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ABSTRACT 

Kate Gleason College of Engineering 

Rochester Institute of Technology 
 

 

Degree:  Doctor of Philosophy   Program: Microsystems Engineering 

Authors Name:  Rajiv Naresh Sejpal 

Advisors Name: Dr. Bruce W. Smith 

Dissertation Title: Optimization of Alternative Mask Absorber Materials for EUV 

Lithography 

 

 

 In efforts to continuously scale feature dimensions in semiconductor 

manufacturing, the industry has moved from refractive optical lithography to reflective 

extreme ultra-violet lithography (EUVL). The latter provides a significant improvement in 

the resolution by illuminating mask patterns using 13.5nm source wavelength at oblique 

chief ray angles (CRA). 

A typical EUVL mask consists of a multilayer Bragg mirror topped with a 55-70nm 

Tantalum-based (Ta-based) absorber stack to obtain layout patterns. This current three-

dimensional (3D) mask architecture in combination with a small source wavelength and 

oblique illumination angles results in mask 3D (M3D) effects such light shadowing, pitch 

dependent best focus variations, and image pattern shifts across different mask geometries. 

Three-dimensional mask topography effects lead to a loss of aerial image contrast and the 

usable depth of focus. To reduce some of these M3D effects, and to extend the 0.33 and 

0.55 numerical aperture (0.33NA & 0.55NA) EUVL systems to future technological nodes, 

a thinner alternative mask absorber is necessary. This research focuses on determining the 

alternative mask absorber candidates for the reflective EUV lithography masks. This study 

does not intend to identify a singular absorber material but rather focuses on establishing a 
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framework to identify materials for various absorber technologies and optimize them 

accordingly to suit the layout-design requirements. The research methods adopted in this 

dissertation include analytical modeling, experimental validation, and lithography 

simulations.  

A major contribution to this thesis is to use an analytical effective media 

approximation (EMA) model to identify optical constants of the material composites and 

model them as EUV absorber candidates. Using the EMA model, a technique to engineer 

EUV mask absorber composites is outlined. The validation of the EMA model is performed 

by multilayer thin films deposition and ellipsometry measurements at 800nm inspection 

wavelength in the UV-VIS-NearIR wavelength spectrum. Multilayer composites from 

three material systems specifically, the Mo-Ni, Mo-W, and the Ni-Al(1%Si) are fabricated 

via physical vapor deposition (PVD – sputtering) techniques. The ellipsometry measured 

optical constants of the multilayer composites show good agreement with the EMA 

modeled values. 

Another key contribution to this thesis is the introduction of a co-optimization 

technique to determine the absorber design requirements in combination with 3D 

performance modeling of the nearfield intensity and phase to qualitatively identify their 

impact on the M3D effects. In the case of attenuated phase shifting mask (attPSM) 

absorbers, the relative absorber reflectivity is utilized to determine optimum imaging 

performance in the 30-55nm desired absorber thickness range. Absorber thickness 

corresponding to the absorber reflectivity peaks are shown to have high aerial image 

contrast through normalized image log slope (NILS) and low mask error enhancement 

factors (MEEF). Additionally, the high phase shift requirement (> 200º) justifies the need 
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of a low refractive index (low – n) of the absorber composites. It is found that optimum 

phase shift in EUVL depends on various factors including the absorber material, diffraction 

angle at the mask, mask pattern and the relative absorber reflectivity. Finally, using a 

similar optimization approach, index matched absorbers with high extinction coefficient 

(high n – high k) are also recommended as promising absorber candidates for future EUV 

generations. 
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1 Introduction 
 

Integrated circuits (ICs) are extensively used in all modern electronic devices for a 

variety of applications in a diverse consumer market. ICs have been at the core of every 

technology since they were proposed by Jack Kilby in 1957 at Texas Instruments [1]. Since 

its inception over half a century ago, the size and architecture of the IC has changed 

significantly. The first IC was a phase shift oscillator using germanium transistors [2]. Even 

in the early stages of development it was clear that the future of electronic systems will be 

driven by their size and cost. In 1958, Jean Hoerni of Fairchild Semiconductor invented 

the first diffused transistor by using photolithography techniques developed by Robert 

Noyce and Gordon Moore who later founded Intel in 1968. The processing technique was 

then labelled “PLANAR” process. The formation of native oxide on the surface of these 

planar devices protected the device junctions and enabled higher stability. 

In 1965, Gordon Moore published an article in which he predicted that by the year 

1975, the number of components on an IC would be roughly 65,000 to keep the 

manufacturing cost to a minimum as shown in Figure 1.1 below [3]. This meant that the 

total number of components per circuit would double every two years through scaling, now 

famously known as the Moore’s Law [4], [5].  In 2023, the highest component count 

(transistors) on a commercially available graphics processing unit (GPU) from AMD is 

153 billion [6]. Component scaling of such magnitude has been primarily obtained by using 

optical lithographic techniques. 
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1.1 Microlithography Techniques and Systems 

Lithographic techniques have undergone significant advancements in a relatively 

short semiconductor history. There are three main types of lithography techniques: contact 

lithography, proximity lithography and projection lithography as shown in Figure 1.2 [7]. 

In the early years till mid 1970’s, the contact and proximity lithography techniques were 

typically used for pattern transfer. In contact lithography, a mask mold is pressed on to the 

wafer stack enabling pattern transfer. Contact lithography can provide high resolution but 

suffers from mask damage and defects. Proximity lithography is a resolution limited 

technique which is driven by the gap between the mask and the exposure wavelength. On 

the other hand, projection lithography projects the mask image onto the photoresist using 

a lens assembly. The projection optics are designed to provide a demagnified mask image 

that enables high resolution. With the introduction of sophisticated computer aided lens 

Figure 1.1: Moore’s Law predicting component count till year 1975 [3]. 
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designs, projection lithography has been the primary method for pattern transfer in the 

semiconductor IC industry. 

A projection microlithography system as shown in Figure 1.3 can be divided into 

three parts: the illumination system, the projection lens assembly, and the wafer positioning 

system [8]. Light sources are typically Hg arc lamps or high-powered lasers. The light from 

the source goes through the condenser lens optics to achieve uniform illumination intensity. 

This light continues through the reticle and forms an image of the source at the entrance 

pupil of the projection lens. The size of the source image on the entrance pupil defines the 

degree of coherence. The projection lens or the lithographic lens is an assembly of a large 

number of simple lens elements (usually over 30) designed to typically provide 4× 

demagnification of the mask image. A large number of lens elements are required to rectify 

the optical aberrations in the system. The demagnified image is then directed to the 

substrate coated with a photoresist which is sensitive to the illumination wavelength. The 

substrate is mounted on a highly sophisticated wafer positioning system with the wafer 

stage in the vacuum chamber. The wafer stage is then moved in the x- and y- directions to 

expose all the dies on the substrate. The stepping process is carried out with nanometer 

accuracy that is within the alignment tolerances of the given process [8]. 

