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Abstract 
Lithography is the most crucial step in the semiconductor microfabrication workflow. 
Continuous features size shrinking co-occurs with the reduction of the exposure wavelength: 
a move from 193 nm light to extreme ultra-violet (EUV) at 13.5 nm is performed. The change 
poses a vast number of challenges that have been overcome in the past years. Among the 
others, the protection of the reticle front side from defects is crucial. Shielding can be achieved 
by means of EUV pellicles: large area (~150 cm2), freestanding, ultra-thin (~50 nm) 
membranes that prevent particles from landing on the reticle surface. Defects fall on the 
pellicle membrane, which is out-of-focus with respect to the reticle. During operation, the 
pellicle has to endure mechanical movements (>100 m/s2) and withstand the EUV scanner 
environment. With increasing source power (resulting in temperatures >500 ºC) structural 
and chemical integrity must be guaranteed. With multiple semiconductor manufacturers 
introducing EUV in HVM, an urgent need for a mass volume production-ready pellicle solution 
is present. 
 
In this thesis project, new generation pellicle materials are exposed to EUV light and gas 
atmosphere at BESSY II synchrotron beamline. The purpose is to investigate the performances 
of the new membrane samples in terms of the HVM production specifications. Two sets of 
10x10 mm2 samples Type (A – B) with different core thickness are tested. Samples are 
characterized by using the following techniques: EUV transmittance and reflectance 
measurements, RBS, XPS, and FTIR. After exposure, all the samples undergo degradation. The 
main root causes are the atmosphere environment and the temperature. On the other hand, 
EUV light itself plays a marginal role in the process. The material etching mechanism must be 
further investigated through additional pellicle tests. This is a necessary step to make towards 
the high-volume manufacturing standards required for mass production. 
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Sammanfattning 
Litografi är det mest avgörande steget i arbets flödet för halvledar mikrotillverkning. 
Kontinuerliga funktioner storlek krympande co-sker med minskning av exponeringen 
våglängd: en över gången från 193 nm ljus till extrem ultraviolett (EUV) vid 13.5 nm utförs. 
Förändringen innebär ett stort antal utmaningar som har övervunnits under de senaste åren. 
Bland de andra, är skyddet av rikt medel fram sidan från defekter avgörande. Avskärmning 
kan åstadkommas med hjälp av EUV-pellicles: stort område (~ 150 cm2), fristående, 
ultratunna (~ 50 nm) membran som hindrar partiklar från att landa på rikt medlet ytan. 
Defekter faller på denna tunna membranet, som är out-of-fokus med avseende på rikt medlet. 
Under drift har denna tunna att uthärda mekaniska rörelser (> 100 m/s2) och motstå EUV 
skanner miljö. Med ökande käll effekt (vilket resulterar i temperaturer > 500 º C) måste 
strukturell och kemisk integritet garanteras. Med flera halvledar tillverkare införa EUV i HVM, 
ett brådskande behov av en massa volym produktions klara denna tunna lösning är 
närvarande. 

I detta arbete, exponeras nya generationens denna tunna material för EUV ljus-och 
gasatmosfär på BESSY II Synchrotron beamline. Syftet är att undersöka prestandan hos de 
nya membranproverna i form av HVM-produktionsspecifikationer. Två uppsättningar av 
10x10 mm2 prover typ (A – B) med olika kärna tjocklek testas. Proverna kännetecknas av att 
använda följande tekniker: EUV-transmission och reflektansmätningar, RBS, XPS och FTIR. 
Efter exponering genomgår alla prover nedbrytning. De viktigaste bakomliggande orsakerna 
är atmosfären miljö och temperaturen. Å andra sidan spelar EUV-ljuset självt en marginell roll 
i processen. Materialetsnings mekanismen måste undersökas ytterligare genom ytterligare 
denna tunna-tester. Detta är ett nödvändigt steg för att göra mot de höga volymer tillverknings 
standarder som krävs för Mass produktion. 

 

Nyckelord 

Halvledare, nanoteknik, EUV litografi, EUV Pellicle, kvalificerings studie  
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1 Introduction and theoretical background 

From the beginning of the 21st century, nanotechnology has been extensively introduced in a 

wide-ranging industry applications1. The great achievements carried out in the study of 

nanomaterials and nanostructures raised the discipline to a strategic position in the actual 

scientific market. The most remarkable accomplishments extend to the technical domains of 

nanoelectronics technologies and devices2, nanobiotechnology3, nanomedical diagnosis 

techniques4,5, and nano-environmental treatment strategies6. In particular, the existing 

investment for nanomaterial and nanostructures conquers the 49% of the nanoscience 

technology market1. Materials at the nanoscale level have unique properties: at this size, 

surfaces and interfaces play a significant role. Features as energy levels, electronic structure, 

and reactivity may be significantly dissimilar from the bulk state, giving rise to a wide range of 

novel material properties.  

One of the leading applications of nanotechnology is the integrated circuits industry. Nano and 

microfabrication techniques for semiconductor manufacturing play a major role in the 

electronics field7. After the formulation and validation of Moore’s Law, two novel concepts 

have been introduced: More Moore and More than Moore trends. The new integrated circuit 

fabrication techniques allow for supporting the recently introduced tendencies. In this chapter, 

the crucial steps of the microfabrication workflow are covered, with particular attention to the 

photolithography stage.  In details, the employment of extreme ultraviolet (EUV) light of 

wavelength 𝜆 = 13.5 𝑛𝑚 successfully allows further shrinking transistor size, enabling the 

required extension of Moore’s law.  

In this document, methods and scope of the thesis project performed at ASML company in 

Veldhoven (Netherlands) are reported. Novel challenges are involved in EUV 

photolithography technique. In particular, pellicles in the nanometer thickness range must be 

introduced in the lithography systems to support the integrated circuit patterning to sub-10nm 

resolution8.  
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1.1 Moore’s Law: More Moore and More than Moore 

Among the manufacturers of chip-making equipment, ASML has firmly established its leading 

position. The driving edge of the industry product portfolio is the semiconductor lithography 

system, equipped with an extreme ultraviolet light source.  Lithography is the most crucial and 

challenging step in the microfabrication workflow for memory and logic chips.  

Dr. Gordon Moore introduced the idea of a technology roadmap for semiconductors in his 

paper, published by Electronics in 1965, Cramming More Components onto Integrated 

Circuits: “The complexity for minimum component costs has increased at a rate of roughly a 

factor of two per year.”9  This observation, which is known as Moore’s Law, states that the 

number of transistors on an electronic component would double every year.  The industry 

ability to follow the law formulated by Moore enabled a virtuous cycle: with transistor scaling 

improved performance-to-cost ratios are gained. This induces an exponential growth in the 

semiconductor market. Even if sometimes the annual doubling occurs every 18 months, 

Moore's law still offers a rule-of-thumb for technology scaling, providing a guideline for 

semiconductor industries. 

The International Technology Roadmap for Semiconductors (ITRS) translates the need for 

digital and non-digital functionalities in the form of a dual trend10,11: the miniaturization of the 

digital functions (“More Moore”) and functional diversification (“More than Moore”). "More 

Moore" sees the continuation of Moore's law through the research and development of new 

materials and transistor concepts. On the other hand, “More than Moore” concept applies to 

devices with integrated non-digital functionalities. These features contribute to the 

miniaturization of the electronic systems. 

By combining the two trends, the production of advanced technological systems is enabled. In 

this evolution frame, the contribution of lithography is essential. ASML extreme ultraviolet 

technology is enabling the continued extension of Moore's Law, following the More Moore and 

More-than-Moore trend. The continued shrinking of physical features size of the digital 

functionality is enabled by the employment of an extremely short wavelength light. This, in 

turn, allows for device functional diversification. 

1.2 Integrated circuit (IC) fabrication  

The manufacturing process of modern integrated circuits involves multiple steps and 

techniques. Physical limitations for circuit design are emphasized along with their impact on 

fabrication costs. Integrated circuit chips are built with silicon and metals. A silicon seed 

crystal is pulled out to grow into a silicon cylinder (the so-called ingot) of the desired size. After 

slicing into several thin silicon wafers, polishing is performed. From each wafer, hundreds of 

chips are obtained, with thousands to millions of interconnected transistors. The chip-making 

process involves many procedures being repeatedly executed, layer by layer, onto the silicon 

wafer. Deposition, patterning (involving the mask or reticle), removing (or etching), 
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implanting (or doping), diffusion and realization of metal interconnections are the primary 

involved operations. Once the fabrication workflow ends, a single wafer contains hundreds of 

identical dies. Eventually, each chip is installed onto a metal or plastic package.  

Details of the microfabrication workflow are explained in the following lines. Attention will be 

addressed to the photolithography steps12–14. A schematic overview of the workflow is 

presented in Figure 1.1. 

 

Oxidation A silicon-based wafer is subjected to high-temperature treatment in 

a furnace. Silicon dioxide is grown in the range of 900-1200 ºC, 

forming a thin protective layer:  insulation is provided, and the 

underlying silicon is preserved from transistor gates presence.  

 

Photoresist coating 

 

A photoresist is a light-sensitive material that can be processed into 

a specific design or pattern, after being exposed to ultraviolet light. 

It can be either positive or negative. In the former case, the exposed 

part of the material becomes more soluble. On the other hand, the 

negative resist becomes less soluble when exposed to light. Both 

types can be employed in the same chip fabrication flow according 

to necessity. 

 

Patterning 

 

Photolithography is the process that includes ultraviolet light 

passing through a patterned mask or reticle and projected onto a 

silicon wafer. In such an application, photochemical oxidation, 

crosslinking, and the generation of reactive groups is performed to 

transfer the pattern from the mask to the resist monolayers15. After 

patterning, the developing process is completed. Hence, the 

peculiar design characterizing the photomask is revealed on the 

photoresist. 

 

Etching 

 

The silicon dioxide revealed by the pattern is removed through a 

controlled erosion process named etching.  Wet and dry etching can 

be alternatively employed. The former removes the areas not 

covered by the photoresist with solvents at a specified time or 

thickness. To achieve higher resolution, a reactive ionized gas is 

used. This technique is called dry or plasma etching and its main 

advantage is the ability to produce smaller undercuts to facilitate 

the creation of high-aspect-ratio vertical structures. Three main 

mechanisms belong to this category: chemical etching, physical 
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etching, and ion-enhanced etching. Nowadays, most applications 

employ the ion-enhanced process. This technique provides 

anisotropic structures at high selectivity rates.  After the etch of the 

silicon dioxide, the remaining photoresist is removed by a method 

called resist strip. This is achieved either by using a chemical 

solution or by “burning” the resist in an oxygen plasma. The process 

entails the presence of ridges of silicon dioxide that follow the 

patterning image. 

 

Layering 

 

A successive layer of silicon dioxide is thermally grown over the 

etched and ridged areas of the wafer. Additional photoresist coating 

is uniformly spread on the substrate. The photolithography step is 

repeatedly performed, imprinting different patterns on the resist. 

The different operations are cyclically performed in order to obtain 

various layers of material. These include conductive and insulating 

regions. To produce the integrated circuit, the parts are selectively 

connected. 

 

Doping: diffusion  

and implantation 

 

Introduction of doped regions can be implemented through two 

different methods: diffusion and ion implantation. The former 

process is performed by exposing the wafer to high-temperature 

dopant vapor. This technique takes the name of gaseous diffusion. 

Alternatively, the dopant ions are deposited on the substrate 

surface and thermally driven inside the material. This is the so-

called nongaseous diffusion. In this case, the dopant concentration 

is higher at the material surface, and it decreases in bulk direction. 

On the other hand, ion implantation is performed by bombarding 

the exposed areas of the silicon wafer with ions. An implanter is 

used to accelerate the ions and insert them in the top layer of the 

silicon wafer, altering the conductivity in the selected region. The 

acceleration given to the charged atoms is directly related to the 

depth of penetration in the specimen. The exposure time 

determines the dosage, while the acceleration of the ions regulates 

how deep they penetrate throughout the material. Eventually, the 

dosage is controlled through the exposure time. For the above-

explained characteristics, the latter process results to be more 

precise in comparison with the diffusion method. 
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Depositing 

interconnection metals 

 

One of the additional mask functionalities is to provide contact 

holes for metal interconnections. Commonly, a combination of 

tungsten and aluminum is deposited onto the wafer. In this way, 

the contact holes are filled under high vacuum conditions. 

Consecutive patterning and etching stages define the contact 

pattern.  Strips of metal are left to implement the electrical 

connections. In more advanced circuits, the interconnect wiring is 

so complex and intricate that it is impossible to be accomplished 

within a single print process. As a result, the specific number of 

layers on a wafer depends on the complexity of the design. After 

that, the interconnection is achieved. A final film of insulating 

material is deposited to shield the delicate aluminum wiring. 

 

Testing 

 

The entire run of the manufacturing process, simplified in the 

present document, might involve hundreds of individual steps, 

taking a relatively long time to be completed. Identical chips are 

implemented on a single wafer, but not all of them may work 

adequately. Different methods are executed for circuitry testing of 

each wafer die. After testing is complete, the wafer is cut into 

individual chips. 

 

Packaging 

 

The final step is the insertion of each chip into protective packages. 

In this way, the mechanical stability is provided, making available 

the electrical connection interface. The packaging step is also useful 

in terms of heat dissipation and as environmental conditions 

protector. 

The overview of the standard fabrication rules poses constraints in terms of circuit separation 

and width.  The main chip-manufacturing challenge is related to the photomask. When 

transcribed onto the different layers of the semiconductor material, crucial elements of the 

electronic device and the interconnecting wires are grown. In this view, the photolithography 

step plays a critical role in the IC fabrication workflow. 
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Figure 1.1  Overview of the main steps in the semiconductor manufacturing process. 

Lithography step is the primary step in the procedure and the one covered by 

ASML. From, A. den Boef,201616. 

 

1.3 Photolithography 

Among the IC fabrication steps, photolithography is the most demanding and expensive stage, 

needing high tech equipment and procedures. The process must be repeated for a considerably 

large amount of time to build up the complex transistors which qualify a circuit. An average of 

twenty lithography steps is required for IC fabrication, accounting for about 30% of the circuit 

manufacturing costs17.  

As remarked, lithography represents the physical delimiter for extra feature size alignment 

and shrinking, mainly affecting the dimension and the speed of the transistors. In order to 

keep pace with Moore’s law and its recent acceleration, refinements and advancements have 

been introduced through the time. Among other things, the resolution, pattern transfer, and 

system cleanliness have been improved at ASML, qualifying the company as one of the leading 

lithography systems producers15. 

Indubitably, lithography is not the solely critical and challenging step in the microfabrication 

manufacturing flow. Nevertheless, technical progress in the patterning technique has always 

occurred in conjunction with dies cost lowering and performance increasing.  

 

1.4 Diffraction, resolution, and depth of field 

As above explained, the basic scheme of photolithography involves three main steps15. In the 

first stage, a silicon substrate is coated with a thin resist layer. Secondly, the substrate is 

exposed to ultraviolet light and patterned utilizing a mask. In this process, the resist is 

selectively solidified or softened by the radiation. Thirdly, the substrate is developed with a 

chemical bath in a proper solvent.  
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The mask is one of the crucial components in the photolithography procedure. The light passes 

through the mask to define the desired structure in the material.  Depending on the reciprocal 

position of photoresist and mask, three different exposure configurations can be determined. 

Contact, proximity and projection modes can be alternatively employed18,19. In the following 

lines, a brief overview of the various settings is provided. 

 

Figure 1.2 Types of printing in optical lithography. Adapted from J. Chopra, JCSIT,201419 

• Contact mode is the oldest and most traditional printing process. In this technique, the 

resist is in direct physical contact with the mask and the alignment is performed before 

exposure. Sufficiently high resolution is achieved with the employment of this 

equipment, that is indeed quite inexpensive. However, the concept cannot be applied 

to high volume manufacturing of complex chips. The interaction with the resist 

potentially damages the mask, resulting in the unwanted presence of high defect 

density. In particular, the main problem is represented by the debris that can be 

trapped between the resist and the mask. 

• On the other hand, in proximity printing, the wafer is nearly in contact with the mask 

(5-25 μm) during the exposure stage. The gap minimizes, but does not eliminate, the 

mask damage. The separation from the resist limits the accuracy of the pattern 

transfer: diffraction phenomenon is, in fact, present. An additional limitation is given 

by the inefficient and demanding maintenance of a constant spatial distance between 

the mask and the wafer, which can be achieved only by employing extremely flat wafers 

and masks. 

• These days, the conventional preferred method for wafer exposure is the so-called 

projection printing. In this circumstance, the mask is projected onto the wafer and de-

magnified to a smaller image using optical lenses. The essential benefit of this 
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innovative approach is to be found in the achievable high resolution with defects 

absence. 

In light of these considerations, projection lithography is the most commonly employed 

method for high-volume manufacturing.  

Contact and proximity exposure systems operate in the near field or Fresnel diffraction regime. 

No lenses are present in between the mask and the resist.  The diffraction pattern 

consequential from the light and passing through the mask is directly imprinted on the resist 

surface. The resulting aerial image depends on the diffraction factor in the near field. Within 

the Fresnel diffraction range, the minimum resolvable feature size, called 𝑅 , is on the order 

of: 

𝑅 ≈ 𝜆𝑔 (1) 

Where 𝜆 stands for the wavelength of the incident light and 𝑔 is the gap between the mask and 

the resist. To understand the phenomenon, it can be helpful to visualize a plane wave passing 

through a mask aperture. The result is that the opening is printed on the resist. In the contact 

printing case, a very high resolution is reached because the mask and the resist are in hard 

contact. If the wafer and the mask are slightly apart from each other (proximity printing 

system), the resolution is reduced. This is because of the near field Fresnel diffraction effect. 

In contrast, when placing a lens between the mask and the wafer, the aperture is directly 

focused on the wafer. This phenomenon is classified as Fraunhofer diffraction. A convenient 

illustration is when two source points close to each other (e.g., two small adjacent features on 

a mask) have to be imaged on a screen. Each of the two sources will depict an Airy disk. If the 

points are moved further near to each other, the Airy rings will consequently draw close 

together. The requirement for an excellent integrated circuit relates to the rings, which must 

be sufficiently distinguishable. The minimum resolvable separation between the intensity 

peaks given by the projected image is the resolution 𝐷/2. 

In order to derive an expression for the minimum resolvable separation, it is useful to consider 

the light diffracting from a single circular opening. In the instance of projection optical 

lithography, where a lens is placed between the mask and the resist: 

𝐷

2
= 1.22

𝑓𝜆

𝑎
 (2) 
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Figure 1.3 Two neighboring apertures generate two Airy rings whose intensity is depicted 

in the picture. The dotted line indicates the combined profile. The Rayleigh 

resolution limit is shown, equal to a distance of 𝐷/2 on the screen. Adapted 

from S. Dunst, 201920 and M. Walker, 2014.18 

The quantity 𝑓 is the focal length of the lens, and 𝑎 is the diameter of the single circular 

aperture. The maximum of the intensity and the first minimum are separated by the quantity 

𝐷/2 on a screen located at a distance 𝑓 from the aperture. The width of the aperture can be 

substituted in the equation by considering the angle subtended from the resist. In terms of 

distance from the screen and semi-angle, it is possible to find that: 

𝑠𝑖𝑛𝛼 =
𝑎

2𝑓
  (3) 

The term 𝑎 can be replaced in the previous equation. In this way, the minimum resolvable 

separation in terms of the focal length of the lens and the semi-angle of the aperture can be 

obtained. Also, the focal length has a resist refractive index n dependence: 

𝑅 =
𝐷

2
= 0.61

𝜆

𝑛𝑠𝑖𝑛𝛼
 (4) 

Here, R is the minimum resolvable separation (D/2), 𝜆 is the radiation wavelength of the and 

𝑛 is the refractive index of the resist. The quantity 𝑛 𝑠𝑖𝑛𝛼 is referred to as the numerical 

aperture (NA), depicted in Figure 1.4. 

𝑅 = 0.61
𝜆

𝑁𝐴
 (5) 

𝑅 = 𝑘
𝜆

𝑁𝐴
 

 

(6) 
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Figure 1.4 Numerical aperture schematic description. Adapted from S. Dunst, 201920  M. 

Walker, 2014.18 

The term 𝑘  is the Rayleigh constant and depends on the absorbing properties of the resist and 

the type of radiation employed in the lithography system. Smaller k1 values indicate more 

complex printing processing21. 

The depth of field of the system must be considered in parallel. This is the distance over which 

the image retains an acceptable focus: 

ℎ =
𝑘 𝜆

𝑁𝐴
 (7) 

In this equation, the resolution and the depth of field conflict with each other. The latter is 

improved by increasing the 𝜆  and decreasing the NA. In contrast, decreasing the 𝜆 and 

increasing the NA improves the resolution. In today’s equipment, the reciprocal position of the 

resist and lithographical system can be accurately controlled. The depth of field becomes less 

crucial. Of equal importance, as the wavelength decreases, the photon energy increases. The 

photons penetrate further in the resist polymer and the depth of field becomes a minor factor. 

