−
𝒓𝟐

𝝈𝟐),                                  (5.32) 

where Rmax is the time-averaged maximum local etching rate.  

In the case of groove etching, by computing the integral of Equation 5.32 with respect to the time t, 

the local etching depth D for given scan velocity v can be obtained as follows 

𝑫 = 𝑵 ∫ 𝑹𝒎𝒂𝒙 𝒆𝒙𝒑 (−
(𝒗 𝒕)𝟐+ 𝒙𝟐

𝝈𝟐 ) 𝒅𝒕  =  
𝑵 𝑹𝒎𝒂𝒙 𝝈 √𝝅

 𝒗
𝒆𝒙𝒑 (−

𝒙𝟐

𝝈𝟐).                                                   (5.33) 

where N is the number of line iterations. Equation 5.33 expresses the convolution of the Gaussian rate 

function Equation 5.32 with the constant dwell time distribution along the path in y direction. The 

equivalent velocity v [mm.s-1] for a certain dwell time t in the case of dynamic etching can be obtained 

when the Equation 5.32 and Equation 5.33 are set equal, with x = r, resulting in the relation:  

𝒗 =  
 𝝈(𝒕) √𝝅

 𝒕
,                       (5.34) 

where 𝝈(𝒕) is the standard deviation of the Gaussian function (i.e., a measure of the FWHM) at the 

given dwell time t. For modeling groove etching, the parameters 1(r) and 2(r) found from static 

etching as well as the relevant surface temperature profiles T(r,t), obtained experimentally from 

dynamic etchings (not shown here), are inserted in Equation 5.29 and depth profiles are calculated for 

depending on the dwell time t.  

The corresponding scan velocity v can be estimated from Equation 5.34 for each modeled groove 

etching profile by taking the respective 𝝈(𝒕). The standard deviation 𝝈(𝒕) is estimated by fitting the 

depth profile to a Gaussian function. Figure 5.55 shows the cross-section shapes of simulated depth 

profile and experimental results for groove etching for different scan velocities. In general, the 

maximum depth of the modelled profiles agrees well with the experimental profiles. However, the 

modelled profiles exhibit slightly larger FWHM. This effect can be attributed to an overestimation of 

the etching depth especially in the periphery of the profiles since the model takes a 2-dimensional 

temperature profile over the cross-section x into account. In other words, the surface temperature on a 

position x within the etched groove is assumed to be constant. In the real experiment, the spatial 

temperature shows, however, a lateral distribution in the x-y plane that resembles a comet-like 

footprint208. Thus, each position x experiences an increase of temperature up to the value taken in the 
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model, and subsequently a decrease, when the plasma jet passes a certain position y. As the model 

disregards this temperature variation, the computed depth is larger than seen in the experiment.  

 

  

Figure 5.55 Etch depth profiles obtained by experiments (dashed line) and the proposed Deal-Grove 

model (solid line) for groove etching on N-BK7 surface with different scan velocities v. 

Based on experimental and DG modeled etch profile depths of groove etching provided in Figure 5.55, 

the maximum values of residual layer thickness (or equivalently the maximum etching depth) are 

calculated (Figure 5.56(a)). The maximum value of surface temperature for each corresponding scan 

velocity v is shown as well. For the scan velocities v larger than 1.5 mm/s (i.e., dwell time t < 1.1 s), the 

residual layer thickness reveals the least dependence on scan velocity v; this behavior can be justified 

by less pronounced variation of surface temperature Ts.   

For a deterministic process, the VRR as an averaged value is often used to scale the tool function. As 

in the current case, VRR depends on time or velocity, it can be obtained from Equation 4.2. To calculate 

VRR values, numerical integration was performed for the DG modeled and experimental etch profiles 

provided in Figure 5.55. The obtained results for different scan velocities v are presented in Figure 

5.56(b). With decreasing velocity, VRR increases and reaches to the maximum value 0.035 mm3/min 

at v = 1.5 mm/s (i.e., t = 1.1 s). This behavior can be attributed to the effect of rising surface temperature. 

However, as the scan velocity becomes less than 1.5 mm/s (i.e., t > 1.1 s), VRR converts to a decaying 

nonlinear function. Apparently, the scan velocity v = 1.5 mm/s can be regarded as a turning point where 

below this velocity the growing residual layer reduces the etching rate and undermines the boosting 

effect of rising temperature. As shown in Figure 5.56(b), this behavior is well predicted by the VRR 

values of the DG modeled etch profiles.  
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Figure 5.56 (a) Illustration of residual layer thickness, and (b) volumetric removal rate VRR vs. scan 

velocity v obtained for the DG modeled and experimental groove etching. The corresponding surface 

temperature is shown in the graphs as well. 