Figure 1.2: Pattern transfer techniques in microlithography systems [7]. 
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1.2 Microlithography Process 

Pattern transfer in optical lithography is performed with a process that includes 

substrate and stack preparation, exposure and development, metrology, semiconductor 

processing and finally, resist strip. Depending on the pattern design and requirements, the 

process specifics such as resist height, exposure time etc., may change however, the process 

flow is generally the same. 

In substrate and stack preparation, the wafer is first cleaned to remove particle 

contamination. It is then subject to a dehydration bake to remove any water molecules 

which results in poor resist adhesion. Additionally, the wafer is coated with an adhesion 

promoter before BARC (bottom anti-reflective coating) or resist. After spin coating the 

resist, the wafer is prebaked to improve the resist stability at room temperature. 

The resist coated wafer is exposed with the mask image through a stepper/scanner 

system described in section 1.1. After the exposure, the wafer is heated again in a step 

called the post-exposure bake (PEB). In the case of conventional photoresists, the purpose 

Figure 1.3: Block diagram illustrating projection lithography system [8]. 
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of the PEB is to create a solubility differential by hardening the non-exposed part of the 

resist (PTD: positive tone development resist). PEB is also executed for chemically 

amplified resists (CAR) for increased photoreaction and deprotection to generate a 

solubility differential. Finally, the resist is developed to obtain the mask pat terns on the 

photoresist. 

Patterns obtained on the photoresist are inspected for pattern uniformity and 

defects. Subsequent semiconductor processing (etching, deposition etc.) is realized if the 

resist patterns meet the design requirements. Finally, the remaining resist is stripped to 

enable further wafer processing. 

1.3 Optical System Considerations in Lithography 

A projection lithography tool is a diffraction limited system which is characterized 

by its resolution and depth of focus (DOF). The resolution is the minimum pitch that can 

be imaged with sufficient pattern fidelity. As the projection lithography systems closely 

resemble microscopes, their resolution can be mathematically represented using Lord 

Rayleigh’s criterion [9] shown in Equation (1.1) as: 

ℎ𝑝𝑚𝑖𝑛 =  𝑘1

𝜆

𝑁𝐴
                                                              (1.1) 

Here, hpmin is the minimum resolvable half-pitch, k1 is a process dependent factor, 

λ is the source wavelength and NA is the numerical aperture of the projection lens (objective 

lens). The process parameter k1 is independent of the projection lens assembly and it is 

determined by processing factors such as the photoresist contrast, illumination source 

shape, mask type and resolution enhancement techniques such as source mask optimization 

(SMO) [10]–[13], off axis illumination (OAI) [14], phase shift masking (PSM) [15], optical 
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proximity correction (OPC) [16]–[24] and sub-resolution assist features (SRAF) [24]–[28]. 

There is a theoretical minimum limit on k1 of 0.25. For a k1 < 0.25, the image contrast 

between a line and space pattern is zero. Traditionally, the resolution is described in terms 

of half-pitch. For equal lines and spaces i.e., 1:1 duty ratio (DR), the half pitch is equal to 

the smallest resolvable feature. The smallest resolvable feature is also known as critical 

dimension (CD). 

Another derivative of Lord Rayleigh’s criterion is the depth of focus (DOF) given 

by Equation (1.2). The DOF is the distance in the optical axis at which the resolved image 

is distinguishable and satisfactory for further processing. Therefore, it is the value of 

maximum acceptable defocus. 

𝐷𝑂𝐹 =  ± 𝑘2

𝜆

𝑁𝐴2                                                            (1.2) 

where, k2 is also a process dependent factor. The value of k2 for a specific process can be 

determined by first measuring the common DOF of the layer for a given range of exposure 

latitude. 

There is a trade-off between the resolution and DOF for a projection lens system as 

seen from Equation (1.1) and (1.2). Resolution can be improved by scaling the source 

wavelength. Reducing the source wavelength enables printing of smaller features. 

However, smaller wavelengths result in lower depth of focus. Similarly, higher NA systems 

can improve the system resolution at the cost of reduced depth of focus. Furthermore, the 

DOF degrades with the square of the NA. Hence, it is more favorable to scale wavelength 

than the numerical aperture. 

Since the commercialization of steppers [29] in the 1980s, lithography systems 

have seen reduction in source wavelengths along with the incremental changes in the 
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numerical aperture. The earliest reduction stepper used mercury g-line wavelength of 

436nm and had a projection lens of 0.28 NA [30]. The g-line steppers could provide a 

resolution down to 1µm. In the mid-1980s, new steppers with 365m source wavelength (i-

line lithography) enabled shrinking of feature sizes to 300nm. The systems also observed 

higher NA ranges between 0.48 – 0.60 [31]. In the 1990’s the resolution was scaled 

utilizing 248nm KrF laser sources at 0.80 NAs and higher. By the early 2000s, deep 

ultraviolet (DUV) laser sources with high efficiency were utilized. The following 

lithography generations implemented a 193nm ArF laser at 0.90 NA and higher. 

Combining higher NA and shorter wavelengths allowed scaling the resolution down to 

130nm with aggressive engineering techniques [8]. However, the NA as described in 

equation (1.3) has the theoretical upper limit of 1 as the refractive index of air/vacuum is 

1. Substantial efforts were invested in developing the 157nm lithography using the F2 laser 

but the material challenges for the photoresist and lens assembly proved extremely difficult 

[32], [33]. Additionally, wavelength scaling was not as significant as previous node 

changes and eventually 157nm lithography was abandoned.  

𝑁𝐴 =  𝑛 𝑠𝑖𝑛(𝛼)                                                            (1.3) 

here n is the refractive index of the medium and α is half of the angle from the focus point 

to the lens edge.  

To continue shrinking feature sizes, the NA was scaled by changing the projection 

medium from air to water. Water with a refractive index of 1.44 enabled NA as high as 

1.35 while keeping the wavelength constant at 193nm. This is called immersion 

lithography or 193i lithography [34], [35]. The NA can be further increased by 

implementing high index liquids (HIL) [36], but such techniques suffer from lens and 
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substrate contamination. Additionally, a completely new process flow with HIL compatible 

wafer stack is required. As obtaining shorter wavelength and higher NA (> 1.35) became 

progressively difficult, process enhancement techniques such as multiple patterning were 

successfully used. Multiple patterning techniques such as double/triple pattering [37], [38] 

require multiple exposures either by decomposition or self-aligned processes [39] which 

enhanced the resolution significantly. This allowed lithography operations below the 

theoretical minimum of 0.25 k1 values. However, multi-patterning processes substantially 

increase the cost and time of production which is proportional to the number of exposures. 

1.4 Technology Roadmaps 

Advanced lithography and semiconductor processing techniques are complex 

processes that require multiple operations to achieve target requirements and final device. 