As a result, the most common trend of the last decades is to use shorter radiation wavelength 

for higher resolution lithography. 

The first light source employed in photolithography for micrometer-scale resolution was the 

mercury g-line at 436 nm22. Shifting the wavelength to ultra-violet range offers a feasible and 

valid alternative for achieving finer circuit patterns. Extreme ultraviolet lithography (EUVL) 

employs the projection optical system principle, with a wavelength equal to 13.5 nm. In light 

of these considerations, the resolution results meaningfully improved.  

1.5 EUV Lithography at ASML: the NXE system 

The extended continuation of optical lithography enabled by EUVL poses a leap in the 

theoretically achievable printing resolution, within the sub-10-nm range8,23. ASML is the first 

world-wide supplier of extreme ultraviolet lithography machine, referred to as NXE. In the last 

decade, noteworthy investment has been made in the advance of EUVL scanners, successfully 

installed at various customer sites8. In the following lines, details about the machine technical 

specifications are listed.  
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Primarily, all materials strongly absorb extreme ultraviolet light. For instance, 10 μm of air 

absorbs 50% of the EUV radiation, while 10 nm of carbon absorbs about 5%. Therefore, lens-

based refractive optics cannot be utilized in the NXE lithographic system. Alternatively, an all-

reflective optical system must be introduced. Lenses are replaced by mirrors. Conventional 

mirror surfaces are transparent at 13.5 nm. As a solution, periodic multilayers coatings as 

Bragg reflectors must be implemented.  The photomask is equally based on reflection rather 

than transmission (Chapter 7.1). 

The NXE ASML system is depicted in Figure 1.5, where the crucial parts of the machine are 

highlighted.  

A tin (Sn) plasma is produced by using a carbon dioxide (CO2) laser. The plasma emits 13.5 nm 

EUV light during the recombination processes. The beam is collected by a condensing mirror, 

passing through a point called the intermediate focus (IF). After being reshaped by the 

illumination optics, the beam strikes the reflection-type mask, the reticle. 

 

Figure 1.5 The NXE system. Copyright ASML 

The EUV light reflected by the projection optics forms a pattern on the photoresist that is 

coated on a wafer surface. Remarkably, special vacuum tools are needed in order to ensure 

efficient light transmission in the system and to prevent the presence of contaminants. A 

schematic is provided in Figure 1.6. 
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Figure 1.6 A general sketch of the conventional optics design in an extreme-UV 

lithography system is displayed. The reticle is directly projected onto the wafer. 

The numerical apertures of reticle and wafer are indicated as NA. Adapted 

from J. Schoot et al., SPIE, 201521. 

EUV photolithography requires a high level of imaging control. Various challenges must be 

faced to allow the high-volume manufacturing (HVM) of modern IC. Among the difficulties, 

the maintenance of a defect-free reticle is critical. Improvements in the printing yield are 

achieved by introducing pellicles, which role is to protect the reticle from contaminations.  
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1.6 Research questions and procedure strategy 

As motivated in Section 1.1, lithography can be ranked as the most crucial and challenging step 

in the microfabrication technology workflow. The NXE lithography equipment is the primary 

product of ASML. The instrument employs projection optics with a source wavelength 𝜆 equal 

to 13.5 𝑛𝑚. In light of these considerations, the printing resolution is meaningfully improved.  

However, several technological challenges must be addressed in EUV lithography. In 

particular, improvements have to be implemented in order to increase the exposure tool 

reliability and to limit particle contamination24.  

Contamination control is a category of practices and methods aimed at controlling the 

production and spread of particles, chemicals and unwanted substances in the state-of-art 

cleanrooms at ASML. The shrinking scale of the system is negatively impacted by small 

particles. 

One of the critical delimiters for EUV lithography is the contamination at reticle level24. A 

significant source of uncleanness is the outgassing from the photoresist, coated on the silicon 

wafers. This causes the presence of hydrocarbons that, due to vacuum conditions, can freely 

travel around and sediment on the optical components positioned on the way25.  Additional 

contamination sources are introduced during reticle storage, transport, handling and 

exposure. A reduction of the printing yield accompanies observation of this phenomenon. 

Thus, an extremely clean scanner environment is required to ensure printing fidelity. 

However, even if high vacuum conditions are implemented, small particles presence is 

unavoidable. Thin protective films, the pellicles, have been extensively introduced in the 

semiconductor market to protect lithography devices.   

Due to the challenges imposed by the short light wavelength (𝜆 = 13.5 𝑛𝑚), EUV compatible 

pellicle materials must be rapidly implemented to reduce the reticle contamination. Next 

generation EUV pellicles manufacturing requires a high technological level in many fields. A 

considerable number of new materials is introduced in order to assemble innovative thin 

membranes for film production. 

The research questions of the thesis are related to a new pellicle concept being under 

investigation at the ASML Pellicle Group, where the study took place. EUV pellicle 

performances must be evaluated before the film production is scaled up to the mass level in 

the semiconductor industry market.  In this view, the primary scope of the report is to evaluate 

the performances of the new pellicle concept.  In particular, the design must fulfill the 

specifications for the key parameters imposed by the so-called high-volume manufacturing 

(HVM) requirements. 

The subjects of the investigation are 10x10 mm2 poly-silicon core-based pellicles. In these 

stacks, the production of the pellicle film sees the core etching process as a critical challenge. 
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As a result, two types of membranes are evaluated: a thicker core pellicle (Type A) and a 

thinner core pellicle (Type B). 

In order to answer the research questions, an evaluation plan on pellicle performances has to 

be assessed. Optical stability evaluation involves the so-called offline and in-scanner 

experiments. Among the formers, at the Physikalisch-Technische Bundesanstalt (PTB) 

Germany national metrology institute, measurements for endurance under EUV exposure and 

customized gas conditions are provided. The measurement setup at the synchrotron facility is 

described in all its relevant parts.  

Successively, the trial procedure at PTB is explained in the view of the primary objective of the 

experiment: monitor and compare the chemical stability and robustness of the concepts over 

exposure time. In details, the outcome of the analysis is crucial in determining the endurance 

of the outmost layer (capping layer) of the pellicle. Variables of the experiment are exposure 

time and atmosphere environment (Gas 1 and Gas 2 can be introduced). Temperature is kept 

constant. In light of these considerations, the specific goals of the designed experimental 

outline are ranked as follows: 

1. Investigation of Type A behavior for different exposure times. 
2. Comparative study of Type A and Type B in terms of capping layer degradation over 

exposure time. 
3. Analysis of the effect of Gas 2 pressure reduction on Type A at for long exposure time. 
4. Investigation of Gas 1 role on capping layer degradation for Type A  for long exposure 

time. 
5. Evaluations of the effects of flipping the pellicle inside the exposure chamber.  

Post-exposure samples characterization is further performed. The methodology of the 

experiment involves different material analysis tools. EUVT and EUVR measurements are 

performed at PTB. Then the samples are quantitatively characterized by RBS and XPS 

techniques. Finally, FTIR analysis is employed to study the chemical state of the pellicles. 

Unexposed samples are used as a reference to compare with exposed specimens.  

Characterization results are decisive in evaluating the HVM requirements on pellicle samples. 

The result of the experiment is that both the pellicle concepts undergo material outgassing. In 

particular, the cap layers are affected by etching and oxidation processes. This is mainly due 

to two factors: gas environment and temperature. A model for pellicle behavior is thus 

provided. Finally, recommendations on follow up procedures towards HVM are listed.  
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2 Particle contamination  

At ASML, the printing yield and the device performance are the critical driver concepts for 

manufacturing improvement. To support the standards towards HVM, the presence of 

contaminating particles at the reticle and wafer stage is decisive. In details, defects at the reticle 

lead to imperfections at wafer level, compromising both device performance and yield.  Three 

actions are thus performed against contamination: prevention, detection and recovery. Firstly, 

a clean environment must be provided. Secondly, the root cause of the particles events must 

be found and circumscribed. Thirdly, defects must be removed from the system. The 

realization of the three stages leads to considerable improvements in particle contamination 

control for the NXE scanner. 

2.1 Particle contamination at reticle level 

The occurrence of contaminations becomes crucial at reticle level. The prevention of particles 

from depositing on the photomask is challenging, even in the most up-to-date cleanrooms. 

Reticles are sensitive to defects both at bulk and at surface level. The contaminants are 

transferred from the reticle to the wafer, where the image is printed. As a result, short circuits 

occurrence leads to a remarkable lower number of working dies in every produced lot (see 

Figure 4.1).  

 

Figure 2.1 Presence of a particle at the reticle stage leads to a defect at the wafer. The 

printed mark is present on each chip, leading to a high number of broken dies. 

Defects can be introduced at different stages: during reticle fabrication, reticle handling and 

exposure in EUVL. Mainly, they can be categorized as follows26: 

• Bumps and pits on substrate 

• Particles in the multilayers (ML) 

• Various defects in absorber patterns 

• Particles deposited on the reticle during handling or exposure 



 

28 

 

Public 

A schematic overview of the different defects is introduced in Figure 2.2. 

 

 

Figure 2.2 Types of defects in EUV reticles. Adapted from A. Gao, 201526 

The last category relates to particle contamination on the EUV reticle, which can be introduced 

during reticle storage, handling or exposure. Consequently, a spotless environment is required, 

especially at reticle level. In this way, high fidelity is ensured in the printing process. However, 

even if high vacuum conditions are present in the NXE system, particle contamination is 

unavoidable. Particles can come from: 

• Plasma light source 

• Mechanical parts 

• Dust introduced during the assembly process 

• Manufacturing debris and photoresist  

These particles can be picked up by gas flows and transported to other places, including the 

reticles, where particles stick due to Van der Waals forces or electrostatic forces. At the wafer 

level, the minimum particle size causing defects is derived as: 

𝑠 =
1

2

𝑅 ∙ 𝑀

𝐸
 (8) 

In the formula, 𝑠 is the particle size, 𝑅 is the resolution, 𝑀 is the de-magnification factor of the 

imaging system and 𝐸 is the reticle error factor. The latter quantity indicates the magnitude of 

the errors transferred from reticle to wafer. The value depends on feature size, pattern type, 

exposure parameters and illumination conditions. Typical values are included in a range of 

1.5-3.5. In the current state-of-the-art exposures, particles down to sub 100 nm dimensions 

should be prevented on the reticle front side. 
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 As EUV lithography enters to volume manufacturing, it becomes increasingly important to 

control particle contamination and to maintain a defect-free reticle in the lithography system. 

A two-fold approach is thereby implemented to eliminate reticle defects: the former is a clean 

extra-high vacuum system without a pellicle, and the latter is a reticle with EUV pellicle. 

 

2.2 EUV pellicles 

One of the methods to avoid the presence of printable defects is to place a thin membrane, the 

pellicle, in front of the reticle27. Particles in the μm range present in the system fall onto the 

pellicle. At this stage, the defects are several millimeters away from the reticle, containing 

features that are going to be imaged on the wafer. In small depth-of-field condition, the 

particles are not going to be in focus. No particles will be imaged at the wafer level.  As a result, 

the sensitivity for particles being printed onto the wafer is reduced from the nanometer range 

to the micron domain using pellicles28. 

Pellicles have been extensively employed in lithography as a means of yield improvement.  

However, conventional thin membranes are not suitable for EUVL technology. In particular, 

due to their absorption at EUV wavelengths, requirements on pellicles are changed.  Novel 

concepts are under investigation, according to the needs imposed by the newly introduced 

short wavelength light.   Broadly speaking, the following requirements are imposed on the new 

EUV pellicle: 

• The pellicle must have minimum impact on NXE performance 

• The pellicle must be extremely thin order to maximize the amount of radiation at 

the wafer level (the transmission of the EUV light must be high) 

• The pellicle must have the mechanical strength to withstand cyclic warming and 

cooling processes  

 

Figure 2.3 Schematic overview of the function of an EUV pellicle 
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Current effort at ASML is employed on testing new nanomaterials solutions for next-

generation EUV pellicle (depicted in Figure 4.3). The ASML EUV new pellicle concept must 

fulfill established fundamental requirements. The primary aim is to increase the yield of 

working dies while delivering the required lithographic performance. The essential factors can 

be categorized into three big groups: lithographic performance, volume manufacturability, and 

lifetime and robustness. 

• At the lithographic performance level, a high EUV transmittance (EUVT) is 

required in order to get a high scanner throughput. At the same time, low EUV 

reflectance (EUVR) and low transmittance non-uniformity (n.u.) over the film are 

needed.  

• Volume manufacturability takes into account the processes that must 

implemented towards high volume pellicle production. Many processes are 

involved in the pellicle thin-film manufacturing (e.g., chemical vapor deposition 

(CVD), physical vapor deposition (PVD), etch and anneal). All of them must be 

controlled for reproducible results. 

• Looking at the challenges in terms of lifetime and robustness, the pellicle is 

required to show excellent thermo-mechanical compatibility, since the film has to 

withstand high temperatures. Structural and chemical integrity is also needed: the 

pellicle must be neutral to the scanner environment. Chemical degradation of the 

membrane should be avoided or limited. The absence of drift in the performances 

is compulsory, and no imaging impact should be present.  

To enable the manufacturability development, strategic partnerships with suppliers are 

established.  
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3 The ASML Next Generation EUV Pellicle 

Multiple material challenges are enabled by the introduction of the extreme ultraviolet light in 

the ASML lithographic system. The pellicle is a large area, freestanding and nm-thin 

membrane. The film is required to maintain the structural and chemical integrity on the 

nanometer scale with the increasing source power of the NXE system. 

In the following lines, details on the current EUV pellicle solution and related performances 

are given. Particular attention is paid to the development of the next-generation EUV pellicles, 

on which the investigation is focused. The pellicle key performance indicators (KPI) are fixed 

parameters that need to be monitored in order to evaluate the quality of the pellicle. The 

development and optimization of the novel materials are conducted in order to reach the so-

called HVM standards, as reported in Table 5.1.  

• EUV transmittance: percentage of light that the pellicle allows to pass through it. 

• EUV non uniformity: the EUV transmittance across the sample must be homogeneous. 

If this changes, some areas of the die could be more illuminated than others, leading to 

non-working dies. 

• EUV reflectance: the percentage of light reflected by the pellicle must be very low. In this 

way the maximum amount of radiation can reach the wafer level. Moreover, imaging 

performances of the system are enhanced.   

• Sagging: the pellicle must be able to withstand pumping and venting processes inside 

the system. 

• Acceleration: the maximum lateral acceleration that the pellicle must be able to 

withstand is very high: 250 m/s2. 

Table 3.1 ASML EUV performance targets for HVM  

Pellicle KPI Description Development HVM 

EUVT EUV transmittance ≥ 83% ≥ 88% 

EUVT n.u. EUVT non uniformity ≤ 0.8% ≤ 0.4% 

EUVR EUV reflectance ≤ 0.04% ≤ 0.04% 

Power EUV power capability 250W ≥ 300W 

Lifetime # of exposed wafers 3000 wafers 10000 wafers 

Defects Particle printability lower limit 0 > 20 μm 0 > 15 μm 

Sagging Max film deflection under pressure < 700 µm at 2 Pa ∆P 

Acceleration Max lateral acceleration 250 m/s2 
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Several materials have been investigated as suitable solutions for EUV light systems. Among 

the others, studies on graphene, carbon nanotubes CNT and silicon nitride concepts have been 

proposed29. In this case, small sample size is achieved, but it is challenging to scale up to large 

area. At ASML, the current EUV pellicle design is based on the so-called stacking multilayer 

concept. The heart of the pellicle stack is the poly-silicon (p-Si) core, which provides 

mechanical stability to the pellicle while being transparent at EUV wavelengths. 

In the following paragraphs, structural information on the ASML pellicle is provided, covering 

details such as size, frame and reticle fixation. An additional, comprehensive presentation 

regarding the membrane material design is given. Attention is drawn to the evolution process 

starting from the current solution to HVM development. 

3.1 Pellicle structure: membrane, frame and fixations 

The EUV ASML pellicle is composed of three main parts that must be assembled to get the 

final product. The intended design is intended for placement in the NXE system (Chapter 1.5). 

The membrane is a ~50 nm film which area is ~150 cm2. The thin layer is secured to a frame. 

Studs are placed on the reticle, where the assembled structure is positioned using fixations. 

The pellicle sides are identified according to the location in the NXE system. The side facing 

the reticle is also called cavity side. The part facing the scanner side is also called flat side. A 

schematic overview is given in Figure 3.1. 

 

 

Figure 3.1 Schematized overview of the ASML pellicle concept. The membrane is the 

product under investigation, secured to a frame with proper fixation tools. The 

pellicle is attached in front of the reticle by the mean of studs. Besides, the 

distinction between the reticle (cavity) and scanner (flat) side is provided. 

In Figure 3.2 a picture of the ASML full-size pellicle including fixtures and studs is provided.  
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Figure 3.2 ASML pellicle film. The thickness is ~50 nm and the area is ~150 cm2.  Pictures 

of fixture and stud are additionally provided. 

The pellicle material design is conducted following a precise workflow process. In this scenario, 

the testing procedure starts with a small area (1 cm x 1 cm) pellicle samples, depicted in Figure 

4.3. The objective of the preliminary test on the size-reduced specimens is to study the 

membrane endurance under EUV light conditions. Once the structural endurance is 

confirmed, scaling up to the full-size is performed. 

The present thesis project is focused on tests and analyses on small size pellicles. By analyzing 

the results, confirmation or rejection on the pellicle stack design is stated. If the HVM 

requirements on KPI are met, production of the full-size concept is enabled. Details about 

stack design are provided in Chapter 3.2. 

 

 

Figure 3.3 ASML small (1 cm x 1 cm) pellicle film. 
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3.2 The membrane material design 

The investigation of novel pellicle materials is an exciting challenge requiring the efforts of the 

ASML Pellicle Group. In order to meet the KPI for the HVM, the pellicle must have a thickness 

lying in the nanometer range. 

Nanotechnology plays a crucial role in supporting the development of innovative materials for 

pellicle improvement. At the nanoscale level, material properties undergo various 

transformations, and quantum effects start being dominant.  In particular, at this scale, 

surfaces and interfaces play a substantial role in the material properties and interactions. 

Nanomaterials exhibit a surface area higher than materials of similar masses, but on larger-

scale dimensions. In this range, the ratio of surface area and material mass increases. A more 

considerable amount of substance gets into contact with the surrounding environment, mainly 

affecting the reactivity.  

Additionally, the challenges of nanotechnology come into play to face the difficulty of 

manufacturing a nanometer-thin membrane able to withstand a wide material area (150 cm2). 

The presence of fast cooling and heating processes must also be taken into account for stack 

design. A tradeoff between thickness and mechanical stability must be implemented. 

The mechanical strength is conferred to the pellicle by the poly-silicon core layer. In particular, 

high power and heat load (>500 ºC) capability have to be guaranteed. The nm-thin p-Si core 

is transparent to the EUV light. However, this material is not stable against scanner exposing 

conditions. On the scanner facing (flat) side, a capping layer is needed to prevent oxidation of 

the core and, more in general, as an external agent protector.  A diffusion barrier layer is 

inserted in order to prevent intermixing of the capping/core materials. On the reticle facing 

(cavity) part, a transparent cap layer is also included. In this way, core protection is 

guaranteed. Physical vapor deposition (PVD) is employed for the deposition of the various 

materials.  

The first EUV pellicle concept is implemented following the above-described layer stacking 

procedure. In total, about 200 atomic layers are present (see Figure 3.4). However, in this 

concept, material changes at the monolayer level result in a EUV transmittance (EUVT) drift. 

On the cap material top part, the presence of a single monolayer of metal oxide may reduce the 

EUVT of 0.5%. An oxide monolayer growth at the bottom interface core-cap causes an EUVT 

degradation of 0.4%. Eventually, a mixed carbon and water monolayer may lead to 0.2% 

transmittance loss. 
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Figure 3.4 First EUV pellicle design, presenting an extreme ultraviolet transmittance of 

83%. The upper cap layer and interlayer face the scanner, while the bottom 

part faces the reticle. 

In order to satisfy the HVM requirements in terms of pellicle transmittance values, critical 

changes in material design and production process must be implemented.  In details, 

improvements are made to obtain:  

• Advances in light transmission capability of the pellicle. 

• Advances in the thermo-mechanical stability. 

 

Figure 3.5 TEM cross-section image of first pellicle design with reference to the 

corresponding layer stack design.  
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One of the crucial upgrades regards the heat transfer processes involving the thin membrane.  