 

Figure 5.57 Time-dependent volumetric removal rate VRR of experimental and DG modeled etch depth 

profiles obtained from both static and groove etchings. The corresponding surface temperature for 

static and dynamic etching is shown by red curves respectively with square and circle markers. 

The time dependent VRR values of experimental and modeled etch depth profiles obtained from both 

static and groove etchings (dynamic etching) are compared in Figure 5.57. Static etching shows higher 

values of VRR compared to groove etching because of its larger surface temperature distribution.  

Noticeably, with increasing the dwell time t (or decreasing scan velocity), on the one hand, the 

temperature rises leading to higher etching rate; on the other hand, the undesirable effect of residual 

layer thickness becomes more destructive. Experimental as well as modeled data for both groove and 

static etchings shows that at low etching time t < 1.1 s (i.e., high scan velocity v > 1.5 mm/s) the effect 
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of surface temperature is dominant. However, at high etching time, the residual layer is thick enough to 

undermine the positive effect of temperature. The obtained results reveal that the proposed DG model 

approach can predict the effect of residual layer as well as surface temperature on the evolution of 

etching depths over dwell-time.  

 

5.9 Laser-enhanced plasma jet machining (LE-PJM) 

5.9.1 Cleaning techniques for surface residues on plasma etching tracks 

The exclusive formation of components with chemical stoichiometry in the plasma-etched N-BK7 

surface is rather unlikely due to the short plasma exposure time, the gradient of the species across the 

plasma beam, the diffusion of reactive species into the material, and the temperature dependence of the 

chemical etching reaction. Hence, because of the expected non-stoichiometry of formed reaction 

products, the incorporation of carbon compounds can also be assumed. Since these reaction products 

have different solubilities, a complete removal of them cannot be obtained by water-based solvent 

cleaning. To tackle this problem, it is proposed here to use a dry-cleaning with pulsed UV-laser 

irradiation for cleaning the PJM-treated surface from residual layer at the room temperature. This 

approach helps to establish a processing condition that is potentially more suitable for application in a 

deterministic processing scheme. To verify the optimality of the laser-enhanced (LE) cleaning 

approach, its performance is compared with the conventional water-based solvent cleaning.  

 

Figure 5.58 Schema of the processing approach of PJM and subsequent cleaning by solvent-based 

method and laser-based processing. 

For solvent-based cleaning, as explained in Section 4.4, a 50% ethanol-water solution is applied 

followed by RCA cleaning procedure. The chemical composition of the N-BK7 surface was analyzed 

by XPS after etching and after a subsequent water/ethanol cleaning process, and the results are provided 

in Figure 5.12.  
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Laser-enhanced (LE) cleaning investigations were performed on the PJM-treated N-BK7 samples at 

the surface temperature Th = 25 °C and PM = 16 W. Within additional preliminary studies, it has turned 

out that a suitable laser fluence range is rather narrow so that the laser fluence was fixed to 2.8 J/cm². 

At lower fluences the residues could not be removed completely whereas at higher fluences laser-

induced damage of the surface was observed. Finally, the pulse number was set to 200 to allow the 

complete removal of residues. Figure 5.59 summarizes the obtained results. The white light 

interference microscopic image shown in Figure 5.59(a) represents the depth distribution of the 

plasma-etched track with the LE cleaned spot array in the center of the etched track. The cross-sectional 

profile of the plasma-etched track after and before LE cleaning presented in this figure were obtained 

after final removal of the remaining layers by water-based solvent. It can be seen from Figure 5.59(b) 

that the plasma-etched track has a lateral distribution function that exhibits a near-Gaussian form, where 

the maximum etching is at the center with the depth of about 400 nm. In this case, the N-BK7 etch 

profile formation is not significantly hindered by the residual layer as it is too thin, and hence an 

expected depth distribution according to the reactive particle-densities on the surface is achieved.  

The optical microscopic images in Figure 5.60 show the substrate surface after applying the PJM where 

LE cleaning is verified for a certain area before the residual layers have been cleaned by water-based 

solvent. The colors seen in the images are again assigned to an interference effect occurring at the 

residual layer of variable thickness formed during plasma etching.  Since the plasma modified depth is 

more or less corresponding to the residual layer thickness, the distribution of resulting residual layer 

should follow nearly similar behavior to the etch profile depth. The characteristic features of the plasma 

etching such as the colors, the speckle appearance of the colors as well as the crack-like features are 

completely removed by LE cleaning. 