It is therefore necessary that every aspect of fabrication technology advances 

simultaneously. To achieve such standardization, roadmaps have been historically used by 

the semiconductor industry as the target reference for future research. Such a roadmap was 

first published in 1991 by National Technology Roadmap for Semiconductors (NTRS). As 

the semiconductor industry grew globally, NTRS evolved in 1998 to form the International 

Technology Roadmap for Semiconductors. 

The ITRS comprised of a team of semiconductor industry experts from US, Europe, 

Korea, Japan, and Taiwan. Each year, ITRS introduced a roadmap outlining the 

requirements of a new technological node with the outlook for a foreseeable future [40]. 

Each new node had smaller feature sizes compared to its previous counterpart with tighter 

device specifications and tolerances. To obtain a clear distinction between the devices, 

DRAM (dynamic random-access memory), flash and logic chips had separate respective 
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roadmaps. Between 1998 to 2015, the ITRS served as the primary reference point for 

semiconductor research in areas such as process integration for devices and structures, 

factory integration, IC interconnects, microelectromechanical system (MEMS) devices and 

other research ideas. As the semiconductor industry grew, ITRS was reorganized and 

relabeled as ITRS 2.0 to integrate emerging semiconductor and IC environment. Seven 

International Focus Teams (IFT) were formed to overlook the previous as well as new 

technological elements as shown in Figure 1.4. As the microsystems and the semiconductor 

ecosystem continued to evolve beyond Moore and, to blend emerging systems and 

technology, International Roadmap for Device and Systems (IRDS) was initiated in 2016. 

IRDS succeeds ITRS with the intent to provide predictions, and outlines the path for 

industry, academia, and research of electronic devices and manufacturing. IRDS focuses 

on technological advancement by emphasizing systems, architectures, and applications. 

IRDS implements this through three main goals:  

• Identify the respective technology trends over a 15-year period. 

• Determine challenges and solutions. 

• Facilitate collaboration through conferences and workshops. 

Figure 1.4: 2012 ITRS 2.0 highlighting seven focus areas for 2020 and beyond. 
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Figure 1.5 shows the lithography challenges identified in 2022 IRDS revision. The 

high-NA anamorphic EUV is expected to be implemented by the year 2025. The major 

challenges for next generation EUV lithography includes improved resist processing, 

stitching of half-fields associated with high-NA EUV, throughput, and alternative mask 

technologies. This study is dedicated to identifying such improved mask technologies 

through determining the novel mask absorber candidates for EUV lithography. 

Implementing enhanced EUV masks also presents the potential to extend the 0.33NA 

EUVL systems to next generation nodes. 

1.5 Aerial Image Formation 

The imaging capability of a lithographic system is determined by its minimum 

achievable resolution. The minimum achievable resolution of a lithographic system can be 

calculated using the Eq. (1.1) that shows the minimum resolvable half-pitch. Occasionally, 

Figure 1.5: Lithography challenges identified in 2022 IRDS revision. The 0.55NA lithography to be 

implemented by the year 2025. 
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half-pitch (hpmin) or critical dimension (in case of 1:1 duty ratio) are interchangeably used 

to define the minimum resolution of the system. 

When a mask pattern m(x, y) is illuminated by a coherent point source, its image at 

a distance z from the mask in the far-field Fraunhofer region can be calculated using the 

Fourier transform [41] of the mask object in the pupil plane (x’, y’). This is given by Eq. 

(1.4), known as the Fraunhofer diffraction integral. Here, E(x’, y’) is the electric field at 

plane (x’, y’) with u, v spatial frequencies. The spatial frequencies can be calculated using 

Eq. (1.5). 

𝐸(𝑥′, 𝑦′) = ∬ 𝑚(𝑥, 𝑦)𝑒−2𝜋𝑖(𝑢𝑥+𝑣𝑦)𝑑𝑥𝑑𝑦

∞

−∞

                            (1.4) 

𝑢, 𝑣 =
𝑥′, 𝑦′

𝑧𝜆
                                                                      (1.5) 

The electric field at the entrance pupil of the objective lens is the Fourier transform 

of the illuminated mask object. The general representation of the electric field is given in 

Eq. (1.6), where ℱ is the Fourier transform operator. 

𝑀(𝑢, 𝑣) = ℱ{𝑚(𝑥, 𝑦)}                                                          (1.6) 

The physical size of the objective lens, described in terms of its numerical aperture, 

determines the maximum diffracted light it captures. In an ideal scenario with a perfect 

objective lens, the lens transmission is 100%. The pupil function in terms of spatial 

frequencies is described in Eq. (1.7). The Eq. (1.7) is the equation of a circle in cartesian 

co-ordinates. 

𝐻(𝑢, 𝑣) = {
1                   √𝑢2 + 𝑣 2  <

𝑁𝐴

𝜆

0                   √𝑢2 + 𝑣 2   >
𝑁𝐴

𝜆
 

                                             (1.7) 
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The resulting image from the exit pupil, converging on a point in the image plane 

(x”, y”) is the convolution of the mask object function m with the pupil function H. The 

calculation complexity of convolution is simplified to multiplication in the frequency 

domain. Therefore, the resulting image can be calculated as the inverse Fourier 

transformation of the product of M with H and is given in Eq. (1.8). 

𝐸(𝑥", 𝑦") =  ℱ −1{𝑀(𝑢, 𝑣)𝐻(𝑢, 𝑣)}                                              (1.8) 

where (x”, y”) are the plane coordinates in the image plane and ℱ −1 is the inverse Fourier 

transform operator. The aerial image intensity distribution 𝐼(𝑥", 𝑦") in the image plane is 

then the squared magnitude of the electric field.  

𝐼(𝑥", 𝑦") = |𝐸(𝑥", 𝑦")|2                                                 (1.9) 

By optimizing the projection optics, smaller feature sizes at the image plane may 

be achieved. The Eq. (1.8) is then modified by the inclusion of magnification (or 

demagnification) factor. Aerial image formation for a 1D line/space pattern is depicted in 

Figure 1.6: Aerial image formation of 1D line/space grating with 1:1 duty ratio. 
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Figure 1.6. The 1D grating has a 1:1DR. The mask function m(x) for a 1D grating can be 

mathematically represented as a rectangular function. 

The aerial image intensity distribution in Eq. (1.9) assumes spatially coherent 

imaging illumination from an on-axis point source. In practice, lithography systems use 

non-zero size partially coherent sources that illuminate the mask at multiple angles. The 

aerial image then becomes the incoherent sum of coherent point sources [42].  

1.6 Extreme Ultraviolet Lithography 

 The current technological node utilizes extreme ultraviolet lithography (EUVL) 

systems that operate at 13.5nm source wavelength. Such short wavelengths improve the 

resolution with systems that do not require high NA. At present, the state-of-the-art EUVL 

systems operate at 0.33-0.55 NA. To avoid absorption and scattering of x-ray wavelengths, 

EUVL systems are operated under vacuum. Additionally, as the index of refraction of 

almost all materials at 13.5nm wavelength is close to 1 (n = 1 for vacuum), EUVL systems 

employ reflective optics using multilayer interference coatings.  