In the NXE system, the EUV light strikes the membrane twice, before and after incidence with 

the reticle. Additionally, dynamic scans of the reticle induce cyclic heating and cooling 

processes on the membrane. Therefore, the film must get rid of the absorbed heat. Heat 

transfer is mainly conducted via three mechanisms: thermal conduction, thermal convection 

and thermal radiation. The dominant mechanism regarding pellicle behavior is thermal 

radiation (vacuum conditions), measured by the mean of emissivity.  The Stefan-Boltzmann 

relation governs the thermal radiation. The well-known equation describes the rate of transfer 

of radiant energy. 

𝑄 = 𝜖𝜎𝑇  (9) 

Q is the heat flux, 𝜖 is the emissivity, 𝜎 is the Stefan-Boltzmann constant and T is the absolute 

temperature. The emissivity 𝜖 is defined as the ratio of the energy radiated from the surface of 

a material to that radiated from a black body, at the same temperature and wavelength 

conditions. In details, a blackbody is defined as a perfect radiator which absorbs all the 

incident radiation. 

𝜖 =
𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑏𝑦 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑏𝑦 𝑏𝑙𝑎𝑐𝑘 𝑏𝑜𝑑𝑦
 (10) 

Emissivity is a dimensionless number with values ranging between 0 and 1. The former 

condition indicates a perfect reflector, while the latter a perfect emitter. From another point of 

view, 𝜖  is a parameter that measures the effectiveness of a body to transfer heat via mean of 

heat radiation process.  In order for the pellicle to withstand the fast heating and cooling 

processes at which is subjected in the scanner, the emissivity must be as high as possible.  

From literature30, as the thickness of the semiconductor-based membrane and pellicle 

decreases, the emissivity reduces as well. The research study performed by P. J. van Zwol et 

al., confirms that by coating freestanding membranes with a thin metal layer, the emissivity of 

the material is increased30. Details about emissivity measurements and calculations are given 

in Chapter 7.4. 
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Figure 3.6 Emissivity at room temperature against thickness for various dielectrics and 

metals. Measurements were conducted in the 1-15 μm range with FTIR 

analysis. From P. J. van Zwol, 201530.  

The reported research allowed for the development of a new pellicle design, able to reach the 

HVM standards. By implementing an innovative metal layer on the flat side of the pellicle, the 

emissivity of the design increases. Moreover, the novel metal EUV transmittance properties 

allow for reaching an 88% EUVT, satisfying the HVM standards. Schematic overview of the 

novel EUV pellicle design with respect to development product is depicted in Figure 3.7. 

 

Figure 3.7 Poly-silicon core pellicles from development starting (left) to novel material 

(right). The former design exhibit EUVT=83%. In the latter stack composition, 

values up to 88% in EUVT are reached. The design development is 

implemented in order to support the ASML HVM requirements. 

After the novel material design and pellicle implementation, endurance tests are conducted. 

In the present project, two different EUVT samples will be analyzed: sample A with a higher 

core thickness, and sample B with a lower core thickness. The tested pellicles are small size 

specimens. The experiments will allow for full size scaling for HVM standards. 
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4 Pellicle Product Film Development  

The development of the next generation EUV pellicles demands a high level of technology 

readiness in many fields. A considerable number of new materials is introduced in order to 

assemble innovative thin membranes for film production. At ASML, three distinctive phases 

are included in the p-Si product film development: 

1. A screening operation is performed in order to select suitable pellicle materials. This 

point involves the research and technology demonstration part. 

2. Parallel to technology demonstration, product development takes place. This is 

implemented in order to anticipate the specific customer’s needs. In this phase, design 

qualification is required in correspondence with process development. 

3. When the previous steps match the requirements of the film product, the validation of 

the prototype is performed. Eventually, pellicle industrialization is brought out. 

A schematized view of the various ASML product film development phases is depicted in 

Figure 4.1. 

 

Figure 4.1 ASML pellicle p-Si core product film development phases. © ASML 

The performance evaluation plan on pellicle takes place in the product development phase.  

 

4.1 Pellicle performance evaluation plan 

Optimization of pellicle design and materials are the driving motor to reach the final 

industrialization phase of the development model. To support these improvements, a 

performance evaluation plan has to be determined. The plan extends over two principal 

branches: optical stability and mechanical reliability. 

 

• Optical stability study is conducted over three crucial factors: time, temperature and 

atmosphere environment. The pellicle behavior is tested with different “offline” setups 

in order to give a proper evaluation on the KPIs.  

• Mechanical reliability includes are accelerated tests conducted with time, temperature 

and environment as controlled variables. Aim of the trials is to define the lifetime of 

the pellicles. 
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4.2 Optical stability test 

The optical stability evaluation strategy involves multiple offline tests and one online test. In 

the former group, three analyses are implemented to isolate and investigate the effect of the 

critical factors present in the scanner settings, listed as follows:  

• Temperature. 

• Environment (for instance, EUV light and plasma). 

• Time. 

Results from these analyses are then collected and compared to the online test, which is 

directly undertaken in the NXE scanner. The offline tests included in the optical stability 

evaluation plan for the new EUV pellicle generations are various.   

• Temperature offline tests are conducted. A suitable heat load is generated by a dynamic 

laser-based system. An IR camera is employed to monitor the temperature level of the 

studied pellicles. 

• Plasma analyses are performed in an RF-induced plasma setup. The study is focused on 

the ions that are generated in the EUV source. In these conditions, different degradation 

effects on pellicle materials can be observed.  

• EUV light tests are conducted in the presence of a defined gas environment. In these 

conditions, the pellicle increases its temperature. The heat load results to be an 

additional controllable variable. 

In the present document, attention is focused on the EUV light test setup, conducted at the 

synchrotron facility BESSY II, in Germany. In this experimental setting, the measurement of 

the 1 x 1 cm2 pellicle samples is performed. 

The outcome of the analysis will be useful in determining the parameters which cause the 

degradation phenomena observed at previous offline testing stations. Stability of the capping 

layers is examined by subjecting the samples to time endurance tests and to different 

atmosphere environment. The purpose is to investigate the role of these parameters and their 

influence on pellicle capping layer degradation. 

4.3 PTB Offline testing 

The Physikalisch-Technische Bundesanstalt (PTB) Germany national metrology institute is a 

scientific and technical higher federal authority founded in 1887. As Germany national 

metrology institute, PTB is the highest authority in the country when needing correct and 

reliable measurements. In the laboratories, primary research and advancement in metrology 

are conducted in partnership with universities, research institutions, and industries. 
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In details, the EUV-Radiometry PTB group uses two monochromator beamlines at the storage 

rings BESSY II and Metrology Light Source (MLS), in Figure 5.2. These are third generation 

synchrotron light sources.  

Two additional setups are involved: 

• EUV reflectometer for large optical components (e.g., EUV collector mirrors for 

plasma sources). 

• EUV Ellipso-Scatterometer for the measurement of reflectance and scattering under 

arbitrary polarization conditions. 

 

Figure 4.2 Aerial view of BESSY II at the Wilhelm-Conrad-Röntgen Campus of HZB in 

Berlin Adlershof © HZB/Dirk Laubner. 

Pellicle tests are performed at BESSY II synchrotron beamline at PTB station. Details about 

radiation source, beamline, wedge-shaped spot, filters and hardware design and 

configurations are provided in the following lines.  

 BESSY II Radiation Source 

The synchrotron radiation is the electromagnetic radiation emitted by subatomic charged 

particles that move at relativistic velocities in a magnetic field. A charged particle (i.e., 

electron) in uniform motion in a circular trajectory is subjected to centripetal acceleration due 

to the instantaneous variation of the direction of motion. In this condition, the particle emits 

electromagnetic radiation. If the velocity of the particle is near to the light velocity, the 

observed electromagnetic radiation frequency will change, due to the Doppler effect.  In this 

case, the radiation is polarized and emitted tangentially to the orbital movement of the charged 

particle in forwarding direction31. 

As mentioned, PTB operates two laboratories at the dedicated sources BESSY II and MLS. The 

two synchrotron radiation sources provide maximum electron energies of 1.7 GeV (BESSY II) 
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and 0.6 GeV (MLS), respectively. The theoretical emission spectra for a single dipole magnet 

(bending magnet) are shown in comparison to the radiation of an ideal black body. 

 

Figure 4.3 The primary synchrotron radiation sources have different calculated spectral 

radiant power. The characteristic photon energies employed vary with respect 

to a black-body emitter. An electron beam of 200 mA is assumed for both MLS 

and BESSY II. The actual ring current is set at 250 mA. The WLS curve 

represents the radiant power coming from the so-called “7 Tesla” wavelength 

shifter, device mounted on the BESSY II beamline. From Klein, R et al32.  

As clear from Figure 4.3, the spectral range from the primary synchrotron radiation sources is 

broad and covers different photon energies. In particular, BESSY II provides extremely 

collimated photon pulses, ranging from the long wave terahertz region to hard X-rays. This 

radiation is referred to as white light, representing a collection of light of different wavelengths. 

Specific energy range and the polarization of radiation can be chosen according to user 

requests and needs. 

In Figure 4.4 a schematic overview of the BESSY II storage ring is provided. Different kinds of 

insertion devices are present. These are crucial components inserted in modern synchrotron 

light sources. Bending magnets, wigglers and undulators belong to this category: 

• Bending magnets: synchrotron radiation is produced whenever relativistic moving 

electrons are forced to deviate from a straight line motion. This behavior is 

achieved by the mean of bending magnets. 

• Wiggler: periodic superconducting magnetic structure. In this case, the magnetic 

field strength is so high that the electron deflection angle is larger than the natural 

collimation angle of the synchrotron radiation. As a consequence, the radiation 
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intensity is summed up along the electron trajectory.  This phenomenon is called 

incoherent superposition and leads to an increase in radiation intensity. 

• Undulator: periodic magnetic structure. In this case, the deflection angle of the 

electrons is smaller than the opening edge and the entire electron trajectory is 

located within the cone of the emitted radiation. The radiation from different poles 

interferes constructively, increasing its brilliance. The quality of a light source 

depends on the total light emitted by the source. This needs to be maximized, 

meaning that the beam must be concentrated or brilliant. The concentration 

depends on the angular divergence of the beam size.  

 

Figure 4.4 Graphic representation of the electron storage ring facility BESSY II. LINAC is 

the linear accelerator providing the electrons. The particles are then injected 

in the electron storage ring with a specific desired energy. The beam is focused 

and stabilized using electromagnetic lenses. At each bending magnet, the 

synchrotron radiation is emitted. The purpose of the cavities is to accelerate 

again the electrons in the storage ring. In this way, the energy lost due to 

radiation emission is compensated. From Haase A33. 

 PTB Test Beamline at Bessy II 

PTB runs a beamline which focuses the white light radiation from a bending magnet into the 

exposure setup, as depicted in Figure 4.5. To generate the focus, an elliptical rhodium coated 

mirror is introduced, deflecting the beam of 20°. Since the mirror is not perfectly elliptical, 

image astigmatism is present. As a result, out of the focus position, the beam spot has a wedge-

shaped profile. By including appropriate aperture blades, it is possible to select distinct parts 

of the spot. A Si/Zr filter is optionally available for the exposure beam. In this way, short 

wavelengths between 5 nm (the cut-off wavelength of the mirror) and 12.4 nm (the L 
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absorption edge if Si) are suppressed, as well as the long wavelength (>25 nm) radiation using 

the Zr coating.  

 

 

Figure 4.5 Drafted design of the PTB exposure beamline. The radiation coming from 

BESSY II is focused at 2o° by a rhodium-coated elliptical mirror. The soft X-

ray light can be optionally filtered. Apertures permit to select the final beam-

spot on the sample. From Laubis, C., 201634. 

 The Wedge-Shaped Beam-Spot 

The wedge-shaped beam-spot is composed of two parts. These can be selected for exposure by 

the use of the aperture blades. Illumination using the in-focus higher flux small side of the 

wedge (so-called “hot” spot) or either the out-of-focus lower flux broad side of the wedge (so-

called “cold” spot) is arbitrary. Additionally, it is possible to include both flux levels in one 

single exposure. By definition, the radiant power is the total power per unit area of the light 

emitted by the X-Ray source and is determined by the number of photons for each given 

wavelength/energy (taken into account in spectral irradiance). By selecting the appropriate 

part of the beam spot, radiant power on the sample can be adjusted. 

The radiant power density can also be increased or decreased by fine-tuning the distance 

between the exposure chamber and the focus. The accessible focus range for PTB measurement 

is between 450 mm (furthest position) and 250 mm (nearest location). In Figure 4.6, details 

about the spatial distribution of the radiation at different positions are represented. 
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Figure 4.6 (a) Spatial distribution of radiation at 161 mm distance from focus, (b) Spatial 

distribution of radiation at a distance from focus equal to 334 mm; (c) Beam 

spot at a distance of 334 mm with the hot and cold spot region indicated as 

selected by the setting of the beamline aperture. Adapted from Scholze, F, 

March 2016.  

The light coming from the bending magnet is cut off to shorter wavelengths at about 5 nm. The 

cut off action is performed by the 10° angle of incidence reflection off the elliptical rhodium 

coated focusing mirror. Filtering of exposure radiation can be performed at PTB. 

 The Si/Zr Filter 

Materials such as Zr and Si are considered promising for the fabrication of filters with high 

transparency at a wavelength of 12.5 nm.  A Si/Zr foil filter at PTB can be optionally added in 

the beam path. It cuts off radiation below 12.4 nm wavelength (Si-L absorption edge) and 

suppresses radiation beyond 25 nm. Spatial distribution of radiation with and without the filter 

is reported in Figure 4.7. 

In Figure 4.8 the spatial distribution of radiation at different focus distance and filter 

configurations is depicted. The filtered synchrotron light affects the spatial distribution of the 

power density. It is possible to plot the radiant power on the sample with the Si/Zr filter in the 

beam path for the hot and the cold spot, as in Figure 4.9. 
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Figure 4.7 The exposure radiation spectral distribution is reported. The blue dashed line 

represents the spectrum of the synchrotron radiation after the grazing incidence 

mirror. The cut-off wavelength is 5 nm. In red, the spectrum of the radiation with 

a Si/Zr foil filter is depicted. As it is possible to see, the radiation is suppressed at 

12.4 nm at (Si-L absorption edge) and beyond 25 nm. From Laubis, C., 201634. 

 

 

 

Figure 4.8 Spatial distribution of radiation at (a) 161 mm distance from focus with no filter 

in the beam path; (b) 161 mm distance from focus with Si/Zr filter in the beam 

path; (c) 334 mm distance from focus with no filter in the beam path; (d) 334 mm 
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distance from focus with filter in the beam path. The chosen positions of 161 mm 

and 334 mm are random test distances. Adapted from Scholze, F, March 2016. 

 

Figure 4.9 The effect of Si/Zr filter on the radiant power density. In black the hot spot, in red 

the cold spot. From Laubis, C., 201634. 

To sum up, at PTB, the total power of radiation coming from the source is ~0.9 W. With the 

Si/Zr filter, the available power is ~0.15 W. This means that roughly 80% of the incoming 

synchrotron light is lost. From the total amount of power being lost, it will result in a lower 

pellicle absorption. An additional effect is that high energy photons (5 nm – 12.3 nm) are 

quenched. Low energy photons (> 25 nm) are also lost.  

 Hardware Design and Exposure Setup 

The sample stage is included in the exposure setup. The drivers are placed outside the vacuum 

conditions. Three linear degrees of freedom are allowed to align the sample with the beam. 

One additional rotational axis is included to adjust the angle of incidence according to 

necessity. Between the specimen and the beamline, a differential pumping stage is integrated 

to keep the sample in a fixed atmosphere environment.   
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Figure 4.10  (a) Lubricant-free exposure setup. Four degrees of freedom are available to 

align the sample to the synchrotron beam; (b) Irradiation chamber. The load 

lock is placed on the top. On the right, the needle valves for gas supply are 

shown. The 4-axis manipulator for sample positioning is placed on the left. The 

system can travel on rails and positioned at different focal distances (250 mm-

450 mm). Adapted from Laubis, C., 201634 and Scholze, F, March 201635. 

The maximum pressure that can be maintained in the sample chamber during exposure is 3 

Pa (see Figure 4.10). 

To sum up, the basic beamline parameters can be summarized as follows in Table 4.1. 

Table 4.1 Beamline parameters – Soft X-Ray beamline at Bessy II, from Laubis, C.36  

Property Value 

Wavelength range 0.65 nm to 30 nm 

Spot size Standard – below 1 mm x 1 mm 

Divergence 1.6 mrad x 0.4 mrad (full beam) 

Linear Polarization Better than 98% in the EUV region 

Average radiant power at 13.5 nm Around 1 μW 
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5 Experimental Design 

The design of an experiment is the crucial part that occupied the first weeks of work at ASML. 

In order to implement an efficient experiment, it is necessary to evaluate general rules for the 

design of the experiment (DOE), presented in this chapter. 

5.1 Purpose of the Experiment  

The primary objective of the measurements is to understand and determine the behavior over 

the exposure time of the two different pellicle samples, A and B. The comparative study of the 

newly implemented capping layers is enabled.  Attention is paid to the influence of the core 

thickness. From previously conducted offline tests, the chemical endurance of the capping 

layers is mostly weakened by etching and oxidation processes. The nature of these effects must 

be circumscribed. The influencing variables can be isolated thanks to the peculiarity of the 

setup at BESSY II beamline. Temperature can be set by adequately positioning the exposure 

chamber with respect to focus point. The differential pumping stage controls the atmosphere 

environment.  

In the present case, the parameters varied during the experiment are time and atmosphere 

environment. Temperature is kept constant at 400-600 ºC.  Also, the effect of the plasma on 

materials degradation will be investigated. The testing methodology requires the design of the 

experiment (DOE), the execution of the test, the characterization of the material and the final 

interpretation of the data.  

5.2 Design of Experiment (DOE)  

The preparation of the intended offline tests belongs to the category of the so-called design of 

an experiment (DOE). This practice consists of a series of different procedures to delimit the 

input variables of a system or process. Once the controllable variables are circumscribed, the 

response factors can be measured.  

In the following lines, a brief introduction to DOE methods is reported. The general overview 

will help in contextualizing the performed experimental outline on pellicle samples. The DOE 

is a concept adopted in both academic research field and industry. Nevertheless, the purposes 

of employment are often meaningfully different between the two areas. The primary objective 

of scientific research is to highlight the effects on the dependent variables of interests. 

Statistically significant values are the important ones. In contrast, the primary goal of 

industrial settings is to obtain information on the factors affecting a specific production 

process. For time and costs reasons, the maximum amount of data must be achieved with the 

lowest possible number of observations. A supportive structured and organized way of 

conducting and analyzing the controlled tests is needed. 
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 Brief History 

Ronald A. Fisher introduced the concept of DOE between the 1920s and 1930s in London, at 

the Rothamsted Agricultural Experimental Station. The goal of his manuscript37 was to show 

how to draw efficiently valid conclusions from experiments with natural fluctuations such as 

temperature and soil condition(the so-called nuisance variables). Known nuisance variables 

commonly cause systematic biases in groups of results (e.g., batch-to-batch variations). On the 

other hand, unknown nuisance variables frequently create random variability or noise. From 

the agricultural field, the method was successfully exported to the military area, in the 1940s 

(Naval Experimentation Laboratory). Successively, the Japanese scientist Genichi Taguchi 

improved the experimental design procedure for optimization of chemical processing.   

 Fundamental principles and uses 

The two diverse types of nuisances factors (known and unknown) are the starting points 

defining the fundamental principles in the design of an experiment38: 

Randomization Unknown bias features disturb the results of the 

experiment, leading to erroneous conclusions. Thus, the 

sequence of testing must be conducted in random order. 

Replication A technique to improve the precision of the research. A 

noise factor can originate from the uncontrollable nuisance 

variables. With replication, the signal-to-noise ratio is 

increased. 

Blocking With this method, precision is obtained by removing (or, 

indeed, blocking) the effect of known nuisance factors. The 

batch-to-batch variability is removed from the 

experimental error. This is a restriction of the complete 

randomization.  

Orthogonality In an orthogonal experiment, the coefficients are varied 

independently of each other.  The results obtained by 

applying this model can be easily shown graphically. 

Nowadays, this method is not anymore employed. 

Computer calculations are performed instead. 

Factorial experimentation The method in which the effects of each factor and their 

mutual combination is estimated.  

 

Nowadays, the uses of design experiments are various.  The principal aim is to discover the 

interactions among the involved experimental factors. Also, screening of unwanted agents is 

performed. The study of the association between two factors cannot be predicted by evaluating 
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the separate effects of the two agents themselves. There are two possible scenarios: synergy or 

interference of the phenomena. In this view, a screening operation must be conducted to 

determine which input variables (or factors) are responsible for the output variability 

(responses). In other words, it is necessary to find the so-called driving experimental factors38.  

 Implementation of DOE 

To successfully implement a DOE some essential and critical steps must be followed in a 

specific order: 

1. The hypothesis to be tested must be expressed in parallel with the objective of the 

study. 