 

Figure 5.59 (a) Topography of plasma-etched track with a pulsed laser-enhanced (LE) cleaning spot 

array in the center of the etched track measured with WLI microscope; (b) corresponding cross-sections 

resulting from applying PJM (black line) and after laser cleaning (orange line). 
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Figure 5.60 Optical images plasma-etched surfaces of N-BK7 with laser-cleaned spots; (a) 

Array of laser spots, and (b) enlarged image of a laser irradiated area.  

However, typical laser ablation like features such as melting, re-deposited droplets or melt rims at the 

edges of the irradiated spots do not appear. The residual layer is removed but the glass surface is not 

ablated or damaged severely. The laser spots appear clean but feature some debris/fragments of the 

residual layer. In addition, at the edges of the laser-cleaned spots some flakes of the residual layer are 

still attached. In the optical as well as in the topographical images, some laser spots are covered with 

the residual layer but are no longer attached to the sample surface (Figure 5.59 and Figure 5.60). These 

observations imply a layer detachment/spallation process rather than a laser ablation process. Laser 

spallation can be related to interface processes induced by a layer with a higher absorption and/or by 

laser-induced stress generation into the residual layer. The mechanism of the residual layer formation 

process suggests a continuous change of the composition of the residues at least in the vicinity of the 

glass surface. Therefore, as a first reason for the laser-induced residual layer spallation seems favorable. 

However, for laser-induced material processing, the thickness of the film has impact to the absorption 

as well as to the interface stress. 

For the higher temperatures, which can be expected at the center of plasma-etched groove (Figure 5.59), 

a more stoichiometric and homogeneous residual layer is probably formed. The higher laser ablation 

resistance of these central residual films suggest that the film thickness is less important. The reason for 

the easy removal of the residual layers formed at lower temperatures occurring in the periphery of the 

plasma jet can be explained by a higher non-stoichiometry and various contaminations, e.g., carbon. 

Therefore, a higher absorption of UV laser photons can be expected, and the laser-induced heating of 

the residual layer will build up more stress in the film resulting in the observed delamination/spallation 

of the layer. 
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Figure 5.61 Comparison of the surface morphology of plasma etched N-BK7 surfaces measured by 

AFM: (a) untreated surface, (b) etched surface with PJM without cleaning, (c) after water-based solvent 

cleaning and d after LE cleaning. The water and laser cleaned surfaces have similar roughness with 

values of 15 and 14 nm RMS, respectively. 

The morphology of plasma etched N-BK7 samples measured by atomic force microscopy (AFM) within 

a field of 10 x 10 µm² is shown in Figure 5.61. The RMS roughness values of untreated N-BK7 surface, 

etched surface with PJM without cleaning, after the water-based solvent and after LE cleaning are 

respectively 3.5 nm, 10.5 nm, 14 and 15 nm. In the case of LE cleaning the surface exhibits some debris 

particles while no signs of melting are observed. This supports also the conclusion that the residual film 

is removed by a delamination/spallation-like process. Hence, the roughness of the N-BK7 surface after 

LE cleaning and probably also for water cleaning is not related to the laser processing but it originates 

from the etching mechanism of the plasma on glass materials.  

5.9.2 Proposed sequential approach for steady state etching  

Reminding the discussion in Section 5.4, during plasma etching of N-BK7, the formed residual layer 

prevents the consistent transfer of active species and limits a prolonged and efficient deterministic 

freeform surface machining. As a solution for improving the processing condition, the plasma jet 

treatment at elevated surface temperature was proposed in Section 5.6 to modify the residual layer 

properties obtaining an improved etching performance. However, surface machining at the room 

temperature is always favorable for optical applications as only little changes of material due to heating 

can be assumed. Therefore, instead of improving the properties of residual layer by elevated temperature 
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treatment for a steady state etching, it is proposed to use a sequential application of LE cleaning and 

PJM so called the LE-PJM method. In this method, at each processing cycle, first etching of N-BK7 

glass is performed by PJM for short time, and subsequently the residues are selectively removed from 

the surface by pulsed UV laser irradiation (Figure 5.62). Both PJM and LE cleaning techniques are 

performed at atmospheric pressure and room temperature, and therefore can be combined in a hybrid 

system. Such a hybrid system can increase the efficiency including processing time and simultaneous 

surface machining. Nevertheless, it may also increase the complexity of manufacturing and setup. The 

aim of this work is to provide a proof of concept for realizing a hybrid system by using two available 

separate setups including PJM and LE cleaning.  