Figure 1.7 shows a the schematic of a typical 0.33NA EUVL system [43], [44]. The 

multilayer coatings used for the EUV lenses are also used to manufacture EUV mask 

blanks which are then coated with an absorbing material to obtain design patterns. The 

Figure 1.7: Schematic of a typical 0.33NA EUVL system from ASML.  
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0.33NA EUVL systems can match the resolution obtained using the 193i deep ultraviolet 

systems (DUV) systems without multiple patterning, reducing the cost of manufacturing. 

Optical reflective elements of an EUVL system such as a photomask and the lens 

assembly operate on Bragg reflection [45], [46]. Due to the reflective optics, an EUVL 

system operates at oblique incidence angles. The chief ray angles (CRA) of 0.33NA and 

0.55NA EUVL systems are 6º and 5.355º, respectively. The maximum reflectivity of an 

EUV mirror is limited to approximately 70% [47]–[50]. Figure 1.8 shows the reflectivity 

of Mo/Si (40 bilayer pairs) multilayer mirror vs. wavelength [51]. The reflectivity peaks at 

13.5nm at normal incidence angle. The reflectivity reduces (shifts) as the angle of incidence 

increases. It is therefore important to have a high power EUV source for high volume 

manufacturing (HVM) and comparable yield. 

There are several other non-ideal effects that make EUVL challenging. Some of 

these effects such as flare, stochastic effects, and aberrations are a direct result of 

wavelength scaling [52]. Another major issue specific to EUVL systems is the so-called 

mask three-dimensional (M3D) effects, discussed briefly in the following sections. 

Figure 1.8: Multilayer reflectivity of Mo/Si multilayer mirror at normal incidence (90ᵒ). N is the 

number of bilayers and d is the period of bilayer. 
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1.6.1 M3D Effects 

A conventional EUV mask uses 40 Molybdenum – Silicon (Mo/Si) bilayer pairs to 

reflect the light, typically incident at a chief ray angle, as shown in Figure 1.9 (6° for 0.33 

NA systems) [53]. As currently employed in 0.33 – 0.55 NA systems, EUV lithography 

employs binary masks using non-reflective TaBN mask absorbers [54], in a typical 

thickness range of 55-70nm. By extending the existing Ta mask absorber technology, the 

next generation technology nodes may suffer image contrast loss from M3D effects [55] 

resulting in, among other things, shadowing, best focus shifts through-pitch, and image 

pattern shifts [56]–[59]. 

Figure 1.10 shows the aerial image contrast through Normalized Image Log Slope 

(NILS) for a 61nm Ta-based mask absorber stack for dense line/space and contact-hole 

patterns through pitch, respectively. NILS is a product of the Aerial Image Log Slope (ILS) 

and the critical dimension (CD). Through NILS, the resist exposure profile related to aerial 

image intensity can be determined. NILS serves as an important metric to represent many 

lithography process behaviors including the image contrast. For EUV lithography, a NILS 

Figure 1.9: A typical EUV mask-stack with TaBN mask absorber. The 6º CRA is for 0.33NA systems. 
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value above 2 is desired. The simulations are performed for a 0.33NA EUVL system using 

the Prolith simulator. Telecentric dipoles are used to illuminate the mask patterns. 

 The NILS performance of the line/space pattern progressively degrades beyond the 

28nm pitch. The 28nm pitch corresponds to k1 value of approximately 0.34. In the case of 

contact-holes, NILS value falls below 2 beyond the 34nm pitch (k1 = 0.41). Further scaling 

of k1 at 0.33NA is possible by using an alternative absorber to print smaller features with 

high image contrast. 

The mask error enhancement factor (MEEF) is another important metric that needs 

consideration for future technological nodes. MEEF is a measure of how a small change 

Figure 1.11: Simulated MEEF vs Pitch for dense lines-spaces and contact hole patterned using 

conventional Ta-absorber mask stack. 

Figure 1.10: Simulated NILS vs Pitch for dense lines-spaces and contact hole patterned using 

conventional Ta-absorber mask stack. 
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on the mask is propagated onto the image at the wafer. Figure 1.11 shows the simulated 

Mask Error Enhancement Factor (MEEF) vs pitch for the line/space and contact-holes 

patterns. The simulations are performed on a 35nm generic EUV resist using the Prolith 

simulator. MEEF increases significantly below about 26nm and 36nm pitch for line/space 

and contact-holes patterns, respectively. Introducing alternative mask technologies with 

reduced MEEF and M3D effects has the potential to significantly enhance the pattern 

transfer process using EUV lithography. 

1.6.2 Shadowing 

Due to the reflective design of the EUVL optics, the chief ray (paraxial beam) is 

not orthogonal to the mask plane. Such oblique incidence angles cause a shadowing effect 

on mask absorber lines that are perpendicular to the projected beam of light. The shadowing 

effect is demonstrated in Figure 1.9, where part of the reflected beam is blocked by the 

absorber layer. The effect of shadowing is indicated by the dashed circle in Figure 1.12 for 

10nm isolated absorber lines. The highlighted region shows additional darker region in 

multilayer (below 300nm on z-axis) on one side of the absorber compared to the other. 

Shadowing leads to orientation sensitive line width variation. This is because 

vertical features are parallel to the direction of light incidence. Horizontal features that are 

Figure 1.12: Nearfield distribution intensity of 61nm TaBN mask absorber stack. Yellow ring 

highlights shadowing effect when illuminated at CRA = 6º. 
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perpendicular to the scan direction therefore experience larger shadowing effect. 

Shadowing can be reduced by reducing the height of the mask absorber, but it cannot be 

eliminated because the light is reflected within the multilayer mirror. Some shadowing will 

exist even if case of an ideal absorber with 0nm thickness [60]. 

1.6.3 Non-Telecentricity 

A telecentric lens is a lens designed to have constant magnification (or 

demagnification) irrespective of the location of the object. EUV lithography systems 

employ telecentric projection lenses. The telecentricty errror or non-telecentricity (NTE) 

in EUV is interchangeably used with the source non-telecentricity that represents the 

variation of the feature position with regards to focus.  

Non-telecentricity arises from the asymmetric reflections of different mask 

patterns. The NTE is expressed in nm placement error vs. micrometer defocus (or millirad) 

and it is a function of illumination angle, mask absorber thickness, pattern pitch and source 

shape [61]. As shown in Figure 1.13, the horizontal and vertical patterns are shifted with 

respect to their nominal positions [62]. The patterns also have different CD values due to 

the orientation sensitive shadowing. 

Figure 1.13: Non-Telecentricity error leading to image pattern shift and CD variations between 

horizontal and vertical line/space patterns. 
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1.6.4 Best Focus Variations 

Pitch variations at the mask lead to best focus shifts. Diffraction orders resulting 

from different mask pitch occupy different positions in the objective lens pupil. Therefore, 

through pitch patterns interact with spherical aberration of the projection optics, and with 

the phase error that is introduced on the mask through the absorber. This effect is prominent 

for smaller pitches that are at the edge of the objective lens pupil. Figure 1.14 shows the 

best focus variations through pitch [63] for quasar illumination. Substantial variation in the 

best focus positions at smaller pitches are indicated by the dashed red region. 