2. The mean through which make the phenomenon appear must be defined. 

3. The measurable output variables (or responses) must be defined. 

4. The controllable factors influencing the result of the experiment must be detected. As 

a general rule, it is more convenient to include more agents than excluding them. 

5. The uncontrollable factors must be determined. Blocking and randomization can be 

applied as aids to prevent unknown nuisance variables. 

6. The total amount of experiment runs (or experimental outline) must be defined.  

7. The final number of trials is then determined, mainly based on the available time and 

resources. 

8. Results interpretation and conclusions must be stated in light of the formulated 

research questions. 

9. Comparison with previously performed experiments must carefully be actuated. 

10. The results have to be recorded and summarized. The outcomes can be reported either 

in tabular or graphical form.  

Online and offline tests are performed following the DOE criterion. The intended pellicle tests 

at PTB are designed by following the experimental outline as presented in the following 

Chapter 5.3. In particular, details about the setup are given, in accordance with chosen 

experimental procedures and runs. 

5.3 Experimental outline  

The rules of the DOE have been strictly applied for the intended experiments at PTB.  BESSY 

The conditions that the pellicles are required to endure must be reproduced at PTB. As above 

mentioned, the temperature at PTB largely depends on the radiant power density, that can be 

selected by choosing the hot part or cold part of the beam spot. Also, by tuning the spot position 

with respect to the focus, different temperatures can be reached. Various calculations are 

implemented to select the appropriate setup configuration. In the present case, pellicles will 

reach temperatures ranging from 400 and 600 ºC, as in scanner environment. 

The exposure time is set considering the so-called lifetime (LT) parameter. As a convention, 1 

LT corresponds to 10k printed wafers and to a certain amount of exposure hours. The lifetime 
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in scanner must be translated to the lifetime at PTB, together with the corresponding number 

of hours. To do this, specific calculations must be performed.  For instance, it is necessary to 

take into account the resist dose sensitivity, the scan speed and the spectral absorption of the 

pellicles.  

In details, at scanner and PTB, different duty cycles must be taken into account for the 

exposure time conversion. Also, the 300 W power at scanner must be replicated at PTB. At the 

offline setup, the pellicles will experience the same incident power. Nevertheless, since the 

samples A and B differ in the stack design by the core thickness, they will show different power 

absorption. Sample Type A will undergo higher absorption, while sample B lower. In light of 

these considerations, the experimental outline is described as in Table 5.1.  

Table 5.1 Experimental outline for the PTB exposures. There are 14 Type A samples and 6 

Type B samples (20 samples in total). 4 unexposed pellicles (2XType A and 2xType 

B) are measured as reference samples.  

Sample 
(2x) 

Sample 
Type  

Absorbed 
Power (W) 

LT  Atmosphere Exposed 
side P Gas 1 P Gas 2 

1 A Lower 0.1 normal normal flat 

2 A Lower 0.3 normal normal flat 
3 A Lower 1 normal normal flat 
4 B Higher 0.1 normal normal flat 
5 B Higher 0.3 normal normal flat 
6 B Higher 1 normal normal flat 
7 A Lower 1 normal low flat 

8 A Lower 1 no normal flat 
9 A Lower 1 normal normal cavity 
10 A Lower 1 normal no flat 
11 A/B Unexposed 

 

Remarkably, samples have been studied in duplo (referred to as 2x in Table 5.1). In other 

words, every experiment is conducted twice. In this way, reproducibility of the exposure 

conditions is assured. Moreover, data availability is guaranteed in case of unwanted sample 

breakage.  

The comparison over different exposure times (0.1LT, 0.3LT, 1LT) for pellicles A and B is the 

crucial point of the investigation. The stability of the capping layer is the primary concern and 

depends on three main factors: temperature, environment and time. In the presence of EUV 

and gas environment, the pellicle can degrade. This is confirmed by recorded material loss and 

oxidation phenomena in the previous analyses. Supervision is implemented by properly 

introducing two different kinds of gases: Gas 1 and Gas 2. The influence of time on capping 

layer endurance is critical and must be monitored. Temperature is kept constant to enable 
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comparison between pellicle A and pellicle B concepts with respect to the scanner environment 

test. 

Reference values could have been obtained on exposed samples prior exposure. This would 

have implemented a high-level accuracy of the results, that, from history, show sample to 

sample variation.  However, due to timing issues, reference unexposed samples have been 

analyzed. In order to reduce the sample to sample variation issues, two reference samples have 

been analyzed for both types, A and B. 

 Lifetime variable 

Studies on degradation versus lifetime scaling are performed. As a set convention, 1 LT 

corresponds to 10k wafers. Tests corresponding to 1k, 3k and 10k wafers are introduced. These 

are equivalent to 0.1 LT, 0.3 LT and 1 LT. 

The purpose of lifetime scaling investigation is to compare A and B samples. Reaction to the 

environment and time in terms of degradation phenomena must be comparatively 

investigated. Atmosphere trials on A are performed in a fixed time frame equal to 1 LT. In 

previous PTB tests, this was the length of time in which it was possible to observe substantial 

capping layer degradation, and thus it has been chosen as a reference for further experiments. 

 Temperature and gas variables 

The plan includes tests at a temperature ranging from 400 to 600 °C. Samples 7 and 9 are 

introduced in order to monitor the effect of Gas 2 on the pellicle.  

The experimental strategy is mainly composed of five experimental sets, each of them finalized 

to understand the capping layer stability of the pellicle concepts. The details about the 

experimental outline are divided per category and explained in the following lines. 

 Lifetime scaling sample A 

Samples from 1 to 3 are introduced to test the capping layer degradation of the pellicle with 

respect to the exposure time. 1k, 3k and 10k wafers experiments are introduced in order to 

enable comparison with scanner tests on Type A 1 cm x 1 cm design. The obtained results are 

crucial in determining the lifetime scaling of the capping layer degradation. The 10k sample is 

used as a reference for further experimental sets. This value corresponds, by definition, to 1 

LT. 

 Sample A versus Sample B 

Lifetime scaling (1k, 3k, 10k) is monitored for samples 4 to 6 for sample Type B. This allows 

for comparison with sample A experiments. The fabrication of the two concepts mainly differs 

in the p-Si core thickness. The capping layer design is the same for both concepts and follows 

comparable deposition parameters. As a result, the expected outcome is that sample Type B 
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should have the same behavior of Type A versus capping layer endurance. Confirmation is 

found int the pellicle behavior along lifetime. 

 Gas 2 pressure reduction 

As explained in Chapter 5, at BESSY II analysis station, a differential pumping stage is present. 

This allows for introducing separately different kind of gases. In the present case, two different 

types of gas are introduced: Gas 1 and Gas 2. In sample 7, the pressure of the Gas 2 is reduced 

with respect to normal load. From previous offline tests, this parameter has been confirmed to 

play a crucial role in pellicle degradation. The test will help in confirming the role of the gas in 

etching/oxidation phenomena. 

 Gas 1 effect on capping layer degradation 

The cap layers degradation mechanism is intended to be studied. The main concern regards 

the degradation mechanism, previously recorded by XPS and RBS analyses. The planned 

investigation aims at determining which are the stability limits and to which extent they are 

acceptable for the pellicle endurance in the scanner. The purpose of testing samples 3, 8 and 

1o comes from the necessity to isolate the effect of Gas 1 on material loss and oxidation of the 

capping layers. In details, two factors can be separated. The first is the performance of the 

pellicle in Gas 2 + Gas 1 environment. In this way, the combined effect of the two gases can be 

studied. In the second option, the impact of Gas 2 in the absence of Gas 1 can be analyzed. By 

comparing the two experiments, one can understand if the gases have a synergetic or 

interfering effect, as pointed out in the DOE. 

 Exposure of the cavity side 

In sample 9, the pellicle is flipped, and the cavity (reticle-facing) side of the membrane is 

exposed. The goal is to evaluate the etching rate on the cavity side with respect to the flat side. 

The test intends to compare with previously implemented plasma tests and to see the different 

reaction of flat and cavity side to exposure conditions. The design of the pellicle stack could be 

altered to utilize such differences. 
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6 Experiment planning and delimitation 

Experiments have been carried out over two different runs, according to the Schedule of BESSY 

II synchrotron facility, which implied ring shut down in weeks 13 and 14.  The time plan 

described in Table 6.1 has been applied to the presented experimental outline. A total amount 

of two weeks has been employed at PTB BESSY II facility in order to execute the first and the 

second run of the experiments. Talking about the post-exposure results, six weeks have been 

set for measurement and data analysis.  

Table 6.1 Exposure time plan at PTB BESSY II beamline and related post-

characterization. 

In order to organize the available synchrotron time, the experimental outline is divided 

between the first and second run, according to the specific priorities of the experiment. As 

extensively explained in Chapter 1.6, the purpose of the intended investigation is to compare 

the two different core-thick samples, referred to as samples Type A and Type B. According to 

this, the higher priority is given to the first seven experiments among the planned tests. The 

lower Gas 2 pressure trial has also been included since the comparison with full atmosphere 

environment enables more detailed analysis on capping layer degradation mechanism. In 

Table 6.2 first and second run division is reported.  

Table 6.2 Schematized overview of the first and second run of experiments run at PTB 

BESSY II Beamline 

Sample 
(2x) 

Sampl
e type 

Absorbed 
Power  

LT  Atmosphere Exposed 
side 

Run 
P Gas 1  P Gas 2 

1 A Lower 0.1 normal normal flat 1st 

2 A Lower 0.3 normal normal flat  1st 

3 A Lower 1 normal normal flat 1st 

4 B Higher 0.1 normal normal flat 1st 

5 B Higher 0.3 normal normal flat 1st 

6 B Higher 1 normal normal flat 1st 

7 A Lower 1 normal low flat 1st 

8 A Lower 1 no normal flat 2nd 

9 A Lower 1 normal normal cavity 2nd 

10 A Lower 1 normal no flat 2nd 

11 A/B Unexposed  

 

Week # 11 12 13 14 15 16 17 18 19 20 21 22 

1st 
Run 

PTB exposure 
            

Post-characterization 
            

2nd 
Run 

PTB exposure 
            

Post-characterization 
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In the following paragraphs, detailed information on the first and second run are reported. 

However, in the present document, only characterization results from the first run are 

included.  As time planning for the second run (Table 6.1), the results coming from the 

characterization techniques are produced over a period out of the schedule for thesis redaction. 

The implementation of the experiments from 8 to 10 further enables comprehension of the 

degradation mechanisms to which the pellicle is subjected when irradiated by EUV light in a 

fixed, specific gas environment. The recommendation for further analysis is to implement a 

correlation between the two experimental runs, in order to have a complete and broader 

overview of all the determining variables in the experiment. 

6.1 1st Experimental Run 

The first experimental run conducted at PTB can be summarized as in Table 6.3. A sample 

code (SC) has been assigned to every experimental line in order to facilitate further sample 

characterization description. Samples without code are samples that have been immediately 

broken after exposure due to handling issues. Remarkably, all samples survived exposure. 

Table 6.3 Schematic overview of first exposure run at PTB 

SC Survival Absorbed 
Power 

LT Atmosphere 
P Gas 1 P Gas 2 

A-1 yes Lower 0.1 normal normal 

A-2 yes Lower 0.1 normal normal 

broken yes Lower 0.3 normal normal 

A-3 yes Lower 0.3 normal normal 

A-4 yes Lower 0.3 normal normal 

A-5 yes Lower 1 normal normal 

broken yes Lower 1 normal normal 

A-6 yes Lower 1 low  normal 

B-7 yes Higher 0.1 normal normal 

B-8 yes Higher 0.1 normal normal 

B-9 yes Higher 0.3 normal normal 

broken yes Higher 0.3 normal normal 

B-10 yes Higher 1 normal normal 
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7 Material Characterization Techniques 

PTB investigation is mainly focused on the comparison between sample Type A and Type B, 

with different core thickness designs. In particular, the behavior over lifetime with respect to 

capping layer stability is monitored. When the exposure steps are completed, thin film 

components have to be qualified in various aspects for reproducible quality. This is essential 

in order to scale up to full-size manufacturing and production. In the present section, details 

about the employed characterization techniques are provided. Insights on theoretical physical 

principle and technical details are necessary in order to explain and compare the experiment 

results, further presented in Chapter 8.  

7.1 EUV Transmittance and Reflectance Measurement 

The measurement technology has to keep pace with the recent EUV developments, especially 

at the working wavelength of 13.5 nm (at wavelength metrology). In order to make the thin 

films functioning in EUV scanners, specific actinic metrology with high precision and accuracy 

is required39. PTB allows a broad range of actinic EUV analyses, including reflectance and 

transmittance investigation. In the present section, conceptual information on EUVT and 

EUVR measurements is provided.   

 Transmittance, Reflectance and Absorbance 

Before proceeding with functional tool description, brief definitions of transmittance, 

reflectance and absorbance are provided.  When a beam light strikes a sample object, three 

main phenomena take place, namely transmission, reflection and absorption, as depicted in 

Figure 7.1. A part of incident radiation is transmitted by the object, while other fractions are 

reflected or absorbed according to the electronic properties of the material. 

 

Figure 7.1 When an incident beam hits a sample three main phenomena take place: 

transmission, reflection, absorption 
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The introduced definitions, thus, are associated with the manifestation of an event or 

phenomenon. On the other hand, three quantities can be introduced: transmittance, 

reflectance and absorbance, defined as follows: 

𝑇 = 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 =
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑  𝑃𝑜𝑤𝑒𝑟

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟
 (11) 

𝑅 = 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 =
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟
 (12) 

 

Since the power absorbed by a material cannot be measured directly, absorbance can be 

obtained by reflectance or transmittance using the following equation: 

𝐴 = 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = log (1/𝑇) (13) 

Not taking into account the possible presence of energy loss through diffusion or scattering, 

for the principle of energy conservation: 

𝑇 + 𝑅 + 𝐴 = 1 (14) 

As a conclusion, transmittance, reflectance and absorbance are real physical quantities that 

can vary between 0 and 1. The quantities can also be expressed in the percentage form, a 

convention that has been adopted in the present research. 

 EUV Transmittance (EUVT): functional tool  

EUV transmittance (EUVT) at 13.5 nm in the bandwidth used in the scanner and its uniformity 

have to be verified over the entire pellicle area. The required metrology tool should be able to 

qualify EUVT around 88% (as stated in Table 3.1) and verify the required uniformity.  The 

demanded precision of the metrology is better than 0.1%. Since employed for industrial 

purposes, the tool should not add any particles in the micron range to the sample40.  

The standard tool functionalities are schematized in Figure 7.2. A EUV source generates 

photons in an extensive spectral range (typically from <10 nm to 20 nm). Debris 

contamination is limited by filters of ionized gas, argon purge gas flow or plasma. The insertion 

of an optical shutter linked to the CCD camera allows for image acquisition. Additionally, the 

presence of multilayer mirrors has the function to filter the EUV light to obtain the only 13.5 

nm component. An additional filter called spectral purity filter (SPF) is inserted to suppress 

the non-EUV radiation from contributing to the measurement process.  The exposure chamber 

is under vacuum conditions. The pellicle is placed in the chamber and an XY stage raster-scan 

the membrane through the beam.  The transmitted EUV light is detected with a CCD camera.   



 

58 

 

Public 

The loading of the sample is performed manually and in a clean environment. Usually, an 

actuator inside the load lock transfers the membrane into the process chamber. The whole 

setup is kept under a high vacuum (~10-6 mbar pressure).  

 

 

Figure 7.2 Conceptual block diagram of pellicle transmittance measurement tool.  

The two multilayers mirrors are brilliant reflectors for out-of-band radiation as well. The 

spectral purity filter is a thin metallic filter that transmits a sufficient EUV fraction but is also 

able to suppress the out of band radiation.  The filtering procedures are implemented in order 

to obtain a spectral distribution of the film very similar to the one used in the scanner for 

photoresist exposure. An additional schematic setup of at wavelength EUV characterization is 

provided in Figure 7.3. After pellicle interaction, the beam is recorded by a EUV sensitive CCD. 

The main characteristic of the CCD is the high detection quantum efficiency. In-depth 

knowledge of the power of the beam irradiating the sample is essential. The beam recorded by 

the detector carries the spatial information of the property to be characterized, typically 

reflectance or transmittance. For the highest quality, the irradiating beam is monitored by 

measuring the source emission or using references samples.  

The measuring process consists of acquiring images with CCD synchronized with the shutter. 

Usually, dark noise correction is accomplished by recording a dark image before each series. A 

class-1 flow bench assembly is built around the loading area. A flow-box provides a clean 

horizontal laminar flow to avoid contamination during the membrane handling and loading 
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process. Except for the manual sample loading into the load lock, the measurement process is 

fully automatic controlled. 

 

Figure 7.3 Schematic of the at wavelength EUVT mapping. Adapted from C. Pampfer et 

al., SPIE 201840. 

 

 EUV Reflectance (EUVR): functional tool  

Reflectometry is mainly conducted in the X-Ray region.  Various fields are covered by the 

employment of this technique, ranging from applications in astrophysics41 to plasma studies42. 

By analyzing the collected spectra, the following information can be extracted: 

• Surface morphology 

• Interface quality and chemical composition 

• Nanolayer thickness 

• Optical constants  

Considering the above-mentioned, reflectometry plays an important role in nanotechnology, 

including the semiconductor industry and optical industry for optical coatings. X-Ray 

reflectometry (XRR) is an established non-destructive procedure for layer thickness 

determination43. In a layer-substrate system, reflection occurs both at the surface of the layer 

and at the layer substrate interface, following Bragg’s law. 

Short-wavelength radiation equally offers manifold application possibilities for the 

characterization of micro and nanostructures. The difference between XRR relies on the 

critical angles for reflection. For EUV, these angles are broader. Thus, there is the possibility 

to carry out measurements at a steeper angle of incidence. The advantage relies on the 

possibility to analyze curved surfaces or smaller samples.   
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Standard measurement scheme with a reflectometer setup is shown in Figure 7.4. Reflectivity 

is measured typically with a monochromatic beam as a function of the incidence angle, at fixed 

photon energy, or as a function of the photon energy at fixed incidence angle. The scattered 

light is measured at fixed energy and incidence angle while varying only the detector angle 

around the specular beam.  

 

Figure 7.4 Schematic depiction of geometry in a typical experiment of reflectometry. 

Adapted from Schafers F. et al., 201344.  

The so-called sample-in sample-out technique allows to determine absolute values for R.  This 

is accomplished by measuring the incident power 𝑃 . The analysis is conducted with the 

detector placed in the direct beam position, before and after evaluation of the reflected power 

𝑃 44,45. The absolute value of reflectance is then given by the ratio 𝑅 = , as explained in 

Chapter 7.1.1.  

At PTB BESSY II beamline, a EUV reflectometer is employed for reflectance measurement. As 

the characterization of pellicles often requires the measurement of position and angle-

dependent properties, the beam divergence becomes vitally important.  In the intended 

reflectometer setup, sample to be investigated can be positioned in all degrees of freedom. 

Additionally, any linear direction of polarization is possible43.  

The sample stage is placed inside a vacuum chamber. The complete sample stage is motor 

operated in vacuum. The sample can be translated in the x, y, and z directions  and tilted of 

angles 𝜙 or 𝜃46, as depicted in  

Figure 7.5. 
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Figure 7.5 PTB reflectometer. Attention is given to the allowed movements, in blue the 

detector movements and in red the sample movements. From Laubis C. et al., SPIE 200945. 

7.2 Rutherford Backscattering Spectrometry (RBS) 

Rutherford backscattering spectrometry (RBS) is a non-destructive quantitative chemical 

characterization technique. The method has evolved starting from classical nuclear physics 

experiments conducted during the first half of the 20th century. In details, in the 1960s, RBS 

developed into a standard analysis technique for the growing semiconductor field. Addressing 

thin film properties in material research, RBS belongs to the so-called ion beam analysis 

techniques (IBA). IBA methods comprise a collection of analytical methods employing an ion 

beam from particle accelerators. The aim is the investigation of structures and composition of 

research specimens. The particular IBA techniques are distinguishable by the different types 

of interaction of ion beam and solid target, as depicted in  

Figure 7.6 and detailed in Table 7.1.  

 

Figure 7.6  The different ion beam analysis (IBA) techniques. Adapted from47 
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Table 7.1 IBA relevant techniques and related characteristics. 

Technique Determined parameters 

NRA • Depth profile by resonance scanning 
PIGE • The γ-ray lines energy indicates the elements 

• The γ-ray lines intensity indicates elements 
concentration 

PIXE • X-Rays emission for elemental analysis 
• Peak energy in the X-Ray spectrum specific of a 

particular element 
• Peak intensity proportional to the elemental 

concentration 
• The low detection limit (ppm) 

RBS • Thin film composition and thickness in at/cm2 
• Film density (when thickness in nm is known) 
• Contamination presence 
• Concentration depth profiles 

 

Rutherford backscattering spectrometry is based on classical scattering in a central force field. 