 

Figure 5.62 Schematic of sequential laser enhanced plasma jet machining (LE-PJM). 

 To evaluate the performance of the proposed approach, pulsed UV laser irradiation was applied 

sequentially to certain spots within an etched groove of the surface by PJM. In the following, the results 

are shown after applying the 3rd cycle of a LE-PJM process (Figure 5.63). The WLI image in Figure 

5.63(a) gives an overview on the studied area; a section of the PJM etched groove with an array of laser 

spots are seen. The cross-sections along the marked lines are given in Figure 5.63(c) showing the depth 

distribution across the etched groove with and without additional intermediate laser cleaning. It is 

clearly seen that the etching depth within the laser clean spots (black line) is much larger than the 

etching depth without laser cleaning (blue line). The marked box in Figure 5.63(a) is enlarged in Figure 

5.63(b) and provides a closer view to the array of laser-cleaned spots machined with the same parameter 

set. Figure 5.63(d) and Figure 5.63(e) present the x/y cross-sections of the laser processed array in a 

PJM-etched groove shown in Figure 5.63(b).  
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The cross-section along the scan direction of the PJM (Figure 5.63(d)) shows (i) almost the same depth 

difference of the laser irradiated spots, and (ii) also demonstrates the less rough surface at the bottom 

of the laser exposed areas. This can be easily understood as for all laser spots the same parameters have 

been applied. Contrary to that, the depth across the PJM scan direction is reduced with increasing 

distance from the center of the PJM groove. Here, a depth difference (PJM vs LE-PJM) reduction 

appears despite the laser processing parameters are kept constant. One main result is that plasma jet 

etching depth of N-BK7 can be substantially increased with an intermediate laser cleaning step, and the 

roughness of the etched surface can be reduced. It should be noted that no characteristic melting features 

are observed so that ablation of the N-BK7 glass cannot be expected. 

 

Figure 5.63 Color coded depth images and etching depth profile of N-BK7 surface after processing 3 

times with the LE-PJM approach. (a) Overview on plasma jet etched groove with an array of laser 

spots. (b)  Enlarged image of the section bordered by the dashed box. (c) Depth profiles across etched 

groove by PJM with and without intermediate laser cleaning. (d/e) cross sections of the laser processed 

array along and across the etching groove by PJM. The data were taken with WLI after washing the 

residual layer. 

A closer view to the surfaces treated by PJM and LE-PJE technique after the 3rd cycle of etching is 

observed in Figure 5.64 showing SEM images. The overview in Figure 5.64(a) reveals four local laser 

cleaning spots from residues.  

The detailed images (Figure 5.64(b) to Figure 5.64(c)) show that the cracks are forming chip-like 

areas. The cracks seem to be built up in the residues layer and provide also new access to the fresh N-
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BK7 surface. This might be also a reason for the uneven surface with an increased roughness. In 

comparison to the purely plasma etched surface (Figure 5.64(a)) the surface at the laser cleaned areas 

are much smoother (Figure 5.64(c)). The difference in height measured by WLIM (Figure 5.63) can 

be directly observed in Figure 5.64(b) as a step edge. The edge is rather steep in comparison to the 

expected optical resolution of the objective of approximately 1 µm. Hence, the mechanism of the 

transfer of the optical edge to the topographical edge should feature a rather high contrast.  

  

Figure 5.64 SEM images of an N-BK7 surface after plasma jet etching and local laser cleaning from 

PJM-residues after 3 LE-PJM cycles: (a) Overview with marked areas of the other images; (b) edge of 

a laser cleaned area; (c) laser-cleaned area; and (d) reference surface that is only etched by PJM. The 

images were taken after washing the residual layer. 

The etching depth as well as the surface roughness is measured by using white light interference 

microscope for each cycle of a PJM and LE-PJM sequence up to five cycles. Figure 5.65(a) shows the 

computed etching rate based on the measured etch depth profile for PJM and LE-PJM methods in 

comparison. For PJM, the etching rate decreases significantly by additional sequential etching cycles 

due to the saturation of the etching depth after the first cycle. Particularly, the etching rate of the 1st 

PJM cycle is estimated to 275 nm/s but it decreases to 112 nm/s at the 5th cycle. However, by adding 

the laser cleaning step between subsequent PJM, the etching depth evolves significantly within each 

additional cycle of LE-PJM. In this case, the etching can be continued with almost constant rate.  As it 

is shown in Figure 5.65(a), the etching rate of LE-PJM method decreases only from 290 nm/s at 1st LE-

PJM etching cycle to 270 nm/s at the 5th cycle. 