Best focus variations in combination with non-telecentricity results in edge 

placement error (EPE) and overlay errors. Identifying a thinner alternative mask absorber 

that can reduce the best focus variation range as well reduce some of the M3D effects will 

improve the overall imaging performance [63]–[72]. 

1.7 High-NA Anamorphic Imaging 

Single exposure 0.33NA EUV patterning becomes challenging beyond 28nm pitch 

for line/space patterns and 34nm pitch for contact-holes patterns, as shown in Figure 1.10 

Figure 1.14: Pitch dependent best focus variations. 
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& 1.11. Continued scaling beyond these dimensions may require multi-patterning 

techniques. Multi-patterning techniques in EUV significantly increase the cost of 

production due to a larger number of mask/layers required. 

After enabling EUV wavelength scaling, the next update to the EUV lithography 

tool increases the NA of the projection optics to 0.55 [43], [73]–[77]. This is also proposed 

in the 2022 IRDS revision shown in Figure 1.5. Increasing the NA in EUV lithography is 

challenging due to the angular illumination necessity. Larger illumination angles are 

necessary to avoid overlapping of incident and reflected wavefronts as shown in Figure 

1.15(a). Overlapping can be eliminated by increasing the CRA but larger incidence angles 

lead to unacceptable contrast loss and M3D effects. 

 

Figure 1.15: 0.55 high-NA EUV optical design considerations. (a) Overlapping wavefronts at 6º CRA 

for full-field exposure and (b) non-overlapping wavefronts at 6º CRA for half-field exposure using 

anamorphic design [71]. 
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By implementing anamorphic projection optics, the CRA can be maintained below 

6º at 0.55NA (5.35º). The anamorphic projection systems will have 4× demagnification in 

the x- direction and 8× demagnification in the y- direction (scan direction). Therefore, the 

mask designs will also have anamorphic layouts with 2× feature sizes in the y-direction. 

To accommodate layout design changes, only half-field exposures are possible. Figure 

1.15(b) shows the high-NA anamorphic EUV design schematically [73]. 

As previously mentioned, increasing the NA of the objective lens with the 

conventional design (0.33NA system) requires large incidence angles on some of the 

projection optics mirrors. Such large angles result in unacceptable reflectivity losses. 

Therefore, the 0.55NA EUVL systems will utilize central obscuration in a projection lens. 

The conceptual design of 0.55NA EUVL system in comparison with 0.33NA system is 

shown in Figure 1.16. As observed in the presented example, the obscured lens may block 

parts of the ±1 diffraction orders [78]. The light loss results in image contrast loss. 

Therefore, the obscuration size is limited to ~2-4%. Obscuration aware source mask 

optimization (SMO) may also be implemented to eliminate this issue. 

 

Figure 1.16: Conceptual design of 0.55NA EUVL system in comparison with 0.33NA system . The 

obsucred pupil for 0.55NA system blocks parts of ±1 diffraction orders [76]. 
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The semiconductor industry has started considering hyper-NA (>0.7NA) EUVL 

systems [79]. Further increasing the NA will result in larger illumination angles that is 

followed by aerial image contrast loss. Larger illumination angles will also result in higher 

M3D effects such as shadowing even at a lower thickness of the alternative absorbers. 

Finally, substantial light polarization will also be experienced at such large incidence 

angles. Reducing the polarization induced contrast loss is challenging and may require an 

EUV light polarizer in combination with aperiodic multilayer mirrors. 

1.8 Outline 

The outline of this thesis is as follows. Chapter 2 introduces the phase shift masking 

techniques used in semiconductor manufacturing lithography. This is followed by a brief 

discussion on the EUV mask absorber requirements and dielectric constant modeling.  

In Chapter 3, we discuss an absorber identification technique through dielectric 

constant modeling and effective media approximation (EMA) model. A brief discussion 

on different types of EMA models is also provided. Using EMA, a variety of absorber 

candidates can be identified and engineered. Experimental validation results of the EMA 

model through thin-film deposition and ellipsometry in the UV-VIS-NearIR wavelengths 

is also presented. 

In Chapter 4, mask absorber design optimization for attenuated phase shifting mask 

(attPSM) absorbers is discussed. A conceptual technique to identify attPSM absorber 

candidates through co-optimization of lithography metrics with the relative absorber 

reflectivity is introduced. Finally, index matched absorbers with high extinction coefficient 

are proposed as promising alternatives. Chapter 5 concludes this thesis. 
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2 Background 
 

2.1 Phase Shift Masking 

 Phase shift masking (PSM) is a resolution enhancement technique that allows 

pattern transfer at sub-wavelength resolution [9], [80]–[82]. Conventional lithography 

masks such as chrome-on-glass masks used in DUV, and Ta-based absorber on Mo/Si 

mirror used in EUV are considered binary masks. An ideal binary mask has 100% 

transmission in clear areas of the mask and 0% transmission for absorbers. In a phase 

shifting mask, the absorbing media are replaced by a phase shifting layer that alters the 

amplitude and the phase of the transmitted light. Phase shifting concept is depicted in 

Figure 2.1 [8]. The light passing through a medium with refractive index n’ and a thickness 

d will have a phase shift induced by a factor of 2𝜋
𝜆⁄  (n’ × d). Adding a phase shifter of 

thickness t and refractive index n” in the optical path will introduce an additional phase 

shift of 2𝜋
𝜆⁄  (n” × t). In the example of Figure 2.1, the light exiting the medium with 

refractive index n” is 180º out of phase with light exiting the medium n’. 

Figure 2.1: Phase shift masking concept. Phase shifter with thickness t and refractive index n” adds an 

additional phase shift of 2π/λ (n” × t). 
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By appropriately choosing the material thickness t and its corresponding refractive 

index, optimum phase shifters may be designed. For the conventional DUV lithography, 

the medium n’ in Figure 2.1 may be imagined as the mask substrate and the medium n” as 

the phase shifting absorber. The additional desired phase shift can be calculated using the 

Equation (2.1). 

∆∅ = 2𝜋𝑡 (
𝑛𝑝𝑠𝑚 − 1

𝜆
)                                                    (2.1) 

As EUVL systems employ reflective optics, the light must make two passes through 

the phase shifter as depicted in Figure 2.2. In this case the generated phase shift can be 

calculated using the Equation (2.2). 

∆∅ = 4𝜋𝑡 (
𝑛𝑝𝑠𝑚 − 1

𝜆
)                                                    (2.2) 

2.1.1 Types of Phase Shift Masks 

As previously mentioned, phase shift masking is a resolution enhancement 

technique. PSM increases the aerial image contrast through frequency doubling or edge 

enhancement technique. Many different approaches and mask designs have been proposed 

over the years to improve the imaging performance of lithography systems through phase 

Figure 2.2: Phase shift masking concept for EUV lithography. Light makes two passes through the 

phase shifter. 
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shift masking. Some of these phase shifting techniques are discussed briefly in the 

following sections. 