The accelerator provides a collimated beam of MeV particles (usually 4He+ ions) to detect and 

distinguish mass differences of various elements and isotopes. In light of these considerations, 

three key-parameters are present in RBS: kinematic factor K, cross- section and stopping 

power. In the following lines, details about RBS technique are given, with particular attention 

to the mentioned key-factors.  

 Kinematic of Elastic Collisions 

The basic principle of RBS refers to kinematics for binary collisions. In the present case, a 

beam of ions with known mass M1 and energy E0 is directed towards the target atoms M2 of 

the analyzed material (see Figure 7.7 ).   

During the collision, energy transfers from the moving particle to the stationary target atom. 

As a result, the scattered particle decreases its energy. The entity of the drop relies on both the 

masses of the incident and the target atoms. After the collision, the incoming particles are 

scattered back into the detector analysis system, which measures their energies. This provides 

a typical signature of the studied material components. In order to deduce the mass of the 

target particles 𝑀 , basic physical principles of energy and momentum conservation are 

employed. As stated above, this corresponds to solve the energy transfer or kinematic inelastic 

collisions between two isolated particles, 𝑀 , in motion, and 𝑀 , at rest.  
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Figure 7.7 A collision between two –positively charged- particles before and after the 

collision. Momentum and energy are conserved. Adapted from A. Hallen, 

201248. 

𝑀  has a velocity 𝑣 and a known energy 𝐸 = 𝑀 𝑣 . After traveling a certain distance, 𝑀  

collides with 𝑀 . After collision, the values of the velocities 𝑣  and 𝑣  and energies 𝐸  and 𝐸  of 

the projectile and target atom are determined by the scattering angle 𝜃 and the recoil angle 𝜙. 

The coordinate notation and geometry are given in Figure 7.8. 

 

 

Figure 7.8   RBS physical principle: elastic scattering between particles. Adapted from A. 

Hallen, 201248. 
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The following equations express the energy and momentum conservation, parallel and 

perpendicular to incidence direction49.  

1

2
𝑀 𝑣 =

1

2
𝑀 𝑣 +

1

2
𝑀 𝑣  (15) 

𝑀 𝑣 = 𝑀 𝑣1𝑐𝑜𝑠𝜃 + 𝑀 𝑣 𝑐𝑜𝑠𝜙 (16) 

0 = 𝑀 𝑣1𝑠𝑖𝑛𝜃 − 𝑀 𝑣2𝑠𝑖𝑛𝜙 (17) 

Eliminating 𝜙 first and then 𝑣 , it is possible to find the ratio of particle velocities: 

𝑣

𝑣
=

±(𝑀 − 𝑀 sin 𝜃) / + 𝑀 cos 𝜃

𝑀 + 𝑀
 

(18) 

 

The ratio of the projectile energies for 𝑀 < 𝑀 , where the plus sign holds, is  

𝐸

𝐸
=

(𝑀 − 𝑀 sin 𝜃) + 𝑀 cos 𝜃

𝑀 + 𝑀
 

(19) 

 

The energy ratio 𝐸 /𝐸  is called kinematic factor 𝐾. As clear from Equation (19), the energy 

after the scattering event is determined by the masses of solely the particle and target atom 

and by the scattering angle. Tabulated K values for different target masses 𝑀  and scattering 

angle 𝜃 = 170° are given in Figure 7.9. 
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Figure 7.9  Representation of the kinematic factor for scattering angle 𝜃 = 170° as a 

function of the target mass 𝑀  for different chemical elements. From 

Fundamentals of Nanoscale Film Analysis, 201749. 

The lowest value of 𝐾 for direct backscattering is reached at 𝜃 = 180°: 

𝐸

𝐸
=

𝑀 − 𝑀

𝑀 + 𝑀
 

(20) 

And at 𝜃 = 90°: 

𝐸

𝐸
=

𝑀 − 𝑀

𝑀 + 𝑀
 (21) 

A particular case is given by collisions where 𝑀 = 𝑀 . In this case, all the energy is transferred 

to the target atom. After the collision, the incident particle is at rest. For 𝜃 = 180°, the energy 

𝐸  transferred to the target atom has its maximum value given by: 

𝐸

𝐸
=

4𝑀 𝑀

(𝑀 + 𝑀 )
cos 𝜙 =

4𝑀 𝑀

(𝑀 + 𝑀 )
 (22) 

This result is useful in analyzing a target that contains two types of atoms, which masses differ 

by a small amount ∆𝑀 . In this case, the experimental geometry is adjusted to produce a ∆𝐸  

change as large as possible.  In particular, a change of ∆𝑀  (for fixed 𝑀 < 𝑀 ) gives the largest 

K change when 𝜃 = 180°. The latter is the preferred location for the detector. In practice, due 

to limitations in detector size, 𝜃 ≅ 170°. This arrangement geometry has given the method the 

name of backscattering spectrometry.  

The detector sensitivity is an equally fundamental parameter. The tool must be able to 

distinguish different types of atom, that may differ by a small mass amount ∆𝑀 .  This 

translates in the ability to resolve small differences ∆𝐸  in the energies of the backscattered 

particles. The most common detector for backscattering apparatuses is the surface-barrier 

solid state nuclear-particle detector, which scheme is reported in Figure 7.10. The operation 

principle of this instrument relies on the collection of the electron-hole pairs created by the 

incident particle. The pairs are introduced in the depletion region of a reverse biased Schottky 

barrier diode. The statistical fluctuations in the number of electron-hole pairs produce a 

spread in the output signal, resulting in a finite resolution. 
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Figure 7.10 Representation of a gold surface barrier nuclear particle detector operation. 

The first part of the figure is a sketch of the detector chamber. The lower part 

depicts an He+ ion (alpha particle) forming an electron-hole pair. The electrons 

and holes are separated by the high electric field within the depletion region. 

From Fundamentals of Nanoscale Film Analysis, 201749. 

In backscattering measurements, the signals are translated in the form of voltage pulses. The 

heights of the pulses are proportional to the incident energy of the particles. A specific analyzer 

stores pulses of a certain height in a given voltage channel. By operating proper calibration, a 

direct relationship between channel number and energy may be established. 

 Scattering Cross-section  

The number of scattered detected particles depends on: 

• The number of incident particles. 

• The size of the detector (solid angle). 

• The number of scattered particles. 

• The scattering probability (cross-section). 

The scattering cross-section for a central scattering type force can be calculated for small 

deflection angles.  As the particle with charge 𝑍 𝑒 approaches the target atom  𝑍 𝑒, it will 

experience a repulsive force. As a result, its trajectory will deviate from the incident straight 

line path. The value of the Coulomb force 𝐹 at distance 𝑟 is given by: 
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𝐹 =
𝑍 𝑍 𝑒

𝑟
 (23) 

 

The scattering cross-section originally derived by Rutherford is expressed by: 

𝜎(𝜃) =
𝑍 𝑍 𝑒

4𝐸

1

sin
𝜃
2

  
(24) 

Further experiments confirmed that the number of elementary charges in the center of the 

atom is roughly equal to half of the atomic weight. This observation introduced the concept of 

the atomic number of an element, which describes the positive charge carried by the nucleus 

of the atom.  

 Stopping power 

The depth of penetration is established by the energy loss d𝐸/𝑑𝑥 of the high energy ions during 

their passage through the sample. The energy that is lost in the penetration is directly 

proportional to the thickness of the probed material. As a result, a depth scale can be assigned 

directly and quantitatively to the energy spectrum of the detected particle. 

To measure the energy loss, two critical quantities must be defined. The first is the distance ∆𝑡 

traversed by the ions in the target. The second is the energy ∆𝐸 lost through this peculiar 

distance. The number of atoms per unit area that the ion-bullets have traversed in losing the 

energy ∆𝐸 is given by the quantity 𝑁∆𝑡. In this case, 𝑁 is the atomic density of the target 

specimen. Thus, the energy loss can be expressed in two main ways: 

𝑑𝐸

𝑑𝑥
 𝑖𝑛 

𝑒𝑉

𝑛𝑚
 

 

(25) 

𝜖 =
1

𝑁

𝑑𝐸

𝑑𝑥
 𝑖𝑛 

𝑒𝑉

𝑎𝑡𝑜𝑚𝑠/𝑐𝑚  
 (26) 

 

Recently, the notation 𝜖 has been adopted to represent the so-called stopping cross-section 

(not to be confused with the emissivity, further introduced in Chapter 7.4).  

When an ion moves through matter, it loses energy through interactions with electrons. These 

are promoted to higher states or ejected from the atoms. On the other hand, nuclear scattering 

is a rare event compared with electrons interaction. This is because the radius of an atomic 

nucleus is extremely tiny in comparison to the same atomic dimension. Therefore, for further 

considerations, nuclear interactions can be neglected. 
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The collision of charged particles with target atoms is divided into two categories, namely fast 

and slow collisions: 

• Fast collision: in this case, the projectile velocity is much larger than that of an 

orbital electron. The collision produces a sudden transfer of energy from the 

projectile to the target electron. The stopping cross-section decreases with 

increasing velocity.  The particle spends less time in the vicinity of the atom. 

• Slow collision: In this regime, the stopping power is proportional to the velocity.  

The values d𝐸/𝑑𝑥 and 𝜖 can be used to obtain composition depth profiles from the energy 

spectra of backscattered particles. As a consequence of the two regimes, lower energies entail 

better resolutions. 

To sum up, in a typical RBS spectrum: 

• The kinematic factor K determines the surface energy of a material. 

• The peak area refers to the cross-section. 

• The width of the peak is directly related to the stopping power. 

 Hardware and Exposure setup  

The Ion Beam Facility (IBF) employed for the measurement allows for non-destructive 

characterization of (sub-)surface material properties. IBA techniques are performed to obtain 

elemental depth profiles in solid materials.  Profiling elemental distributions and 

determination of thin film composition are some of the fields of interest of the provider 

research institute.  

In a typical Rutherford backscattering setup, a particle accelerator delivers beams of low-mass 

ions in the MeV range. In Figure 7.11, a standard configuration with a tandem accelerator is 

provided. This instrument produces negative ions that are accelerated towards a positive 

potential. Electrons are removed at the high voltage terminal. As a result, the particle charge 

becomes positive. A vacuum environment is needed in order to accomplish this operation. 

Successively, the positively charged particles are repelled by the high positive voltage, 

increasing in a further energy increase. After being analyzed, the beam directed to the target 

chamber. As previously justified, the surface barrier detector is commonly mounted in the 

backscattering angle position equal to 𝜃 ≅ 170° from the incident beam. This value can be 

changed according to the different types of specimen and customer requirements. 

The employed Ion Beam Facility (IBF) at the provider site is built around a 3.5 MV ion 

accelerator. In this setup, the light-weight ions are extracted from an RF plasma and 

accelerated electrostatically over 3.5 MV. 
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Figure 7.11 Schematic representation of a standard ion beam scattering setup. Normally, 

a tandem accelerator is employed. The scattering chamber is positioned in 

backscattering configuration. From A. Hallen, 201248. 

After beam formation, filtering, steering and focusing are performed. In particular, peculiar 

magnets are used to focus the beam to the experimental setup of choice. The plasma source 

from which the ions are extracted is depicted in 

Figure 7.12. Standard generated beams are Hydrogen (1H+), Helium (4He+) and Helium 3 

(3He+). For the intended experimental analysis, a 4He+ beam is employed at 2 MeV energy. 

 

 

Figure 7.12 Picture of the plasma source of the Ion Beam Facility (IBF) at the provider 

research site. 
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7.3 X-Ray Photoelectron Spectroscopy (XPS) 

Electron spectroscopy is an elemental analysis technique that employs characteristic electrons 

emitted from a solid material to collect qualitative and quantitative data of interest. The 

negatively charged particles can be either Auger electrons or photoelectrons. The characteristic 

energy levels of these entities are directly related to the nature of the chemical elements in the 

specimen under analysis. Electrons escape from the uppermost atomic layers of a solid (~10 

nm). Typical electron energies are relatively low (approximately, in the range of 20-2000 

eV)50. Moreover, the negatively charged particles strongly interact with the matter. This entails 

that they exhibit a very short inelastic mean free path, 𝜆. This quantity describes the average 

distance that an electron with a given kinetic energy travels between two successive inelastic 

collisions. The quantity is an indication of the electron escape depth. 

In light of these considerations, electron spectroscopy is classified as a surface chemical 

analysis technique, since electrons originate from a narrow region of the probed samples. 

According to the class of electrons under investigation, two types of spectroscopies can be 

enabled: Auger electron spectroscopy (AES) or X-ray photoelectron spectroscopy (XPS).  

Even if the origin of Auger electrons and photoelectrons is different, the information they carry 

is comparable. Both particles can be analyzed in order to get evidence of the specific chemical 

elements in the surface of the specimen. In Figure 7.13, a schematic illustration of both 

emission phenomena is reported.  

• In the first case, an incident X-ray photon with sufficient ℎ𝜈 energy can knock out an 

inner-shell electron (e.g., from K shell). In such circumstance, the electron is emitted 

from the surface as a photoelectron with a specific kinetic energy 𝐸 .  

• In the second case, a high energy electron (or an X-ray photon) excites an inner-shell 

electron of an atom.  In this case, the energy of the incident particle can be so high to 

knock out the electron from the atom. This becomes ionized, being in an excited state. 

The equilibrium must be reached quickly, in order for the atom to return to its normal 

state. This is achieved by filling the vacant inner electron with an outer-shell electron. 

The energy difference between the outer-shell level and the inner-shell level may cause 

the emission of either a characteristic X-ray photon or an Auger electron.  
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Figure 7.13  Emission processes of characteristic electrons. On the left, 1s photoelectron and, 

on the right, KL1L2,3 Auger electron. Adapted from Y. Leng, 201350 

 

 Basic physical principle 

As above-mentioned, when an atom absorbs an X-ray photon, a photoelectron is consequently 

ejected from one of the element electron shells.  The kinetic energy 𝐸  of the ejected 

photoelectron is used to calculate the so-called binding energy of the atom photoelectron (𝐸 ). 

The following relationship is employed to calculate the binding energy:  

𝐸 = ℎ𝜈 − 𝐸 − Φ (27) 

Where ℎ is the Planck constant and 𝜈 the frequency. The parameter Φ is a parameter 

representing the energy needed for an electron to escape from the surface of a material. Its 

value depends on both the sample material and the employed spectrometer.  

The XPS technique recognizes the chemical elements from the binding energy spectra of the 

X-ray photoelectrons. In an XPS spectrum, the signal intensity is plotted versus the elements 

binding energy. Photoelectrons are ejected from different electronic shells and subshells. Each 

binding energy peak is marked as an element symbol accompanied by a shell identifier. This 

notation explicates the peculiar position from where the electron was emitted (e.g., Al 2p, O 

1s). An XPS spectrum may also contain peaks from Auger electrons, that must be correctly 

identified and classified. 

Special mention is thus deserved to the information that can be extracted with XPS51: 

• Qualitative elemental analysis at surface level can be gathered. Commonly, the purpose 

is to determine the composition of unknown samples or to assess the degree of 

cleanliness of solid surfaces. 
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• Binding state of chemical elements can also be extracted due to the high level of 

interaction that electrons exhibit with the matter. The binding energy 𝐸  values 

depend on the chemical environment of the atoms. Energy chemical shifts may occur 

when inequivalent atoms of the same elemental species are present. 

 

 Exponential attenuation of XPS signal 

As above-justified, photoelectrons are emitted from the uppermost layers of the probed 

sample. The surface sensitivity of XPS stems from the short inelastic mean free path of the 

electrons, λ. The number of electrons that reach the vacuum level readily lose energy by various 

processes, including inelastic collision and recombination. These processes reduce the number 

of photoelectrons escaping the material52. Due to this reason, the probability for an electron to 

travel a distance 𝑑 through the solid without undergoing inelastic scattering is modeled by an 

exponential relationship: 

𝑃(𝑑) ∝ 𝑒  

 

(28) 

Consequently, the intensity of the emission peaks in the XPS spectra is strongly dependent on 

the location of the material within the surface region.  In details, when detecting 

photoelectrons emitted at an angle 𝜃 away from the surface normal, it is necessary to consider 

the effective path 𝑑/𝑐𝑜𝑠𝜃 of the electrons in the solid. The total measured intensity can be 

expressed as51: 

𝐼(𝑑) = 𝐼 𝑒  

 

(29) 

 Instrumentation and analysis 

At the XPS provider facility, the samples are irradiated with a monochromatic X-rays beam. 

Photoelectrons emission is performed and characteristic energies of the elements within the 

sampling volume are collected. A variety of applications is covered according to multiple 

customers’ needs. Industry R&D, process development/improvement and failure analysis are 

included in this category.  

A schematic representation of a standard XPS equipment is reported in Figure 7.14. 

Instruments for electron spectrometry require an ultrahigh vacuum environment with a 

vacuum pressure in the range of 10-8/10-10 mbar. In this condition, low energy electrons have 

fewer chances of being scattered by gas molecules on their way to reach the detector. Scattering 

events reduce the signal intensity and increase the background noise in the spectra. Vacuum 
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is also necessary in order to maintain the surface of the sample free from gas-molecule 

contamination. This is one of the major concerns for surface chemical analysis. 

The main components of an XPS can be summarized as follows: 

• X-Ray source. 

• Sample chamber with the positioning mechanism. 

• Energy analyzer, to allow electrons with specific kinetic energy to pass through 

and reach the detection system.  

• Lens system to gather photoelectrons and focus the electron beam into an 

energy analyzer. 

 

Figure 7.14 Schematic overview of X-Ray photoelectron spectroscopy tool. From “A 

beginners guide to XPS”, 201753 

Modern instrument for electron spectrometry contains both XPS and AES in a single chamber 

as a multifunctional surface analysis system50.  

7.4 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR (Fourier Transform Infrared) Spectrometry is a characterization technique broadly used 

in multiple research fields including organic synthesis, polymer science and pharmaceutical 

industry. In wavenumbers, the infrared region is located between the interval 12880 – 10 cm-

1. This range can be divided in turn into three sub-regions: near-infrared (1288 – 4000 cm-1), 
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mid-infrared (4000 – 400 cm-1) and far-infrared (400 ~ 10 cm-1). The wavelength range that 

is employed for IR absorption spectroscopy is 4000-670 cm-1. The reason is related to the 

absorption radiation of most organic compounds and inorganic ions, that lies in this interval. 

In FTIR procedure, the investigated samples are exposed to infrared radiation.  

The molecules absorb the radiation, causing a change of their dipole moment. As a 

consequence, the vibration energy levels of the sample shift from the ground state to an excited 

condition, with a resulting associated absorption peak. For instance, the vibrational energy gap 

defines the frequency of the absorption peak. By examining the generated infrared spectrum, 

it is possible to obtain information on the structure of the compounds. In details, one can 

identify specific chemical bonds characteristics of pure or contaminated samples54. 

 

Figure 7.15  The IR regions of the electromagnetic spectrum. From W. Gallagher, 200255.  

Various applications are covered by the technique. In the present case, infrared spectroscopy 

is operated to evaluate the pellicle ability to transfer the gained heat to the environment. When 

the EUV light passes through the thin membrane, this heats up. To get rid of the gained heat, 

the film releases the energy through three main processes, namely radiation, convection, and 

conduction. In particular, for high performances, the radiative emission of energy must be as 

high as possible. In the following paragraphs, the technique is illustrated in all its relevant 

parts. 

 Physical principle and instrumentation 

In the present section, relevant background knowledge on dispersive IR spectrometer is 

provided54. In a standard setup, the incident radiation travels through the specimens to be 

analyzed.  The resulting emitted radiation wave-front is dispersed into the component 

frequencies by the mean of a monochromator. The dispersive system comprises prisms or 

gratings with a variable-slit mechanism. Mirrors and filter are also included. The emitted 

signal is collected by the detector, generating an electrical response. In details, the detector 
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amplifies and converts an analog spectral input into an electrical signal. The latter is further 

processed by the mean of a particular mathematical algorithm: the Fourier transform is 

applied, and the final spectrum is obtained.  

The basic concept on which the FTIR spectrometer relies on is the Michelson interferometer. 

The latter is a well-known optical configuration employed to split a beam into two parts. The 

objective is to set a pair of diverse beam paths. Successively, the beams are recombined and 

collected by a detector. At this stage, the beam intensity is measured as a function of the 

peculiar path difference.  

 

Figure 7.16  Standard setup of Michelson Interferometer, adapted from54 

A standard Michelson interferometer setup is depicted in  

Figure 7.16. In the arrangement, a beam splitter is placed in between two perpendicular 

mirrors. One is fixed in a set position, while the other is adjustable. The incident light goes 

through the beam splitter, where is partly transmitted and partly reflected. The transmitted 

light strikes the stationary mirror. On the opposite, the reflected beam hits the adjustable 

mirror. Consequently, each beam is back reflected and recombined in the beam splitter. 