The current studies suggest, however, that gentle saturation may also happen; the reason might be still 

remaining residues that cannot be cleaned up completely by the laser.  
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The qualitative dependence of N-BK7 surface roughness on the iteration number of process is illustrated 

in Figure 5.65(b). At the beginning, the PJM process results into a relatively smooth surface with a 

roughness of Sq = 4.7 nm. With increasing the number of etching cycles, the measured surface 

roughness rises finally to Sq = 150 nm which is significantly larger than the original roughness of (i.e., 

Sq = 4 nm). This increase of the roughness can be related to the formation of a thick local residual layer 

that provides a masking layer for the PJM process. This masking layer is partly delaminated, porous, 

and not fully dense such that it causes at one hand a rough surface and on the other hand a locally 

different diffusion barrier for the etching fluorine, so that the etching of fresh N-BK7 is locally different. 

However, by using the LE-PJM method, the measured surface roughness rises moderately to Sq= 17 

nm, which is significantly lower than the high roughness achieved by PJM (i.e., Sq = 150 nm). 
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Figure 5.65 Impact of the cycle number on variations of (a) etching rate, and (b) surface roughness 

after applying PJM and LE-PJM approaches. Results are extracted from WLIM measurements after 

washing the residual layer. 

Additionally, XPS analysis was carried out on the LE-PJM processed samples to investigate the 

efficiency of pulsed UV laser irradiation for removal of residual layer aiming to produce a clean optical 

surface. The amount of the chemical elements was determined from the measured XPS spectra and is 

shown in Figure 5.66. For comparison, the chemical compositions of the untreated and PJM-etched 

samples are provided in this figure.  

The surface machined by LE-PJM method compared to PJM-processed surface contains a lower amount 

of metal compounds and fluorine but higher contents of silicon and oxygen. Nevertheless, the contents 

of silicon and oxygen for the surface processed by LE-PJM method are less than that of untreated 

surface. Obviously, fluorides are formed and accumulated at the N-BK7 surface because PJM removes 

SiO2 preferentially while the original glass composition is not recovered.  
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Figure 5.66: Chemical composition of the untreated, the PJM and the LE-PJM processed N-BK7 

surfaces: (a) XPS spectra, and (b) elemental composition from XPS data. 

Due to the sequential execution of the reactive plasma jet etching and the pulsed laser processing, the 

mechanism of both processing steps can be discussed separately. However, it must be considered that 

the subsequent processing step is performed with a material that is modified by the previous process. 

Currently, it is not clear if within a sequence of LE-PJM cycles the properties of the material are 

changing due to side effects such as long-term plasma or laser modifications. After plasma etching, the 

glass surface features several modifications. The chemical composition of the uppermost layer is 

changed by the formation of additional compounds, e.g., fluorides, a depletion with silicon and boron 

occurs, and the surface morphology changes. All these modifications can influence the absorption of 

the pulsed UV laser beam and in general the interaction of the laser pulses with the near surface material. 

From Figure 5.63 and Figure 5.64, it can be concluded that the removal process of the modified glass 

is rather a spallation process than a laser ablation. Such spallation or delamination process can be the 

result of a localized energy deposition at the interface of a film to a substrate or due to stress in the 

residues layer. This delamination/spallation process can be understood in relation to the differences 

with the thermal expansion processes of the glass and the week attachment of the residual layer to the 

N-BK7 material. Hence, any absorption near the etched surface by PJM (N-BK7, residues layer and 

nonstoichiometric interface in between) results in a fast heating and stress formation that can be relaxed 

by spallation of the residual layer. Considering the cracks in the residues layer one can understand that 

the cracks are a natural limit for a local spallation process as the stress relaxes also across the crack. It 

can be expected that the stress relaxes within a transition layer from the residues to the substrate as the 

found composition at LE-PJM is in between the substrate and the residual layer. 

 At the bottom of the laser cleaned spot still some roughness can be seen that resembles features of 

chemical etching. In consideration of the fluoride containing residues layer, the crack formation in this 

layer, the rather porous structure of the residues layer and the reduced density of the residual layer many 

processes with locally different activities are influenced, e.g., diffusion of reactive species and reaction 

products. For instance, porous layers can result in different densities of reactive species at the N-BK7 
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surface resulting in a locally different etching rate and therefore in the formation of an interface 

roughness. 