2.1.1.1 Absorberless PSM 

Absorberless, or more traditionally known as chromeless, phase shift masks 

introduce a desired phase shift by adding or removing the mask material through 

semiconductor processing techniques [83]–[85]. The term absorberless is used as it can be 

applicable to EUVL reticles. Figure 2.3 shows the schematic of an absorberless phase 

shifting mask for optical DUV lithography. The etched material has a thickness 

corresponding to the desired phase shift. The aerial image intensity (red curve) is the square 

of the electric field with 2× frequency. Therefore, the absorberless phase shifting mask 

design offers resolution doubling. The pitch of the intensity of the aerial image is twice the 

mask pitch. 

For EUV reticles, the design is etched into the multilayer mirror as shown in Figure 

2.4. The small EUV wavelength (13.5nm) is extremely sensitive to surface roughness and 

Figure 2.3: Schematic of absorberless (chromeless) phase shifting mask for DUV lithography. 
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defects. Challenging etch control is necessary to obtain a low defect mask pattern and to 

achieve a high CD uniformity. Due to processing limitations, such absorberless mask 

designs are impractical. 

2.1.1.2 Alternating PSM 

Alternating phase shift mask designs employ a phase shifter and an absorber layer 

to introduce a phase shift between the nominally clear and dark regions to achieve 

frequency doubling [86]–[88]. The phase information in the case of an alternating phase 

shifting mask is modified by either adding or subtracting the optional phase shifting 

material corresponding to the desired phase shift (typically 180º or π for DUV). Alternating 

PSM designs achieved through etching (subtracting) in the substrate are sometimes referred 

to as strong alternating PSM.  

For coherent illumination, the lens NA required to capture the diffracted orders is 

essentially half the NA necessary to capture the same number of diffracted orders produced 

by a conventional binary mask. Therefore, the resolution of the system is doubled 

alternating PSM is employed. Increasing the partial coherence factor diminishes the impact 

Figure 2.4: Schematic of absorberless phase shifting mask for a EUV lithography. The patterns are 

etched into the multilayer mirror. 
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of this phase shifting technique. Figure 2.5 shows the alternating PSM design for a DUV 

lithography mask along with the generated electric field and aerial image intensity. 

Figure 2.6 depicts the strong alternating phase shifting mask design and resulting 

electric field and intensity responses for EUV lithography masks. Phase shift in this 

example is achieved by a combination of etching into the multilayer and an absorber. 

Figure 2.6: Schematic of alternating phase shifting mask for EUV lithography. The patterns are 

designed by etching into the multilayer mirror and an absorber layer. 

Figure 2.5: Schematic of alternating phase shifting mask for DUV lithography. The patterns are 

designed using a phase shifter and an absorber layer. 
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Implementing alternating PSM technique for EUV lithography is challenging 

mainly because of the processing limitations for both, with and without the phase shifter. 

Additionally, complex alternating mask designs add to the existing M3D effects in EUV. 

2.1.1.3 Attenuated PSM 

Attenuated PSM improves the resolution of the lithography system by introducing 

an edge enhancement effect [26], [89]–[91]. Edge enhancement is achieved by employing 

an absorber layer with a small amount of transmission (reflectivity for EUVL). As shown 

in Figure 2.7, the electric field transitions from a positive electric field (+1) to a negative 

field with a phase shift. In the case where the electric field experiences loss of modulation, 

such as in a defocus condition, the squared intensity has a zero minimum due to the phase 

shift and electric field transition. Therefore, attenuated PSMs improve the depth of focus. 

Typically, absorbers with 3-10% transmission are employed for DUV lithography. 

The phase shifted region has an intensity value corresponding to the transmission of the 

absorber material. The resist threshold is chosen such that the phase shifted electric field 

Figure 2.7: Schematic of attenuated phase shifting mask for DUV lithography. The patterns are 

designed using a partially transmitting absorber layer. 
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does not print on wafer. In the case of EUV reticles, an attenuated phase shifting mask 

absorber is mounted on top of the multilayer mirror, as depicted in Figure 1.9. The resulting 

electric field and intensity distributions are similar to the DUV attPSM shown in Figure 

2.7. The attPSM absorber thickness is a critical parameter in the mask design because of 

the inherent M3D effects associated with EUV, as discussed in section 1.6. However, larger 

phase shifts at smaller absorber thicknesses are possible as light travels twice through the 

absorber.  

Other edge enhancement PSM techniques such as ridge or outrigger alternating 

PSM have similar patterning challenges as absorberless or alternating PSMs [92]. 

Attenuated PSMs are therefore the primary design choice for EUV reticles due to their 

processing simplicity. 

2.2 Phase Shifting Mask Absorber 

Phase shifting in EUVL can be obtained by selecting the absorber material with 

appropriate refractive index to obtain the desired optical performance. There are two main 

challenges in selecting an EUV attPSM absorber. First is identifying the materials that 

satisfy the complex refractive index requirement. The second challenge is determining the 

desired optical properties such as phase shift, mask reflectance, and thickness. 

The phase shift and reflectivity requirements of an attPSM absorber influenced by 

factors including illumination conditions and layout design, can be translated to the 

absorber material properties using standard thin films theory [93]. The suitability of the 

elemental candidate materials can then be identified by an appropriate combination of the 

complex refractive index (n – ik) and the absorber thickness (d). Figure 2.8 plots a variety 

of materials using complex refractive index as k – n plots [94]. While the complex 
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refractive index (n – ik) influences both phase and mask absorber reflectivity, in this regime 

the influence of n on phase and k on reflectivity dominate, while lower n values lead to 

lower absorber thickness. 

As few single component materials meet the necessary phase and reflectivity 

requirements, candidate attPSM absorbers are likely alloys and compounds. The resulting 

n & k of a composite material is dependent on the material stoichiometry. Any combination 

of n, k and d has an associated phase shift and absorber reflectivity that follows the 

relationships in Eqs. (2.3) and (2.4). Figure 2.8 also shows this relationship with 5%, 10% 

and, 15% reflectivity regions, and phase shift zones within each for 180°, 200° and, 220°. 

The choice of appropriate phase shift may be more than 180° for EUVL to compensate for 

the M3D effects. For example, an MoPt alloy at n = 0.9083, k = 0.0317 and d = 42nm will 

provide a phase shift (∆∅) = 206° at source wavelength (λ) = 13.5nm and, illumination 

angle (θ) = 6°. The overall absorber reflectivity or transmission function (T) normalized to 

the mask blank reflectivity is 8.2%. R is the reflection function of the alloy. The design 

Figure 2.8: k – n plot for materials highlighting 5%, 10% and 15% transmission regions each with 

180ᵒ, 200ᵒ and 220ᵒ phase shift zones (n & k values are obtained from CXRO database). 
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considerations including phase shift and absorber reflectivity for attPSM absorbers are 

discussed in detail in Chapter 4. 