The so-called zero path difference (ZPD) scenario applies when the distance between the two 

mirrors and the beam splitter is identical.  If the movable mirror is moved further away from 

the beam splitter, the distance covered by the reflected light becomes wider. The mirror 

displacement (∆) is the distance from which the movable mirror differs from the ZPD 

condition. In this circumstance, the light travels an extra distance equal to 2∆, also known as 

optical path difference (OPD).  

 When the OPD is multiple of the wavelength, the so-called constructive 

interference takes place. As a result, a maximum intensity in the signal is 

recognized by the detector. The following formula applies: 2∆ = 𝑛𝜆, with 

n=0,1,2,3….  
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 When the OPD is half the wavelength or multiples of this, destructive 

interference occurs. In this scenario, the detector measures a minimum in the 

intensity signal. This situation is illustrated by the formula: 2∆ = 𝑛 + 𝜆, 

with n=0,1,2,3….  

The above-explained situations are the two extreme cases. Commonly, the signal is placed in 

between a maximum and a minimum. The adjustable mirror is repeatedly moved back and 

forth, accompanied by an increment and decrement of the intensity of the signal. The resulting 

plot is classified as an interferogram, function of time.  Additionally, the time domain is 

Fourier-transformed to a frequency domain. By the mean of a deconvolution operation, the 

final IR spectrum is calculated.  

 

Figure 7.17 The IR spectrum of octane, plotted as transmittance (left) and absorbance 

(right).  From W. Gallagher, 200255. 

Reflectance (R) and transmittance (T) are respectively measured.  Roughly, at a certain 

wavelength, a minimum in light transmittance corresponds to a maximum in absorbance. As 

a result, the band intensities can alternatively be denoted by absorbance as 𝐴 = log (1/𝑇). 

Thus, the same spectrum can be plotted as T and as A, as reported in Figure 7.17. In the present 

case, FTIR measurement is specifically employed in order to determine the emissivity and the 

absorption of the pellicle samples. 

 Emissivity calculations 

Emissivity calculation is brought out indirectly by considering the Planck’s law and using 

absorption measurement by FTIR. The formula derived by Max Planck describes the spectral 

density of the electromagnetic radiation emitted by a blackbody in thermal equilibrium at a 

given temperature T56 (see Figure 7.18). Every physical object at T different from the absolute 

zero (0 K) spontaneously emits electromagnetic radiation. The emission peak depends on the 

temperature of the body.  Commonly, bodies at room temperature exhibit an emission peak at 

c.a. 10 μm (IR range). The wavelength corresponding to the peak radiation progressively 

decreases as the temperature of the body increases. Moreover, bodies of different colors and 

surface compositions may radiate in different ways. For this reason, the blackbody radiation 
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is considered as a convention57.  The main relevant characteristics of a blackbody can be 

summarized as follows: 

• All bodies are capable of emitting radiation. 

• A blackbody absorbs 100% of all radiation incident upon it. 

• A blackbody is in absolute the most efficient emitter of radiation. 

Max Planck established the well-known equation named after him58 after his investigation on 

blackbody emitted radiation (Equation 23). The study posed an essential contribution to the 

foundation of the quantum theory. 

𝐵(𝜆, 𝑇) =
2𝜋ℎ𝑐

𝜆

1

𝑒 − 1

 (30) 

The quantity 𝐵(𝜆, 𝑇) is the spectral radiance of a blackbody. It describes the amount of energy 

emitted by a body at different radiation wavelengths at absolute temperature T. In details, ℎ is 

the Planck’s constant, 𝑐 is the speed of light and 𝑘  is the Boltzmann’s constant. 

Not all the materials are perfect blackbody emitters.  The radiation from real sources is always 

less than that from a blackbody. As already explained, emissivity (𝜖) is a measure of how a real 

source compares with a blackbody.  

• Emissivity for a blackbody is 1 

• Emissivity for a real body is 0 < 𝜖 < 1.  

The quantity 𝜖 is defined as the ratio of heat radiated by a specific material and that of a 

blackbody at a specific temperature. 

 

Figure 7.18 Spectral radiance curve for a blackbody at different temperatures. The classical 

(black) curve exhibit divergence from the observed intensity at high 

frequencies. From Wikipedia59. 
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This is equal to the ratio of the radiant power emitted per area to the radiant power emitted by 

a blackbody per area60,61. 

𝜖 =
𝑃𝑜𝑤𝑒𝑟 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝑜𝑤𝑒𝑟 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑏𝑦 𝑎 𝐵𝑙𝑎𝑐𝑘 𝐵𝑜𝑑𝑦
=

∫ 𝐴(𝜆) ∙ 𝐵(𝜆, 𝑇)

∫ 𝐵(𝜆, 𝑇)
 (10) 

A body emissive power is defined as the absorbance A of the material over the equivalent 

blackbody material emissive power. The quantity A can be deduced by FTIR measurement. In 

this case, the measurements of reflectance R and transmittance T are provided for a vast 

wavelength range.  

When radiation hits a body, it can be absorbed, reflected or transmitted through it. Energy 

must be conserved, and the following relation must apply for absorbance calculation: 𝐴 = 1 −

𝑅 − 𝑇. 
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8 Characterization results 

The primary objective of the measurement is to understand the behavior over the lifetime of 

the two different pellicles. FTIR, XPS and RBS analyses are employed to enable 

characterization of exposed sample materials. Additional analysis is implemented on 

unexposed specimens: emissivity values of samples Type A and Type B are measured by FTIR 

(one sample for each run and pellicle design, for a total of 4 samples). On these samples, 

additional RBS and XPS tests are performed. Thickness and morphology are monitored by 

subjecting the samples to EUVT and EUVR analyses. The peculiarity for this technique is that, 

at PTB, scans can be performed at the desired wavelength.   

 EUV Transmittance and Reflectance measurements are employed in order to evaluate 

the degree of pellicle compatibility with the set HVM requirements. The transmission 

of the EUV light is directly related to sample thickness. Increment or decrement of 

such quantity exhibit material gain or loss. Conversely, the reflection of the EUV light 

is related to surface morphology and thickness. By analyzing and comparing the two 

quantities, it is possible to gather information on sample endurance and degradation. 

 Rutherford backscattering spectroscopy (RBS, Chapter 7.2) is employed to gather 

quantitative information on the structure and composition of pellicle materials. A 

primary ion beam is elastically scattered by the specimen. The energy and angle of the 

scattered ions provide information about the scattering atom in the sample. Elemental 

composition of the specimen inside and outside illumination spot can be determined 

afterward and compared with corresponding unexposed sample (same batch). In 

particular, the overall composition of the pellicle and variations in chemical elements 

quantity can be monitored. A drop and increase in element signal are attributed to the 

increase or decrease of material (etching/oxidation processes). In this way, material 

loss and oxygen increase can be monitored. RBS technique allows for comparison with 

XPS results.  

 X-ray photoelectron spectroscopy (XPS, Chapter 7.3) analysis provides the chemical 

elemental information of the pellicle. Samples are irradiated with monochromatic X-

rays and, as a consequence, photoelectrons are emitted. The energies are characteristic 

of the elements within the sampling volume. Edge-to-edge line profiles must be 

gathered on front and back samples in order to get composition information on 

exposed and unexposed samples over a selected pellicle area. This technique enables 

estimation of capping layer degradation (material loss/gain and chemical changes) 

with respect to lifetime and atmosphere environment. With respect to RBS, additional 

information of peculiar binding states present in the systems is gathered. 

 Fourier Transform Infrared spectroscopy (FTIR, Chapter 7.4)  is employed to collect 

information on samples emissivity. The absorption spectra in the IR range are 

measured at room temperature and the emissivity is calculated afterward. On studied 

pellicles, FTIR spectral maps are collected in order to evaluate changes in absorption 
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across the sample area. This analysis is crucial since emissivity corresponds to heat 

dissipation. In this view, the parameter has to be as high as possible to guarantee the 

thermo-mechanical stability of the pellicle. After EUV and gas exposure, it may be that 

emissivity decreases, suggesting the presence of limits on radiative heat emission and 

resistance to the heat load.  

To sum up, the samples are intended to be tested following the chronological order 

schematized in Table 8.1. RBS is the last employed technique since the samples result very 

fragile to ion beam exposure. 

Table 8.1 Chronological outline of employed characterization techniques 

Sample type Characterization technique 

Exposed Pre EUVT at 
ASML 

Pre EUVT/R 
at PTB 

Post EUVT/R 
at PTB 

FTIR XPS RBS 

Reference EUVT at 
ASML 

FTIR XPS RBS   

 

8.1 Sample Appearance 

In order to enable the proper description of characterization results, it is necessary to highlight 

the physical appearance of the pellicle undergone exposure. In Figure 8.1, it is possible to 

compare pellicles before and after PTB illumination.  

• The exposed pellicles (Figure 8.1(b) and (c)) show wrinkles outside the illuminated 

area. The wrinkling behavior is observed in both samples of Type A and Type B. 

This leads to conclude that the combination of Gas 1 and Gas 2 has the same effect 

on both pellicle types (only differing in p-Si core thickness).  

• Interestingly, by comparing Figure 8.1(b) and (c), it is possible to see that the 

reduction of pressure of Gas 2 led to considerably lower wrinkling grade. Since the 

only difference between samples A-5 and A-6 relies on gas 2 pressure, this element 

is believed to cause wrinkling behavior.  To which extent this surface effect is 

dominant in the pellicle degradation mechanism is determined by further 

characterization data.  Moreover, Gas 1 may also play a role in causing the 

wrinkling behavior. The evaluation of the second run of experiments will result 

decisive to decouple the effects of the two gases (for more details, see Table 6.2). 

The outside spot wrinkling grade increases with rising lifetime. The length of time for which 

the pellicles are exposed to a particular atmosphere environment plays a considerable role in 

outside-spot wrinkling behavior. The same phenomenon has been previously recorded in 

plasma tests, where pellicle subjected to Gas 2 plasma presented a homogeneous wrinkling 

behavior across the sample (Figure 8.1(d)). 
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Figure 8.1 Pellicle sample (a) before exposure, (b) after exposure time=1 LT in presence 

of normal P of Gas 1 and 2 (A-5), (c) after exposure time=1 LT in presence of 

normal P of Gas 1 and lower pressure of Gas 2 (A-6) (d) after Gas 2 plasma 

exposure. 

Most probably, the illumination spot remains flat due to annealing process enabled by the high 

temperature caused by the EUV light. As reported in the literature, annealing is often 

employed as a mean stress/strain release and densification62 purposes. By increasing the 

temperature,  the material surface morphology is restored to the native state63. This behavior 

is further confirmed by FTIR analysis, as in Chapter 8.5. 

Film wrinkling is a concern that may potentially impact imaging performances. In literature, 

geometric models have been developed in order to understand the impact of wrinkles in 

imaging64, not discussed in this survey. 

8.2 EUV Transmittance and Reflectance results 

EUV Transmittance (EUVT) and EUV Reflectance (EUVR) measurements are performed to 

evaluate the KPI for HVM, detailed in Chapter 4.  EUVT data are collected both at ASML and 

PTB stations. The comparison between the two measurement tools increases the confidence in 

the obtained values. On the other hand, EUVR data are obtained at PTB.  The primary purpose 

of the investigation is to compare the behavior of Type A versus Type B pellicles.  Additionally, 

exposure to lower Gas 2 pressure has been included in the first run. From this analysis, a 

primary insight on pellicle performance in terms of EUV transmittance and other 

characteristics such as morphology and thickness (Chapter  7.1.3) can be gained. The behavior 

in terms of capping layer stability is successively confirmed by quantitative analyses, namely 

RBS and XPS. 

Two data sets are extrapolated by the EUVT and the EUVR analysis. The first relies on 

transmittance and reflectance expressed in percentage form. The second information is 

reported in graphic form, denoted by CCD maps. Both data representation must be 

comparatively investigated in order to extrapolate sufficient information on pellicle behavior 

over lifetime and atmosphere environment.  
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 EUV Transmittance results 

EUVT calculated percentage values are presented in Table 8.2. The “Pre” and “Post” columns 

indicate the values taken, respectively, before and after sample exposure at PTB. “Out” and 

“In” nomenclature refers to the pellicle areas over which EUVT values have been averaged. For 

the intended purposes, the median value has been represented. A graphic illustration of the 

areas is presented in Figure 8.2.  The in part is the illuminated part, while the out part is the 

one that does not undergo exposure. Ergo, delta values are calculated. 

 

Figure 8.2 Schematized out spot and in spot regions for EUVT and EUVR calculations. 

Table 8.2 EUVT data for first run samples collected at ASML and PTB. PTB data have 

been analyzed with the proper mathematical tool in order to extrapolate the 

average (median) values in two different areas: inside and outside the 

illumination spot. The different deltas are consequently calculated and 

reported. 

   

ASML PTB 

SC LT 
P Gas 

2 
Pre 
% 

Pre 
Out 

% 

Pre 
In 
% 

Post 
Out 
% 

Post 
In 
% 

Δ 
Post- 
pre 
out 

Δ 
Post-
pre 
in 

A-1 0.1 Normal 
86.24 86.18 86.18 86.23 86.15 0.05 -0.03 

A- 2 0.1 Normal 
86.31 86.42 86.41 86.48 86.43 0.06 0.02 

A-3 0.3 Normal 
86.23 86.24 86.24 86.26 86.19 0.03 -0.05 

A-4 0.3 Normal 
84.96 85.18 85.17 85.47 85.35 0.30 0.17 

A-5 1 Normal 
85.64 85.79 85.79 86.01 84.99 0.21 -0.81 

A-6 1 Lower 
86.51 86.71 86.73 86.72 86.59 0.01 -0.14 

B-7 0.1 Normal 
87.48 87.30 87.56 87.21 87.46 -0.09 -0.10 

B-8 0.1 Normal 
87.35 86.92 87.15 87.36 87.69 0.44 0.53 

B-9 0.3 Normal 
87.13 87.04 87.28 87.09 87.39 0.05 0.11 

B-10 1 Normal 
87.43 87.25 87.50 87.33 87.55 0.08 0.05 
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The crucial message expressed by Table 8.2 is that Type A and Type B samples mainly differ 

in the EUV transmittance. Type A samples show low starting EUVT, for an average of 85.9%. 

On the other hand, the type B samples display an average pre-exposure transmittance of 

87.4%. In terms of KPI for HVM, Type B samples closely meet the EUVT transmittance 

requirements. The outcome is justified by the fact that Type B samples hold minor p-Si core 

thickness. The difference in the pre-measurement between ASML and PTB is to be related to 

the diverse measurement tools sensitivities.  

Also, it is interesting to analyze the comparative ΔEUVT maps of Type A and B samples, as 

depicted in Figure 8.3. The maps have been plotted excluding the membrane borders (+/- 

1mm). These points have not been analyzed due to restricted probing spot size. 

 

Figure 8.3 (a) ΔEUVT maps for Type A samples at different exposure times: 0.1LT, 0.3LT 

and 1LT. (b) ΔEUVT maps for Type B samples at different exposure times: 

0.1LT, 0.3LT and 1LT. In red, the areas that present a EUVT variation that is 

outside the HVM production limitations. 

Sample type A 

All the samples show variations of ΔEUVT in the noise level. From Figure 8.3(a), it is possible 

to recognize a spot “imprint”, which visibility increases with exposure time. Furthermore, the 

ΔEUVT is higher outside the spot than in the exposed area. Differences are noticed between 

samples A-4 and A-5.  

• Sample A-4: the sample, exposed for 0.3 LT, shows an EUVT increment of 

0.17% in spot (post-pre)  and 0.30% out of spot (post-pre). The behavior is 

confirmed by the correspondent ΔEUVT map, which shows regions which 
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EUVT value is out of the limits imposed by KPI for HVM. On the other hand, 

the equivalent duplo experiment does not report such relevant variation. The 

exposure condition is not harsh. Thus, the behavior can be assigned sample-

to-sample variation in manufacturing (deposition) process. 

• Sample A-5: the pellicle has been exposed for 1 LT (most prolonged exposure) 

with the presence of both Gas 1 and Gas 2 at normal pressure. In this scenario, 

a loss of 0.8% is recorded. The result submits that the membrane undergoes 

loss of protective capping layer material. On the other hand, the same exposure 

time with lower Gas 2 pressure did not cause noticeable transmittance loss in 

experiment A-6. This result is confirmed by the ΔEUVT maps in Figure 9.3(a) 

and the wrinkling behavior observed in Figure 8.1. Since the only varied 

parameter is the gas pressure, this factor is believed to be one of the 

determinant causes of material loss, as further confirmed by XPS and RBS 

analysis.  

Sample type B 

• Sample Type B exposures show EUVT variation in the noise level. Moreover, when 

observing Figure 8.3(b), a pronounced exposure mark is, in general, absent. The 

darker spots in B-7 and B-10 are believed to derive from a temporary breakdown 

of the scanning system: the spot may have been stopped for a while when running 

over the sample surface.  

• An out-of-specification behavior is recorded for sample B-8, showing a EUVT gain 

of 0.53% (post in – pre in). This sample has been exposed to 0.1 LT. Moreover, the 

particular imprint shown in the ΔEUVT map, a particular imprint is shown. This 

can be related to material oxidation, confirmed by the in-depth quantitative study 

of the pellicle stack. Again, the duplo condition did not report any dramatic change. 

Thus, the specific behavior of the sample B-8 is to be related to sample-to-sample 

variation during manufacturing (deposition) process. 

Comparison 

The comparison for 1 LT exposure between sample A and sample B, normal gas pressure, is 

critical. In the former, a 0.8% EUVT loss is recorded, while for the latter, variations in the noise 

level are present. This suggests that Type B samples are more robust to exposure conditions in 

terms of transmittance loss. Undoubtedly, it is necessary to take into account the sample-to-

sample variation presence. This could be avoided by implementing a higher number of 

experiments. 

 EUV Reflectance results 

In parallel, reflectance data are collected. The values are reported in the form of percentage 

and depicted in Table 8.3.  
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Type A samples exhibit HVM-matching performances in reflectance both before and after 

exposure.  On the contrary, Type B pellicles do not meet the EUVR specification requirements 

(Table 3.1). As above-mentioned, the reflectance is the expression of two main parameters: 

thickness and morphology. The solely manufacturing modification between the two sample 

types relies on the thickness of the poly-silicon core. This may suggest that the specific thinning 

method employed for Type B samples may not have been performed adequately. Uniform 

etching accompanied by material re-deposition could have been taken place, leading to higher 

EUVR values.  

Table 8.3 EUVR data for PTB exposed samples 

SC LT P Gas 2 Pre 
% 

Post in 
% 

Post out 
% 

Δ 
in-pre 

Δ 
out-pre 

Δ 
in-out 

A-1 0.1 Normal 0.0007 0.0007 0.0007 0.0008 0.0001 0.0001 

A- 2 0.1 Normal 0.0006 0.0005 0.0007 0.0008 0.0001 0.0003 

A-3 0.3 Normal 0.0003 0.0003 0.0003 0.0004 0.0000 0.0001 

A-4 0.3 Normal 0.0017 0.0018 0.0006 0.0006 -0.0011 -0.0012 

A-5 1 Normal 0.0006 0.0006 0.0005 0.0006 -0.0002 -0.0001 

A-6 1 Lower 0.0015 0.0016 0.0003 0.0004 -0.0012 -0.0012 

B-7 0.1 Normal 0.0264 0.0375 0.0069 0.0344 -0.0195 -0.0031 

B-8 0.1 Normal 0.0469 0.0751 0.0058 0.0489 -0.0411 -0.0263 

B-9 0.3 Normal 0.0088 0.0059 0.0016 0.0084 -0.0072 0.0025 

B-10 1 Normal 0.0451 0.0571 0.0166 0.0672 -0.0285 0.0102 

 

As an additional comparison instrument, the pre-exposure EUVR maps of Type A and Type B 

samples are presented in Figure 8.4.  A critical deduction from the present data is that the Type 

A samples are more homogeneous than the Type B samples. For the latter ones, it is possible 

to see a sort of circular imprint path, with higher reflectance values on the center and lower at 

the edges. This confirms the hypothesis of the etching process formulated on the EUVR 

percentage data.  
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Figure 8.4 (a) Pre-exposure R data for type A samples. (b) Pre-exposure R data for type B 

samples 

 EUV Transmittance and EUV R comparison 

pre-exposure EUVT data with the EUVR data for Type B samples are represented in  

Figure 8.5. At the pellicle edges, the transmittance is lower, indicating a possibly higher 

material presence. A similar path is recognizable in the EUV reflectance maps. RBS and XPS 

techniques will further help in quantitatively define possible thickness inhomogeneities across 

the Type B samples area.  As mentioned, the reflectance is also an expression of morphology. 

In order to provide a better understanding of this behavior, the suggestion is to further 

implement atomic force microscope (AFM) analysis. 

 

Figure 8.5 Pre-exposure extreme-ultraviolet (a) transmittance and (b) reflectance maps. 