Hence, already during the plasma etching the formation of a rough interface between the pristine glass 

and the modified N-BK7 layer can be expected. Furthermore, the inhomogeneous modification of the 

near surface range (composition, porosity, cracks, interface) will result in a different interaction of the 

pulsed laser with the modified surface. These differences also can cause roughness contributions as the 

remaining fluorides provide masking sides during the beginning of the next etching cycle. 

  



Conclusions  

 

120 
 

6 Conclusions 

In this thesis, extensive studies were conducted as key to overcoming several challenging limitations in 

applying fluorine‐based plasma jet machining (PJM) for deterministic surface processing of optics made 

of complex glass composition like borosilicate crown glass known as N-BK7®. In this regard, the 

experimental results were analyzed, modeled by simulation algorithms, and compared with a pure silica 

optical glass (i.e., fused silica) as a benchmark case providing a comprehensive study and a valuable 

contribution to the state-of-the-art in manufacturing precision optical elements. The chosen materials 

in this work were restricted to fused silica and N-BK7 mainly due to their wide applications in various 

optical systems and their dissimilar chemical compositions causing different interactions with plasma. 

However, the developed concept and the proposed model can be extended to other optical glasses. The 

outcomes of this thesis thematically can be outlined as follows.  

Investigation of fluorine-based plasma jet interactions with optical glass 

The surface machining of N‐BK7 with the fluorine‐based microwave-driven PJM was investigated, and 

the etching performance was compared to fused silica to identify processing conditions that are 

potentially suitable for application in a deterministic processing scheme. The machining process relies 

on a purely chemical mechanism that converts the solid substrate surface to gaseous compounds without 

any contribution of energetic ions. The relationship between the plasma jet parameters and the etching 

performance of N-BK7 and fused silica was investigated concerning the effect of the surface 

temperature Ts, mean input power PM, and the O2 addition into the CF4/He gas mixture. It was 

demonstrated that the increase of the surface temperature Ts and the mean input power PM improves the 

etching performance. Moreover, it was shown that the addition of O2 into the gas mixture is essential to 

suppress the polymerization of the CFx radical on the surface and to achieve a continuous etching.   

Freeform figuring of optical glass 

The outcomes of this work revealed that, residual byproducts formed during freeform surface machining 

of N-BK7 cause a nonlinearly decreasing temporal behavior of the material removal rate. The features 

of the residues in the plasma-treated areas depend on their local thickness. Hence, under the un-

preheating condition, PJM can be used only for the fine local figure correction with low-depth profiles 

(<100 nm). However, as the treatment time increases, the residues convert to a layer masking the surface 

underneath. Under this circumstance, the resulted removal rate decreases significantly compared to the 

approximate one in standard deconvolution model and causes an asymmetric etching profile.  

Surface characterization of plasma-treated N-BK7 

The exact chemical kinetics between plasma generated active particles and N-BK7 surface atoms are 

analyzed to understand the general principles of the process leading to a modified surface with respect 

to layer formation and material removal. Based on the findings in this thesis, the surface machining 
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process of N-BK7 relies on the generation of volatile compounds such as SiF4(g), CO(g), CO2(g), 

BF3(g), B2F4(g) and COF2 which is caused by the interaction between the surface and the fluoride atoms 

formed in the plasma jet.  The desorption of these volatile compounds from the N-BK7 surface occurs 

spontaneously by thermal activation which results into the etched surface. However, non-volatile 

compounds form a residual layer on the surface which changes the typical Gaussian-like etch profile. 

Based on XPS and EDX/SEM analysis of the plasma-treated surface of N-BK7, it was shown that the 

residual layer consists of a variety of metal oxides and fluorides such as Na2O, NaF, KF, BaF2 and 

multi-element compounds like BaOnFm, BaF6S, and SbOnFm as well as a fluoridic B compound (BF4
-). 

However, XPS analysis also proved that most of these residual etching products are washable by a 

water/ethanol solution and can be thus removed.  Furthermore, the chemical mechanism between 

plasma generated active particles and the N-BK7 surface atoms were described by evaluating lateral 

distributions of the residual layer during static footprint etching. The static footprint etching for different 

treatment times was performed to monitor the temporal evolution of etch profile depth. At the beginning 

of the process, although the residual layer is formed, it is thin enough to be penetrated by etching 

particles, and isotropic etching occurs. However, as the treatment time increases, the residual layer 

masks the surface underneath and prevents the attack of etching species. Thus, etching is inhibited 

leading to a flattened profile shape in the footprint center leading to a complex shaped profile.  