∆∅ =  
4𝜋𝑑

𝜆𝑐𝑜𝑠𝛳
(1 − 𝑛)                                                  (2.3) 

𝑘 =  
ln (

1 − 𝑅
𝑇 )

2∆∅
 (𝑛 − 1)                                               (2.4) 

Apart from the attPSM absorbers, high – k and index matched (n ≈ 1) absorbers are 

also alternative absorber candidates for EUVL masks. High – k and index matched 

absorbers are binary absorbers similar to the currently employed Ta-based absorbers. High 

– k mask absorbers are single element metals or a composite with a high extinction 

coefficient that provide enhanced light absorption at lower absorber thickness. Index 

matched absorbers on the other hand have high refractive index (n close to 1). Design 

considerations of index matched absorbers with high extinction coefficient (high n – high 

k) are also discussed in Chapter 4. 

2.3 Dielectric Constant Modeling 

As previously mentioned, due to the optical properties of most materials at 13.5nm 

wavelength, the absorber material is most likely an alloy or a compound. It is more intuitive 

to describe composite materials in terms of their complex dielectric constant (ε) rather than 

the refractive index (n) and extinction coefficient (k). The dielectric constant is also known 

as the relative permittivity of the medium. The dielectric constant of a material is given in 

Eq. (2.5) [42], where D is the displacement vector and E is the external electric field. 

𝐷 =  𝜀𝐸                                                              (2.5) 

When a dielectric medium encounters an external electric field E, the charged 

particles are displaced from their equilibrium position. This results in electric dipoles. The 
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act of producing electric dipoles is called polarization (P). The polarization of a material is 

the average number of dipole moments per unit volume and is given in Eq. (2.6), where p 

are dipole moments, V is volume and N is the number of charged particles (atoms/ 

molecules) per unit volume. 

𝑃 = 
𝑝

𝑉
 = 𝑁𝑝                                                         (2.6) 

The dipole moments (p) are directly proportional to the local electric field (E`) and 

the proportionality constant α in Eq. (2.7) is called the polarizability of the particle. 

Therefore, the total polarization of a dielectric material containing N particles is given by 

Eq. (2.8). 

𝑝 = 𝛼𝐸`                                                                (2.7) 

𝑃 = 𝑁𝛼𝐸`                                                              (2.8) 

The local electric field E` can be calculated as the sum of the external electric field 

and electric field of other dipoles and can be given as: 

𝐸` =  𝐸 +
𝑃

3𝜀0
                                                        (2.9) 

The displacement vector D can also be defined as: 

𝐷 =  𝜀0𝐸 + 𝑃                                                       (2.10) 

where, 𝜀0 is the permittivity of free space and therefore, using Eq. (2.5) and (2.10), 

𝜀𝐸 = 𝜀0𝐸 + 𝑃                                                       (2.11) 

𝜀0𝜀𝑟𝐸 = 𝜀0𝐸 + 𝑃                                                    (2.12) 

𝑃 =  𝜀0(𝜀𝑟 − 1)𝐸                                                    (2.13) 

From Eq. (2.8) and Eq. (2.9),  

𝑃 = 𝑁𝛼 (𝐸 +
𝑃

3𝜀0

)                                                  (2.14) 
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𝑃 = 𝑁𝛼𝐸 + 𝑁𝛼
𝑃

3𝜀0
                                                 (2.15) 

𝑁𝛼𝐸 = 𝑃 (1 − 
𝑁𝛼

3𝜀0

)                                               (2.16) 

𝑃 =
𝑁𝛼𝐸

1 −  
𝑁𝛼
3𝜀0

                                                        (2.17) 

Substituting P from Eq. (2.13), 

𝜀0(𝜀𝑟 − 1)𝐸 =
𝑁𝛼𝐸

1 − 
𝑁𝛼
3𝜀0

                                              (2.18) 

Simplifying the above equation yields the Clausius-Mossotti relationship in Eq. 

(2.19). The Clausius-Mossotti relationship relates the microscopic property polarizability 

(α) of a material to its macroscopic counterpart using the dielectric constant [95]. 

𝜀𝑟 − 1

𝜀𝑟 + 2
=  

𝑁𝛼

3𝜀0
                                                        (2.19) 

2.3.1 Lorentz Oscillator Model 

The Lorentz oscillator model is a dipole oscillator model which is used to calculate 

the frequency (or wavelength) dependence of the refractive index and the absorption 

coefficient [96]. In the simplest form, a Lorentz oscillator can be visualized using the mass 

on a spring model such as shown in Figure 2.9. A mass is suspended to a rigid support 

using a spring and a damper. When an external force is applied, the mass would oscillate 

and eventually return to equilibrium because of the damper. This is analogous to an atomic 

model where the electron (electron cloud) is bound to the nucleus due to the electrostatic 

attraction as depicted in Figure 2.10. An external electric field (external force) will stretch 

the electron and the nucleus away from each other. Since the mass of the nucleus is 
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significantly larger than the electron mass, we assume that the nucleus acts as the rigid 

support. Therefore, an oscillating electric field will result in an oscillating electron 

displacement. 

The mass on a spring model can be mathematically represented by the equation of 

motion that determines the displacement of an electron. The displacement x of an electron 

takes the form: 

𝑚0

𝑑𝑥2

𝑑𝑡2
+ 𝑚0𝛾

𝑑𝑥

𝑑𝑡
+ 𝑚0𝜔0

2𝑥 =  −𝑒𝐸                                   (2.20) 

where E is the electric field, m0 is the electron mass, -e is the charge on the electron and γ 

is the damping rate. The first term in Eq. (2.20) is the acceleration force. The second term 

is the frictional force that determines the loss of the system [95]. The damping factor 

models the loss of energy of oscillating dipoles due to collision. The final term is the 

restoring force that represents the force of the spring or the electrostatic attraction. The 

restoring force is a resonant phenomenon and hence the variable (ω0)2, which is the 

resonant frequency given in Eq. (2.21), where K is the spring constant. 

Figure 2.9: Mass on a spring model illustrating Lorentz oscillator model for dielectrics . 
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𝜔0 =  √
𝐾

𝑚0
                                                             (2.21) 

 

The right-hand side of the Eq. (2.20) is the driving force, which is essentially the 

Lorentz force law. Here, the electric field E is time-dependent with the angular frequency 

ω. This can be represented as: 

𝐸(𝑡) = 𝐸0 cos(𝜔𝑡 +  ɸ) =  𝐸0 𝑅𝑒(𝑒−𝑖(𝜔𝑡+ ɸ))                       (2.22) 

The dipole oscillations will follow the frequency of the electric field and therefore, 

the time dependence of the displacement will be of the from: 

𝑥(𝑡) = 𝑋0 𝑅𝑒(𝑒−𝑖(𝜔𝑡+ ɸ`))                                           (2.23) 

By allowing 𝐸0 and 𝑋0 to be complex numbers, we can incorporate the phase factors 

of Eq. (2.22) and Eq. (2.23) into the amplitudes. Then substituting 𝐸(𝑡) = 𝐸0𝑒−𝑖𝜔𝑡  in Eq. 