The changes in EUVT and EUVR percentages and the presence of spot marks on the delta maps 

suggest that, due to exposure, both Type A and Type B samples undergo material change. This 

change is related, with high probability, to capping layers degradation process. Two diverse 

but complementary phenomena are believed to take place: material loss (erosion of capping 
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layers) and material gain (oxidation process). The two mechanisms are one the consequence 

of the other: by removing material from the capping layer, the metal layer and the core are not 

protected anymore, and oxidation takes place. Moreover, the exposure imprints result to be 

more visible for higher exposure time.  

8.3 RBS Analysis Results 

Rutherford Backscattering Spectrometry (RBS) is an ion scattering technique aimed to get 

compositional thin film analysis. The uniqueness of RBS is in enabling elemental 

quantification without the employment of reference standards.  Two different information can 

be gathered:  

• Study of elemental material composition through the entire sample depth. 

• Quantification of layered material thickness. 

Depth analysis can be conducted up to ~2 μm65. In Figure 8.6, a schematized overview of the 

employed analysis modalities is reported. 

 

Figure 8.6 Schematized overview of RBS measurement. One point inside the exposure 

spot has been analyzed. 

RBS results regarding capping layer loss are summarized in Figure 8.7. Remarkably, samples 

resulted in being very fragile after exposure: six out of eight exposed samples broke during 

RBS measurement. Data analysis is limited due to this issue. 
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Figure 8.7 RBS loss shown in terms of percentage for Type B and Type A samples. 

Capping layer (CL), Oxygen (O) and metal layer (ML) signal are reported. 

The reference samples RA1 and RB1 have been used to determine the amount of initial material 

(set to 100%). Analysis of exposed samples has been used to determine the amount of material 
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loss. Intuitively, a certain level of uncertainty is introduced in using the reference samples. To 

represent the initial material conditions. This is due to the sample-to-sample variation in the 

manufacturing process. The drop and increase in element signal are attributed to a loss or gain 

of respective material (etching/oxidation processes). The values are the ones recorded across 

the whole sample depth. A systematic error of 2% holds for all the elements (the same deviation 

applies for all elements and samples). This is due to inaccuracies in beam energy, 

configuration, cross-section and used stopping power. In particular, the statistical error for the 

single elements highly depends on how the related peaks overlap. For the CL, a statistical error 

of 7% applies. Moreover, sample breakages during measurement forced the RBS operator to 

make use of different ion fluences (number of employed ions = current*time) and detector 

size. For certain samples, this increases the statistical error up to 1.7 times more. For this 

reason, in the present analysis, no distinction is made between the CL front and back. Data are 

normalized to 100%. 

As it is possible to see, a more or less pronounced capping layer (CL) loss is recorded in all the 

samples. This suggests that the environment in which the samples are subjected induces a loss 

material.  The underlying metal layer, consequently, is not anymore shielded. Increment in the 

oxygen signal is to be related to this behavior.  

Sample Type A 

In Type A samples, a CL loss is consistently recorded. The exposed pellicle side is believed to 

being principally affected by the outgassing process. XPS analysis is employed in further 

process confirmation. The highest recorded loss pertains to sample A-5 (~33%), as predicted 

from the ΔEUVT results. The loss is accompanied by an increase in the oxygen level. This 

suggests that the exposure conditions are so harsh that all the front CL material is etched away. 

Consequently, The ML remains unshielded. Interestingly, sample A-6, exposed for the same 

length of time, shows a lower CL loss (~14%), in line with the samples exposed for a shorter 

time. The difference between the two samples is in the Gas 2 pressure, which value is reduced 

in A-6 experiment. In this sense, Gas 2 is believed to play a major role in the pellicle 

degradation behavior. In order to decouple Gas 1 by Gas 2 effect, further relevant experiments 

are enabled by the second PTB run. In particular, by analyzing the result obtained for the 

sample exposed to the only Gas 2, one will be able to formulate a more definitive conclusion 

on capping layer degradation mechanism. 

Sample Type B 

Type B samples equally exhibit CL loss. The highest recorded loss pertains to sample 88-8, 

exposed for 0.1 LT. The sample shows an RBS signal decrement of ~25%. This observation is 

in line with the related EUVT data, which showed an out of specification behavior. Due to short 

exposure time, this sample is believed to belong to the sample-to-sample variation category, 

as confirmed by Figure 8.3. Moreover, no increase in oxygen is recorded. This suggests that 

the underlying metal layer is still protected by some CL material. 
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Comparison 

Both Type A and Type B samples are affected by a degradation process inducing a more or less 

severe CL outgassing. Samples A-5 and B-10 display contrasting CL loss: ~33% in the first case 

and ~8% in the second case. The two experiments are conducted at the same atmospheric 

conditions and exposure time. The result entails that Type B samples are more robust to the 

degradation enabled by exposure to synchrotron radiation.  

XPS analysis is further presented as a comparison instrument. Moreover, electron 

spectroscopy can give information on the material chemical binding state. In particular, details 

of the oxidation forms present in the system are given. 

 

8.4 XPS Analysis Results 

XPS has been conducted on both reference and exposed samples. By performing this analysis, 

additional quantitative knowledge on the material before and after exposure can be obtained. 

Moreover, information on material gain, in particular oxidation, can be additionally gathered 

with respect to RBS. The specific form of oxidation is also given. 

The measurements have been performed both on the front and back sides of the samples. In 

Figure 8.8, the employed characterization strategy is reported. A horizontal map analysis is 

performed across the center of the sample. The reason for the choice relies on previously 

performed offline tests. In those cases, the highest material change has been recorded along 

coordinates perpendicular to the exposure direction. Further confirmation of this instance is 

given by FTIR analysis (Chapter 8.5). The XPS signal is collected both inside and outside the 

exposure spot. Differently from FTIR analysis, XPS analysis is not readily affected by the 

presence of sample wrinkling (wrinkles may cause problems in reflectance data analysis). 

 

Figure 8.8 Schematic overview of the sample. In red the exposed not wrinkled area. XPS 

horizontal line-scans are performed in the middle of the samples, as 

represented by the dotted black line. 

XPS results can be mainly presented in two different ways66,67: atomic percentages or 

elemental ratios (atomic ratio between two different materials). As a general rule, XPS atomic 
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percent is employed to remove measurement dependent signal variations from XPS peak 

intensities. However, there are multiple conditions that must be satisfied in order to obtain 

atomic concentrations that fully reflects the expected elemental proportions for the analyzed 

material. Intensity data are sensitive to the sample geometry and composition. Thus, a precise 

sample layer model must be applied whenever it is possible. 

Two diverse sets of quantitative calculations can be performed using the XPS data:  

• For entirely homogeneous and uniform composition materials, the potential 

for obtaining accurate atomic concentration is high. In this case, a standard 

fitting model is used for the interpretation: the so-called infinitely thick 

homogeneous sample model53,67.  The classic approach for quantification takes 

into account a homogeneous and uniform sample, free from surface 

contaminations. 

• Analyzed materials seldom have these characteristics. The surface of the 

sample may be covered by one or more thin overlayers, as in the pellicle case. 

If the composition and the arrangement of these layers are known, an 

alternative specific model for inhomogeneous samples must be developed and 

applied. In this circumstance, knowledge about the correct sensitivity factors 

and cross-section angular distribution is essential. 

For confidentiality reasons, the XPS analysis provider is not aware of the stack design. The 

specific material layers thickness is equally unknown. As a result, the employed fitting model 

is the standard one, the infinitely thick homogeneous sample model. Standard sensitivity 

factors are employed to convert peak areas to atomic concentrations. Thus, for inhomogeneous 

samples, the atomic concentration reported by XPS classic approach is not the true, exact 

atomic concentration of the material53. In details, the concentrations may deviate from reality 

in the absolute sense (generally not more than 20% relative). 

Data have been chosen to be reproduced in terms of elemental ratio. When talking about 

thickness determination, ratios are introduced in order to decrease the uncertainties deriving 

from the employment of the homogeneous model68,69. In the present study, the XPS ratios 

between the different material layers are separately plotted: capping layer (CL), metal layer 

(ML) and p-Si core (p-Si). The results taken for a point in the center of the membrane for the 

front and back of the samples are shown in Figure 8.9. For samples Type A and Type B, the 

values of the two respective reference samples have been introduced as an instrument of 

comparison.  
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Figure 8.9 XPS Ratios for (a) front of Type A and B samples. The CL/ML ratio is depicted; 

for (b) back of Type A and B samples. The CL/p-Si core is reported. The 

reference sample is RA1 for Type A and RB1 for Type B.  
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Figure 8.10 XPS Horizontal line-scans ratios for (a) front and (b) back of both Type A and 

Type B samples. Both Type B references are plotted. 

In Figure 8.10, XPS ratios in the form of horizontal line-scans are presented. More detailed 

information is introduced. In particular, for the front side (Figure 8.10(a)) the following ratios 

are presented: capping layer/metal layer (CL/ML), oxidized capping layer/total capping layer 
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material(CLox/CLtot) and oxidized metal layer/total metal layer (MLox/MLtot). The choice is 

critical in understanding the mechanisms enabling the recorded material change. For the back 

side, (Figure 8.10(b)) ratios of the oxidized capping layer and total capping layer (CLox/CLtot) 

are depicted. Moreover, material change is evaluated by depicting the capping layer/p-Si core 

ratio for the back side (CL/p-Si).   

Sample Type A 

• On the front side, the ratio CL/ML of the reference (not exposed) sample is higher 

with respect to the BESSY II illuminated specimens. In the latter, an increase of 

metal layer signal suggests capping layer removal or etching. The material loss is 

greater inside the exposure spot, while minor outside. As a broad observation, the 

atmosphere conditions being equal, the extent of the loss is nearly constant 

between 0.1 LT and 0.3 LT exposure time. A slightly higher material change is 

recorded for sample A-4, in accordance with the EUVT observations. Conclusively, 

sample A-5 exhibits the highest capping layer outgassing, reaching a CL/ML ratio 

almost equal to zero. This suggests severe capping layer outgassing, with 

consequence oxidation of the underlying material, as confirmed by Figure 8.10(a). 

In details, this confirms RBS observations and specifies that both CL and ML are 

oxidized. 

• On the back of the samples, material loss is observed. The loss results less severe 

with respect to the POB facing side.  Decrease of CL/p-Si ratio means that the 

capping layer is degraded due to the exposure conditions and that the XPS 

technique becomes more sensitive to the silicon presence (for more details, see 

7.3.2.). Since the back side is not directly exposed to the EUV radiation, the loss is 

to be attributed to the presence of Gas 1 and Gas 2. 

• By comparing A-5 and A-6 front data, the latter is characterized by a meager 

amount of material change. The decrement is quite similar to the 0.1 LT and 0.3 

LT exposed samples. The pressure of Gas 2 is thus decisive in accelerating or 

decelerating the degradation process of the pellicle. The second run of experiments 

will enable confirmation on the role of Gas 2 in the degradation process (Chapter 

6).  

Sample Type B 

• Type B samples are also subjected to capping layer degradation. A decrease in 

CL/ML ratio with respect to the reference measurement is recorded, mostly in the 

exposure spot. Drop in the CL signal and rise in the ML signal is interpreted as 

outgassing of CL material: the less protected ML becomes more surface exposed. 

The sensitivity of XPS to ML is thus enhanced (Chapter 7.2.3).  

• Lowering of the signal at increasing exposure time is less pronounced than in Type 

A sample. The outcome is accordance with data gathered at EUVT analysis 

(Chapter 8.2). The loss appears to be quite uniform with time, suggesting that 
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samples of Type B are more robust in terms of capping layer stability with respect 

to Type A. Sample B-8 shows a more severe loss with respect to other samples. This 

phenomenon can be attributed to sample-to-sample variation, since the duplo 

experiment, sample B-7, exhibits lower material change. 

Comparison 

• In comparing sample A-5 and B-10, higher CL/ML ratio is recorded for the second 

condition. This confirms the robustness of samples B with respect to samples A, 

already noticed by RBS measurements.  

The added value of XPS consists in providing the chemical binding information of sample 

material (Chapter 7.2). In particular, the binding energies of the core electrons change with 

variations of the chemical environment. This is manifested by the presence of characteristics 

chemical peak shifts in the XPS spectra. By analyzing the specific variations, one can judge if, 

in addition to material loss/gain, chemical changes are likewise present. From a recent XPS 

analysis on plasma exposed Type A samples, elemental capping layer variation is recorded. In 

particular, the CL peak becomes narrower after exposure, demonstrating a chemical change. 

(Figure 8.11). Further confirmation of this observation is provided by FTIR analysis (Chapter 

8.5). 

 

Figure 8.11 XPS spectrum of Type A sample front side exposed to Gas 2 plasma condition 

with respect to reference samples.  

 

8.5 FTIR Analysis results: emissivity and absorption 

As mentioned in Chapter 3, one of the crucial mechanisms in determining the pellicle behavior 

in the scanner environment is the thermal radiation. In the NXE system, the pellicle is stroke 

twice by the EUV light. Moreover, cyclic heating and cooling processes are enabled by the 

dynamic scan of the reticle. The pellicle absorbs heat, and it must get rid of it. Thermal 

radiation is the dominant mechanism, measured by the mean of emissivity.  In the new pellicle 
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concept, a thin metal layer is inserted in order to increase the emissivity of the stack30 and, 

eventually, to meet the so-called HVM requirements.   

Different materials hold diverse emissivity values. High emissivity materials excellent 

absorbers of incident environment radiation.  Knowledge of the thermal radiative properties 

of the pellicles is required to confirm further endurance in the peculiar NXE scanner 

conditions.  

Both reference and PTB exposed samples have been analyzed using FTIR. The analysis has 

been carried out as schematized in Figure 8.12. The reason why exposed samples are only 

examined in the exposure spot relies on the fact that the not illuminated area is wrinkled. The 

surface inhomogeneity may create issues in reflection measurement. The detector size at the 

provider facility is not large enough to collect signal that may be scattered by the wrinkles. 

 

Figure 8.12 Schematized representation of the pellicle samples with specific reference to 

analysis points. Horizontal and vertical mappings on an area corresponding to 

the exposure spot have been performed on the PTB exposed samples. Front 

side only of the samples has been analyzed. 

• Reference samples have been analyzed in the first place. Emissivity 

measurement on RA1 and RB1 samples show that the emissivity is  𝜖 < 𝜖 . 

According to this result, samples B are expected to show higher absorbance 

and thus, to be better emitter with respect to pellicles A.   

Reflectance R and transmittance T values are recorded at different wavelengths for 

different samples (reference and exposed). Absorbance A is calculated for Type A and B 

samples and represented in Figure 8.13. The data represented are recorded in the 

geometrical center of the sample. 
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Figure 8.13 FTIR spectra in absorbance for Type A and Type B samples, exposed and 

reference. 

• After exposure, both Type A and Type B samples increase their absorbance and 

emissivity (Table 8.4). The uniform trend suggests that, due to temperature 

exposure, the samples undergo annealing process. This is confirmed by literature 

studies involving various material typology subjected to annealing 

temperatures70,71,72. Further verification of the mechanisms is given by the 

horizontal and vertical maps, depicted in Figure 8.14. Inside the exposed spot, the 

samples exhibit an increment in absorption. As expected, the highest change is 

observed in the plane perpendicular to the dynamic exposure direction. The same 

behavior has been observed in temperature offline testing, where the absorption of 

the sample increased. This effect, thus, has to be attributed to the only 

temperature.  

The following inferred hypothesis is that, due to annealing, the composition of the 

sample undergoes chemical changes (as beforehand justified in Chapter 8.1). This 

confirms the observation made by the XPS spectrum in Figure 8.11, where the post-

exposure capping layer peak shrinks, suggesting a chemical change in the material. 

The idea is that, due to annealing, material intermix takes place at the capping 

layer and metal layer barrier. As a result, two types of capping layer material are 

present: free, unbounded CL, and metal-bonded CL material. 

• Only in sample A-5, a decrement in absorption and emissivity is recorded. This can 

be related to the harsh exposure conditions confirmed by RBS and XPS analysis. 

The pellicle experiences a high material loss due to prolonged exposure to EUV 

light and Gas 2-1 combination.  In this condition, the pellicle is hardly able to 

withstand the cyclic heat loading process, but still survives. When subjected to very 

high temperature, pellicles suffer from a complete loss of the capping layer 

material (both free and intermixed). As a result, successive oxidation of the 
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exposed metal layer takes place. In these specific conditions, the thermal stress of 

the multi-stack pellicle could eventually bring to pellicle breakage. This 

phenomenon is classified as thermal run-away breakage and has been observed in 

previously exposed pellicle at PTB for lifetime LT>1. 

 

 

Figure 8.14 FTIR horizontal and vertical line-scans for Type A and Type B samples. Both 

reference and exposed samples are depicted.  

Table 8.4 Emissivity values for the different exposed samples with respect to reference 

samples. 

SC Emissivity 
A-1 𝜖 > 𝜖  
A-2 𝜖 > 𝜖  
A-4 𝜖 > 𝜖  
A-5 𝜖 < 𝜖  
A-6 𝜖 > 𝜖  
B-8 𝜖 > 𝜖  
B-9 𝜖 > 𝜖  

B–10 𝜖 > 𝜖  
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8.6 Results interpretation 

The comparison between samples Type A and B has been accomplished. The results are 

intended to be explained starting from broader direct observations to further narrow down to 

peculiar sample cases. The observation is intended to formulate a behavioral model on the 

induced material change during exposure. 

Given the required HVM performances, the EUVT of membranes of Type A does not meet the 

specifications imposed for the KPI. However, the same samples exhibit excellent behavior from 

a reflectance point of view. Contrarily, Type B samples closely meet the required 88% 

transmittance, showing an average EUVT of 87.4%. The peculiar behavior is recorded for the 

reflectance of these pellicle samples, which value results to be out of specifications.  

Both membranes are subjected to a peculiar capping layer loss mechanism that increases with 

time, starting from 0.1 LT to 1 LT. This behavior is mainly related to various exposure factors, 

ranked as follows: 

1. Defined atmosphere environment. 

2. Temperature. 

3. EUV light in itself. 

The specific design of the experiment, defined in Chapter 5.3, is thought to decouple the 

diverse variables and, eventually, to understand how the damage-induced effect scales with 

the relevant affecting parameters.  

Atmosphere environment From the obtained results, Gas 2 plays the most crucial role in 

the capping layer degradation behavior, already recorded in 

previously conducted plasma tests. The result is inferred from 

various observations. Pellicle appearance before and after 

exposure is critical. Sample A-6 and A-5 differ in the only Gas 2 

pressure. In the latter, the wrinkling behavior is much limited, 

while in the former, the presence of a marked imprint is 

recorded. EUVT and EUVR analyses confirm disparities in both 

the two pellicle samples, with trial A-5 out of specifications.  

Two speculative scenarios are formulated: 

1. Gas 2 plays a major role in outgassing behavior while 

Gas 1 plays a minor role, which level has to be 

determined 

2. The combined effect of Gas 2 and Gas 1 plays a 

synergetic role in outgassing behavior.  

In order to get further insights about the specific role of the 

atmosphere environment, experiments to fully decouple the 
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two factors must be implemented. In this sense, a determining 

contribution will be given by the implementation of the second 

exposure run, extensively described in Chapter 5.3.6. The 

performances of the pellicle in separate Gas 1 and Gas 2 

environment must be compared. By proper investigation of the 

two experiments, the major role can be assigned to gas 

typology, and evaluation on synergetic or interfering effect can 

be firmly stipulated. 

Temperature The primary cause of pellicle heating up is the absorption of 

EUV radiation. Emissivity and IR absorption calculations from 

FTIR measurements show incremented values for both types of 

samples. The pellicle thermo-mechanical stability appears to be 

adequate. The exception is for sample A-5, for which high 

material loss is recorded by RBS and XPS analyses. In this case, 

the temperature is believed to accelerate the material loss 

phenomenon. Emissivity and absorption, in this case, result 

lowered. 

EUV light Radiation-induced outgassing (RIO) is an additional 

phenomenon directly caused by EUV photons. It has been 

found that the presence of EUV irradiation can significantly 

increase exposed surfaces outgassing effect73.  

 

Not only material loss is recorded. FTIR and XPS analyses suggest that the pellicle is 

experiencing annealing due to the EUV light absorption.  According to the results, it is possible 

to speculate that, on the pellicle flat side, capping layer and metal layer partly intermix with 

each other, giving rise to a portion of composite material74,75. The proposed behavior is 

depicted in Figure 8.15.  On the cavity side, no intermixing takes place, and the capping layer 

is simply etched away with the increasing exposure time, mainly because of gas exposure.  