Development of a model for numerical convolution   

Static footprint etching for different treatment times were used to quantitatively determine the 

spatiotemporal behavior of the plasma tool function. Subsequently, a model was established that is 

capable to account for the spatiotemporal variations in the tool function for simulating a dynamic 

etching process. The comparison of simulated and measured groove and area profiles showed a high 

degree of agreement. The results prove the applicability of the model for the convolution operation of 

the tool function with a dwell time distribution predicting correct surface profiles. However, it turned 

out that the developing surface roughness is insufficient for freeform optical application due to the 

complex shape and waviness of plasma tool function. Hence, the process chain must comprise 

additional mechanical polishing steps to obtain sufficient optical quality in mid- and high-spatial 

roughness. Alternatively, improving the shape of plasma tool function through identifying the effective 

processing conditions (e.g., elevated surface temperature) was investigated for application in a 

deterministic processing scheme. 

Improvement of the plasma jet machining process at elevated surface temperature  

The investigations in this thesis revealed that plasma jet machining process at elevated surface 

temperatures can modify the footprint shape of the tool function, which allows to go one step forward 

in the production of freeform optics. In fact, the surface temperature Ts is a significant factor that affects 

not only the etching rate of N-BK7 but also the characteristic features of the formed residual layer in 

the etching zone such as thickness and structure. To evaluate the effects of substrate temperature on the 
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etching mechanism, the substrate was heated by a hot plate to an initial temperature Th making the final 

value of the local surface temperature Ts equal to the sum of the plasma heat flow and the initial 

temperature Th. It was shown that whenever the surface is adequately preheated to an initial temperature 

Th = 350°C, a predictable static etching is achieved with a near-Gaussian shape profile depth, even at 

large values of dwell time. The main reason for this observation is the porous structure of the residual 

layer formed at this temperature level.  

As dynamic etching is a prerequisite for a deterministic dwell-time based machining scheme, the initial 

temperature Th= 350°C was chosen to perform a dynamic process on N-BK7 to assess the predictability 

of the etching profile for different plasma dwell times (or equivalently different velocities v of the 

plasma jet). It is concluded that at the initial temperature Th= 350°C, a uniformly etched area with a 

predictable depth is achieved, even though a deep surface machining is performed. However, it was 

also shown that by reducing the scan velocity v or increasing dwell time t, the volumetric removal rate 

decreases, and the surface roughness increases. This roughness increase is much more moderate 

compared to the case of plasma etching with no preheated surface.  

Modelling approaches to deterministic freeform surface machining  

Based on etching profiles obtained from static etching tests under preheated condition, the 

spatiotemporal distribution of the removal rate function was determined in relation to the local etching 

depth. By use of the determined removal rate function, the numerical algorithm developed to calculate 

the local material removal in a dynamic etching process, i.e., groove etching or areal etching with a 

given local dwell time distribution was employed to simulate etching profiles. By comparison of 

simulated and experimental values for volumetric removal rates, the influence of the surface 

temperature was identified and compensated by a scaling function in order to improve the material 

removal prediction. Subsequently, a numerical algorithm inspired by the van Cittert deconvolution 

method was proposed to determine appropriate dwell-time distributions. A desired prescribed shape 

with a mathematical freeform prescription (PV of 1.00 µm) was modeled by using the proposed 

algorithm to show its applicability in a deterministic machining process. To validate the developed 

approach, the calculated dwell-time matrix was employed in a machining process. The experimental 

result revealed that the etched surface yields a PV of 1.01 µm and agrees well with the targeted surface 

form. Thus, the developed dwell-time calculation method was proven to be feasible for deterministic 

plasma jet-based surface machining of N-BK7.  

Deal-Grove inspired model for simulating plasma etching 

Due to various chemical interactions at the N-BK7–plasma interface on an atomic level, deriving a 

comprehensive physical/chemical model that includes all aspects in their complexity is challenging. In 

this thesis, the Deal-Grove (DG) model was exploited to interpret the interactions between plasma-

generated active fluorine and the N-BK7 surface atoms. The DG model has been used conventionally 

to mathematically describe the growth of an oxide layer on the surface of silicon. Some behavioral 
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similarities that exist between the N-BK7 plasma etching and thermal oxidation of silicon are the reason 

for the choice of this model. It was shown that the plasma etching of N-BK7 is accomplished through 

three different phases that the plasma-generated fluorine atoms undergo, including diffusion from the 

surrounding gas to the surface, diffusion through the existing layer to the residue–substrate interface, 

and interactions with the substrate. Based on this inspiration, a mathematical model, that results in a 

simple formula, was developed for the prediction of the plasma etching of N-BK7. This model can 

describe the relationship between the residual layer thickness and plasma dwell-time with very good 

agreement. By estimation of the lateral distributions of the residual layer and etching depth, it was 

proven that the local etching depth is equivalent to the thickness of the residual layer. Finally, the 

derived model was extended to dynamic etching, such as groove and area etching of N-BK7, and the 

outcomes were compared with experimental results. By introducing such a model, it is possible to 

account for the effect of the residual layer and surface temperature to predict the growth of etching 

depths over dwell time. The results led to a better understanding of the plasma-surface interactions of 

N-BK7 and help to develop a predictable machining process for plasma-based freeform generation.  

Laser-enhanced plasma jet machining (LE-PJM) 

Ultra-precise surface machining for optical application requires a high topographical precision of the 

machining as well as a low surface roughness. Although PJM enables precise etching, it results in the 

development of a residual layer in the case of glass etching that causes the formation of roughness and 

influences the etching rate. The residual layer can be removed by using a water-based solvent exposing 

a rough glass surface. As an alternative, laser ablation cleaning, here by pulsed UV laser irradiation, 

was introduced to enable a dry removal of the residual layer. The topography and roughness analysis 

showed that the morphology and roughness of the surfaces after water and laser cleaning are similar. 

The mechanism of laser cleaning is not laser ablation as no indication for melting was found. Therefore, 

a stress-related spallation/delamination process can be considered as the dominating mechanism of laser 

cleaning of plasma etched N-BK7 glass. The dry removal of the residues layer can result in debris 

probably resulting from the redeposition of flakes from the residues film during the laser process. 

It was proven, however, that the sequentially combined laser-enhanced plasma jet machining (LE-PJM) 

approach can overcome the deficiency of the pure PJM. Especially, the combination of plasma and laser 

tools can be beneficial for surface processing at room temperature without preheating the surface. A 

hybrid plasma-laser technique seems promising for the application in ultra-high precision machining 

and structuring of optical glass due to the low roughness, constant etching rate, and the possibilities for 

additional shaping of the tool function.  
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7 Outlook  

This thesis focused on advanced strategies for extending the application of plasma jet machining to N-

BK7 as an optical glass with complex chemical composition. Within the experimental results as well as 

the simulations, different aspects of this process were investigated and encountering challenges were 

discussed.  

One of the solutions, proposed in this thesis, was to use semi-empirical quantitative as well as analytic 

models for describing non-linear characteristics of the tool function on N-BK7. As a future work, this 

solution and the developed framework can be extended to other optical glasses (e.g., lanthanum borate 

glass) which similarly to N-BK7 produce non-volatile compounds during plasma etching. In fact, for a 

new given optical element, relevant experimental data must be first collected under different conditions 

to find a process condition that is potentially suitable for deterministic processing scheme. Then, the 

model can be adapted correspondingly to derive the spatiotemporal variations in the tool function. After 

that, the estimated tool function can be used in the numerical algorithms, developed in this thesis, and 

an appropriate dwell-time distribution can be determined to obtain a pre-defined target removal. 

Moreover, in this thesis, the Deal-Grove (DG) concept was exploited to derive a mathematical model 

that includes all aspects in the complexity of chemical interactions at the N-BK7–plasma interface on 

an atomic level. This model allows to predict the effect of the residual layer and surface temperature on 

the evolution of etch depth profiles over dwell time independently. The whole process is contained in 

two so-called Deal–Grove parameters, which are extracted from experimental data including local 

etching depth and surface temperature distribution that can be affected by surrounding environment. 

Thus, in a future work, the dependencies of Deal–Grove parameters on the environmental conditions 

like pressure and initial amount of fluorine gas can be investigated. Furthermore, the inspired DG model 

can be generalized for other optical glasses to realize the general principles of plasma jet-surface 

interactions that lead to a modified surface with respect to layer formation and material removal. For 

this purpose, the specific model parameters must be found through the fitting process.  

As an alternative solution, in this thesis, the plasma and laser tools were used sequentially for surface 

machining of N-BK7 at room temperature without preheating the surface. However, due to the separate 

use of these tools, the sample needs to be moved between them which can result in an increasing 

processing time. Hence, as a future work, both plasma and laser systems can therefore be combined in 

a hybrid system since these tools are performed at atmospheric pressure. Such a hybrid system can be 

promising by increasing the efficiency with respect to processing time and simultaneous surface 

machining. Nevertheless, it may also increase the complexity of manufacturing and setup. Furthermore, 

by optimization of the PJM duration or laser cleaning step, the sequential use of the tools in the hybrid 

system can be more efficient.   
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