By analyzing the quantitative data given by RBS and XPS analyses, capping layer material is 

still present on the membrane flat side after irradiation. The hypothesis is that the unbounded 

cap layer material is eroded from the surface with exposure time. When the intermixed 

material is reached, the etching process slows down significantly. In prolonged exposure 

conditions, the temperature may play a role in additionally etching away the intermixed 

material, exposing the remaining unbounded metal layer to oxidation processes. 
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Figure 8.15 Schematized annealing and loss mechanisms that pellicles experiences as a 

result of being irradiated with EUV light in the presence of Gas 1 and Gas 2 

environment. 

In light of the above-formulated thesis, comparison between sample Types A and B is reported: 

• In the case of sample A-5, all the not-intermixed (free) capping layer material is etched 

away. In this case, the erosion process stops at the edge with the intermixed material. 

XPS confirms the presence of both CL and ML oxidized species (Figure 8.10). In this 

picture, the temperature is believed to play a role in accelerating the material 

outgassing. This conclusion is supported by the recorded EUVT loss (-0.8%) and the 

related reduced absorbance and emissivity values.   

• Sample B-10 exhibits greater environment endurance with respect to sample A-5.  As 

an additional value, Type B samples meet the HVM requirements for EUV light 

transmission. Unfortunately, the EUVR values are out of specification. This may be 

related to the modality of employment of the specific etching process employed for 

core thinning. Non-uniformities in p-Si core thickness may be present, with 

consequences on the morphology of the successively deposited layers. This hypothesis 

can be further confirmed by implementing AFM analysis.  

As a general conclusion, Type B pellicles exhibit higher performances with respect to Type A, 

since the EUVT requirements for HVM specifications are closely met. However, improvements 

in core etching process must be implemented in order to correct the reflection behavior and to 

meet the related HVM requirements.  

Improved endurance in EUV light and atmosphere environment is displayed in comparison 

with pellicles A.  On the other hand, the capping layer degradation is an unavoidable 

phenomenon that has been recorded in all the previously conducted offline tests. This is mainly 

related to the Gas 2 presence. Both pellicle samples did not experience any breakage during 

exposure. This entails that the intermixed CL-ML layer is mechanically stable and sufficiently 
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robust under exposure conditions. On the other hand, the unbound protective capping layer 

material is subjected to the outgassing/etching process due to prolonged atmosphere 

environment and EUV light exposure. The conclusion from this test must be accompanied by 

further considerations, beneficial for the future HVM production scaling. 

• Deep understanding of the capping layer outgassing/etching process must be reached. 

The implementation of the second experimental run will aid in defining the 

mechanisms limiting the pellicle endurance. Shorter exposure time trials must be 

additionally implemented. Hence, details about the starting and ending point of the 

erosion process can be defined.  The aim is to quantitatively define the amount of 

material loss with increasing exposure time. Sample-to-sample variations exceptions 

must be avoided by implementing a higher number of experimental sets. Conclusively, 

the depth- knowledge will result crucial in evaluating to which extent the CL loss is 

acceptable for sample high volume manufacturing and production. 

• Comparison with test directly undertaken in the NXE scanner environment must be 

taken into major account for the final evaluation on pellicle design performances.  A 

full honest comparison is needed. 

• Numerous breakages during samples handling and post-characterization have been 

recorded. The samples result to be very fragile. This may limit the actualization of 

further full-size pellicle manufacturing, which specific deposition process is still under 

development. Moreover, an alternative, more efficient, the etching process for Type B 

samples must be implemented if full-size samples are to be realized. 

The above-summarized points rely on pellicle product film development and qualification 

strategies. The future of the new generation pellicle materials is still under investigation. 

Sample B shows higher performances with respect to sample A, but still, the EUV reflectance 

specifications are not met. Necessarily, the proposed follow up strategies must be compulsorily 

implemented towards the desirable high-volume manufacturing and production. 
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9 Conclusions 

The term nanotechnology refers to a broad branch of a recently established scientific 

knowledge. The investigation conducted at nanometer level involves multiple and 

interdisciplinary studies, embracing fields as disparate as computer science, semiconductor 

physics and molecular biology.  The related applications are equally varied, implementing for 

all practical purposes a real industrial revolution76. In light of these considerations, the 

significant shared challenge faced in many areas of nanotechnology is the fabrication of 

nanostructures with ever decreasing dimensions. Nanolithography is the branch of 

nanotechnology concerned with the study and utilization of nanometer-scale structures. 

Employment of the so-called bottom-up approach is crucial in the fabrication of lateral 

dimensions in between 1 and 100 nm. In the semiconductor industry, two principal challenges 

are enabled by nanotechnology: shrinking the size of semiconductor devices themselves and 

reducing the metallic interconnection size. Moore’s Law predicted that the number of 

transistors in IC would roughly double every year9. For nearly five decades, the law has been 

considered the paradigm of the semiconductor industry. Downscaling feature size allows for 

faster IC processing.  More power efficiency at a lower cost is guaranteed. However, physical 

and practical barriers impede further progress, as the nanometer-size dimensions have been 

reached.  

Photolithography is the sole method in the microfabrication workflow able to meet the large-

scale patterning throughput for the semiconductor industry. Nonetheless, the technique is 

accompanied by intrinsic constraints.  Light diffraction is the main parameter that limits the 

resolution in an optical lithography system. To overcome this restriction, the semiconductor 

industry has seen the transition to constantly shorter exposure wavelengths, from visible to 

deep ultraviolet (DUV). The latter is the dominant patterning wavelength for nowadays 

circuits. The recently proposed extreme ultraviolet (EUV) photolithography is carried out at a 

wavelength equal to 𝜆 = 13.5 𝑛𝑚. This specific feature qualifies the EUV technique as the 

primary candidate to enable the extension of Moore’s Law for integrated circuits mass 

production.  This is the driving force behind the success of the semiconductor industry8,73. 

ASML is one of the world leaders in lithography instruments production. The company had to 

overcome many technical limitations to implement the first EUVL machine generation, the 

NXE system. 

In order to enable the production of nano-resolution transistors and interconnections, the 

EUV lithography systems must be implemented.  In particular, the EUV instruments require 

a pellicle to protect the front side reticle from unwanted particles in the μm range. 

Contaminations may be introduced at different stages. In particular, transport, handling and 

exposure of the reticle are the stages of main concern in defectivity prevention. The absence of 

a pellicle would drastically reduce the printing yield. Pellicle implementation is not an issue 

when talking about conventional optical lithography (193 nm). Contrarily, the feasibility of 

EUV pellicles is critically challenged. The required thinness of the shielding membrane must 
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be adequately mechanically, chemically and thermally stable to the NXE scanner environment. 

At the moment, the pellicle is not yet guaranteed to withstand the necessary power for the so-

called high-volume manufacturing (HVM).  

The primary research question intended to be investigated with the performed study is related 

to high volume manufacturing performances of innovative pellicle concepts. Alternative novel 

materials must be submitted to allow sufficient EUV light transmission as well as to maintain 

mechanical and thermal stability. The current effort at ASML Pellicle Group is focused on 

developing and qualifying new pellicle materials. In details, the performed investigation is 

focused on a unique stack design. This is one of the promising candidates for the next 

generation EUV pellicles for mass production.  A special metal layer is inserted in the ~50 nm 

pellicle stack with the precise scope of increasing the film emissivity. This choice is supported 

by a literature study conducted on free-standing membrane structures30. An enhancement in 

emissivity entails solid thermo-mechanical stability of the pellicle.  

To enable sample testing and assessment for market production, ASML implemented a 

dedicated pellicle film product development plan. Hence, the examination and investigation 

of relevant HVM material properties are enabled. To support the improvements, two key 

practices are followed: optical stability and mechanical reliability. The EUVL resolution is 

mainly challenged in maintaining high throughput level. In simple terms, the pellicle 

qualification is aligned with the number of wafers that a tool processes in a certain period. In-

scanner and offline experiments are applied to evaluate the endurance of the pellicle over 

lifetime. In this specific context, one unit lifetime is defined as the length of time employed to 

pattern a total number of 10k wafers. 

The offline tests included in the performance over lifetime evaluation plan for the new EUV 

pellicle generations are various, namely temperature, plasma and EUV light tests. In the 

present document, attention is focused on the latter experiments, conducted at the BESSY II 

synchrotron facility in Berlin. At the PTB station, improved instrumentations and methods are 

provided with special consideration for environmental cleanliness. Furthermore, extended 

actinic metrology techniques at in-band EUV wavelengths as well as out of band are 

guaranteed. As a result, the facility added values are necessary for supporting the development 

of extreme-ultraviolet light materials.  

The subjects of the research are 10x10 mm2 poly-silicon core-based pellicle samples. In these 

stacks, the production of the pellicle film sees the core etching process as a critical challenge. 

Two types of membranes are evaluated: a thicker core pellicle (Type A) and a thinner core 

pellicle (Type B). 
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Comparative study for Type A and Type B samples is implemented following the DOE rules, 

historically introduced by Ronald A. Fisher. The practices apply to a range of multidisciplinary 

fields of science. Tests must be internally valid. In other words, the so-called experimental 

artifacts must be avoided. Deductions must be associated with real causes or phenomena77. To 

design an internally valid experiment, various ways of experimental control are applied. 

Control consists of accurately identifying the features that are relevant for the experimental 

results78. Moreover, the possibility to influence these features must be granted. In this way, 

alternative explanations of experimental results can be effectively eliminated. 

The phenomenon under study is the thermal, mechanical, chemical and thermal stability of 

the pellicles under EUV light and defined gas environment. As follows, the factors that are 

believed to influence the pellicle endurance are exposure time, gas atmosphere environment, 

temperature and EUV radiation in itself. After having correctly pinpointed the experimental 

driving factors, these must be adequately controlled and separated. For this reason, a detailed 

experimental outline has been carefully devised in order to take into account both the intended 

investigation purposes and the internal priorities of the company. A comprehensive model that 

explains pellicle endurance must be reached to further take an informed and rational decision 

for the final objective of the HVM implementation. 

The experimental outline is divided into two separate runs. The priority is assigned to the 

comparative study of Type A and Type B samples over LT. This is the first step to implement 

towards the HVM model. The second experimental run is conceived to study the uncorrelated 

effect of Gas 1 and Gas 2 on pellicle stacks. The results are intended to give a comprehensive 

explanation of the factors influencing pellicle endurance. At PTB facility, beam time limitations 

took place due to maintenance shutdown. For this reason, only the high priority experiment 

run is comprised in this report. 

Pellicles are thus exposed according to the conditions presented in Table 6.3. Following 

exposures, a specific characterization strategy must be implemented in order to gather all the 

necessary data for degradation mechanism study. For this purpose, five characterization 

techniques have been involved.  

EUVT Measurement Extreme ultraviolet transmittance must be evaluated 

and compared to the value set by HVM requirements, 

88%. This value is crucial in order to ensure high 

printing yield and resolution. The pellicle must 

contribute to the efficiency of the system, without 

lowering its performances. Thus, high light 

transmission is required. The parameter is measured 

before exposure both at ASML and PTB. By 

implementing a double measurement, confidence in 

the obtained result is increased.  After exposure, the 
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characterization is repeatedly performed at PTB.  

Information gathered by the analysis can be 

represented in two different ways: transmittance values 

are reported in the form of percentage; likewise, 

transmission maps are plotted. In the first case, two 

different exposed areas have been identified: out of the 

spot and in the spot. The EUVT calculated data 

correspond to the median of the values belonging to the 

respective identified areas. The most meaningful and 

representative result is the delta between pre and post-

exposure, illuminated area. 

 

EUVR Measurement The reflectance of the pellicles must meet the 

specifications given by the HVM requirements. Values 

are collected before and after exposure at PTB thanks to 

the advanced actinic metrology offered by the institute. 

Reflectance is a measure of the light reflected by the 

pellicle. For the intrinsic limitations of EUV light, the 

material must show low EUVR. Moreover, reflectance 

can be additionally used as a mean to evaluate: surface 

morphology, interface quality and chemical 

composition, and nanolayer thickness. In light of these 

considerations, the parameter is to be kept in high 

regards due to the offered multifaceted applications. 

 

RBS Rutherford Backscattering Spectrometry is a widely 

used technique to gather elemental composition and 

depth profile of individual elements. In the specific case 

of the implemented experimental outline, the technique 

is used to precisely evaluating the material loss/gain to 

which the pellicle is subjected during exposure. Drop or 

increase in element signal is attributed to loss or gain of 

the respective material. For the intended purpose of 

degradation measurement, RBS results to be the most 

powerful and suitable technique. However, pellicle 

results to be highly fragile to the ion beam. In order to 

gather useful data, the technique is employed at the end 

of the planned characterization chain. 
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XPS The technique is based on the photoelectric effect. The 

sample is analyzed in an ultra-high vacuum system. An 

X-ray gun focused on the specimen cause the ejection 

of core electrons as a function of the characteristic 

binding energy of the elements. This highly surface 

sensitive technique is employed to gather quantitative 

elemental depth profile of the pellicle material stacks. 

These data can be compared to the ones gathered at 

RBS. Moreover, identification of the chemical state of 

the surface films is an added value. In the present case, 

oxidation phenomena can be evaluated, with the 

specific determination of the oxidation forms present in 

the system. The alternative purpose of this 

investigation is to evaluate eventual chemical changes 

in the material. In this view, the presence of chemical 

shifts must be evaluated. The technique offers the 

advantage to gather the electronic structure of the 

system, with details on the particular chemical binding 

state. XPS is a low damage technique that causes small 

charging problems. 

 

FTIR The novel introduced metal pellicle layer sincreases the 

emissivity of the pellicle. This parameter is crucial in 

determining the thermal stability of the pellicle. With 

FTIR analysis, information on IR light transmission 

and reflection is gathered. Absorption and emissivity 

are consequently calculated. These parameters are 

evaluated before and after exposure.  

 

Conclusions are brought out starting from general observations relative to HVM requirements. 

Successively, the focus is narrowed down to the detailed sample behavior. In particular, a 

model for pellicle qualification and endurance is presented. 

The Type A and Type B samples exhibit different behavior both in terms of light transmission. 

The former does not meet HVM requirements, while the latter presents an average EUVT of 

almost 88%. Moreover, after 1 LT exposure in full atmosphere environment, Type B samples 

show a ΔEUVT in the noise level. Talking about the ΔEUVR, high-quality behavior is recorded 

for Type A samples. On the contrary, Type B samples do not meet the specifications for HVM 
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production. This could be related to the specific etching process used to obtain a thinner poly-

silicon core.   

A more or less severe capping layer loss mechanism is recorded for all the exposed samples, 

both on exposed and unexposed pellicle sides. The highest loss is recorded for sample A-5, 

subjected to high Gas 2 pressure for the longest exposure time. Successive oxidation behavior 

of CL and ML is recorded. On the contrary, Type B samples exhibit a nearly stable loss with 

exposure time. In this view, Type B samples result to be more robust than the equivalent 

thicker core version. The reason may be related to the higher presence of CL material due to 

differences in the deposition process. 

In details, the endurance of pellicle samples is studied for different lifetimes and atmosphere 

conditions. By summing up the results gathered with the above-mentioned techniques, a 

model for sample behavior is conclusively formulated.  

Pellicle samples are irradiated with a 1mmx1mm EUV light wedge-shaped spot. As a 

consequence of radiation absorption, the annealing process takes place. This is confirmed by 

FTIR analysis, in which emissivity and absorbance increments are recorded. As found in 

literature studies74,75, annealing has the peculiarity to induce interfacial material composition 

changes. An intermixed CL-ML material portion is believed to be present on the stack POB-

facing side. On the reticle-facing side, no intermix takes place. The behavior is suggested by 

FTIR results and change in XPS signal.  

The major factor concerning capping layer erosion is to be attributed to Gas 2. The gas 

presence induces film outgassing, recorded for all the exposed samples. The comparison 

between samples A-5 and A-6 is crucial. In the latter condition, the Gas 2 pressure is lower, 

while exposure time is the same (1 LT).  In this case, the recorded loss is much lower, as the 

wrinkling behavior observed outside the spot. It is possible to speculate that in sample A-5 the 

free CL material is completely etched away. The intermixed material results unshielded, and 

oxidation takes place. On the contrary, in sample A-6 erosion is recorded, but much lower loss 

takes place. In this case, the intermixed material is not reached, and oxidation does not take 

place.  

In this scenario, the temperature is believed to play a role in accelerating the etching 

phenomenon. In sample A-6, a decrease in emissivity suggests that the thermo-mechanical 

properties of the pellicle have been degraded, and that sample stability is highly compromised. 

EUV radiation-induced outgassing (RIO) is believed to play a secondary, less remarked role in 

the present context. 

The developed explanation model for material behavior is thus justified by the implemented 

analysis. Certainly, the change in XPS signal may be related do chemical changes of various 

nature, including the recorded oxidation. However, the sum of all the recorded observation 

justify the model for a presence of intermixed material. In this light, the XPS signal change 
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does not contradict the formulated hypothesis. The confirmation of intermixed behavior can 

be further implemented by additional analysis. For example, Time of flight Secondary-ion 

mass spectrometry (ToF-SIMS) could be employed. In this technique, the sample surface is 

bombarded by a beam of energetic ions. Secondary particles are then emitted: these can either 

be electrons, neutral atoms or ions. The latter species are detected and analyzed to enable a 

detailed chemical analysis of the sample surface. TOF mass spectrometry is based on the fact 

that ions with the same energy but different masses travel with different velocities79.  

This characterization technique can be further implemented in the second run of the 

experiments. The intended outline will help in the assessment of the material change behavior 

at which the pellicles are subjected. The in-depth knowledge of the capping layer loss 

mechanism is crucial in order to proceed with the further full-size concept scaling and HVM 

production. In this view, the implementation of an alternative, more controlled core etching 

process must be enabled in order to extend the possibilities of Type B samples. 

A further, crucial step is the direct comparison with tests in the NXE scanner. Due to restricted 

access to demo tools, the scanner test is the last in chronological order in the optical lifetime 

strategy procedure. Illumination time is costly and limited. Thus, a careful and focused 

experimental outline must be devised according to the obtained results.  

As soon as all the data are collected, the decision towards HVM must be taken. The process 

entails the presence of different deadlines and conditions that the engineers at ASML have to 

compulsorily take into account in their daily activities.  

Various challenges are to be faced in an industrial environment. EUV pellicles are urgently 

needed on the market. In this scenario, time is a decisive factor. The pellicle product film 

development is subordinated to strict deadlines. Alternative products, thus, must be tested in 

parallel in order to provide ready to sell solutions for the customers. 

This research involves different steps. The experimental outline is firstly designed. The 

characterization techniques are then chosen with respect to the aim of the study. Correct 

results interpretation is the key factor for the final decision towards HVM and production. In 

this view, the collaborative work of a team of expert engineers is determinant. Communication 

and discussion for reliable model implementation are critical for further product development. 

Presence of deadlines also plays a role in the “stress” factor. In this sense, the experience not 

also incremented my academic knowledge on the semiconductor, nanomaterials and 

characterization technique field. Personal skills including stress management, 

communication, networking implementation have been extensively developed. This research 

combines the theoretical and practical skills gained in the two years of the Nanotechnology 

Master’s program. 

The background acquired during the courses resulted fundamental to approach the different 

challenges present in the company environment. Novel abilities have been developed. 
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Teamwork skills Supportive collaboration between team 

members and group colleagues is crucial. To 

bring out successful research, positive working 

relationships are needed. Helping each other to 

achieve common final goals and business 

objective is fundamental. A useful network of 

contacts has been constructed to finalize the 

research study. 

 

Problem-solving and  

creative skills 

A rational approach to resolve daily issues is 

necessary. In light of these considerations, 

Creativity is relevant in shaping novel 

opportunities or finding unexplored market 

routes. 

 

Organization skills Different topics may be needed to be handled at 

the same time. A quick response to meet tight 

deadlines is necessary. Moreover, it is necessary 

to align with other colleagues’ deadlines. 

Prioritization is essential to work efficiently and 

productively. In this sense, time must be wisely 

managed. 

 

Communication skills In many instances, colleagues’ aid from the 

same or different research group is 

fundamental. Moreover, clear correspondence 

must be established with offline test and 

characterization techniques providers. In this 

sense, presentation and communication skills 

have been frequently employed during the 

master project. 

  

Perseverance and  

motivation 

The “working life” presents many intriguing 

challenges. It is important to focus on the 

objectives and persevere on the established 
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work and deadlines, even if unexpected 

circumstances come out along the way. 

 

Ability to work under  

pressure 

Unforeseen events frequently modify the 

arranged plans. In this situation, organization is 

fundamental. Maintaining a calm and focused 

mind state is equally critical in successfully 

manage unpredicted events. 

 

All the above mentioned were essential to complete this thesis. Further studies must still be 

implemented, but crucial results have been gained towards the next generation pellicle for 

EUV scanners. The pellicle is expected to be soon on the market. Till then, R&D and D&E 

departments have to collaboratively work in order to implement a reliable and valid solution 

for the urgent needs of the market. Nanotechnology, in this sense, plays a fundamental role in 

extending Moore’s Law beyond its limit.   
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