(2.20) and solving for X0 gives: 

𝑋0 =  
−𝑒𝐸

𝑚0
⁄

𝜔0
2 − 𝜔2 − 𝑖𝛾𝜔

                                                 (2.24) 

The time varying oscillations produce time varying dipole moments p(t). On a 

macroscopic level, the resonant polarization can be calculated using Eq. (2.6) as:  

Figure 2.10: Atomic model representation using mass on a spring model in Figure 2.9. 
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𝑃 = 𝑁𝑝 = −𝑁𝑒𝑥                                                    (2.25) 

𝑃 =  
𝑁𝑒2

𝑚0
 

𝐸

(𝜔0
2 − 𝜔2 − 𝑖𝛾𝜔)

                                          (2.26) 

From Eq. (2.10) for D, we can separate the term P into resonant frequency 

polarization from Eq. (2.26) and background polarization such as: 

𝐷 =  𝜀0𝐸 + 𝑃𝑏𝑘 + 𝑃𝑟𝑒𝑠                                                (2.27) 

𝐷 =  𝜀0𝐸 + 𝑃𝑏𝑘 + 𝑃𝑟𝑒𝑠                                                (2.28) 

By combining Equations (2.10), (2.19) and (2.28), we can solve for relative 

permeability as: 

𝜀𝑟(𝜔) =  1 +  𝜒 + 
𝑁𝑒2

𝜀0𝑚0
 

1

(𝜔0
2 − 𝜔2 − 𝑖𝛾𝜔)

                             (2.29) 

where 𝜒 is the electrical susceptibility of the dielectric material that dictates how easily a 

dielectric material can be polarized in the presence of an electric field. We can separate Eq. 

(2.29) into real and imaginary parts to obtain the real (ε1) and imaginary (ε2) parts of the 

dielectric constant as: 

𝜀1(𝜔) =  1 +  𝜒 + 
𝑁𝑒2

𝜀0𝑚0
 

𝜔0
2 − 𝜔2

(𝜔0
2 − 𝜔2 )2 + (𝛾𝜔)2

                        (2.30) 

𝜀2(𝜔) =  
𝑁𝑒2

𝜀0𝑚0
 

𝛾𝜔

(𝜔0
2 − 𝜔2)2 + (𝛾𝜔)2

                                 (2.31) 

In practice, a material has multiple resonant frequencies 𝜔𝑘. The total polarization 

of the material and therefore, the relative dielectric constant is then given by Eq. (2.32) and 

(2.33), respectively. The relative dielectric constant in Eq. (2.33) accounts for all the 

transitions in the material. This enables calculating the dielectric constant through the entire 

frequency (and wavelength) spectrum. 
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𝑃 =  (
𝑁𝑒2

𝑚0
 ∑

1

(𝜔𝑘
2 − 𝜔2 − 𝑖𝛾𝑘𝜔)

     
𝑘

) 𝐸                            (2.32) 

𝜀𝑟(𝜔) =  1 + 
𝑁𝑒2

𝜀0𝑚0
 ∑

1

(𝜔𝑘
2 −  𝜔2 − 𝑖𝛾𝑘𝜔)

     

𝑘

                     (2.33) 

2.3.2 The Drude Model 

Metals and doped semiconductors possess a high number of free electrons. These 

electrons that are not bound to any atom do not experience any restoring force in Eq. (2.20). 

Therefore, the spring constant is 0 and hence, the resonant frequency (ω0) in Eq. (2.20) is 

0. This free electron model was first introduced by Paul Drude [97] and the dipole oscillator 

model that can be used to model dielectric constant in metals is called the Drude-Lorentz 

model. By setting the ω0 = 0, the model is reduced to Eq. (2.34), where 𝜔𝑝
2 is the plasma 

frequency and 𝜏 is the mean collision rate. 

𝜀𝑟(𝜔) =  1 − 
𝜔𝑝

2

𝜔2 + 𝑖𝜔𝜏−1                                          (2.34) 

where, 

𝜔𝑝
2 =  

𝑁𝑒2

𝜀0𝑚0
        𝑎𝑛𝑑       𝜏 =  

1

𝛾
                                    (2.35) 

2.3.3 The Kramers-Kronig Relationship 

The Kramers-Kronig relationship shows that the real and imaginary parts of a real 

physical linear system are related [98], [99]. Since the dipole oscillator models discussed 

in the sections above are real physical systems with causal relationship, we can use Kramer-

Kronig relations to derive the relationship between the real and the imaginary parts of the 
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dielectric constant and hence, the complex refractive index. The Kramers-Kronig 

relationships are given in Eq. (2.36) & (2.37), where P is the principal part of the integral. 

 𝑛(𝜔) = 1 + 
2

𝜋
 𝑃 ∫

𝜔′𝑘(𝜔′) 

𝜔′2 − 𝜔2
𝑑𝜔′

∞

0

                                   (2.36) 

𝑘(𝜔) = − 
2

𝜋𝜔
 𝑃 ∫

𝜔′2[𝑛(𝜔′) − 1]

𝜔′2 − 𝜔2
𝑑𝜔′

∞

0

                           (2.37) 

This relationship is useful in determining the frequency (and wavelength) 

dependence of the optical properties of a material. If one is known over a large (infinite) 

frequency range, then the other can be calculated from it. This principle is applied in 

ellipsometry measurement techniques to obtain a precise and unique solution when 

determining the n & k of the sample under investigation. 
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3 Absorber Material Identification and Modeling 
 

Since identifying novel absorber candidates is a two-fold challenge, we employ an 

approach where we first identify the materials that can satisfy the mask absorber 

requirements using dielectric constant modeling and the Effective Media approximation 

model [100]. The absorber design is considered in Chapter 4. 

3.1 Effective Media Models 

The complex dielectric constant (𝜀) can also be defined in terms of refractive index 

(n) and extinction coefficient (k) as given in Eq. (3.1). A heterogeneous material, obtained 

by mixing two or more homogeneous materials, will have an effective dielectric constant 

(𝜀𝑒𝑓𝑓) that lies in a region (Ω) defined by dielectric constants of the homogeneous 

constituents and the material stoichiometry. This assumption is only true if the 

characteristic dimensions of the structure are small by approximately 1/10 th of the 

wavelength of the incident light. 

𝜀 = (𝑛 + 𝑖𝑘)2                                                       (3.1) 

Individual layers in a periodic multilayer coating, such as employed in EUVL 

systems, have thickness smaller than the 13.5nm source wavelength. In case of a binary 

(two material) multilayer system, the effective dielectric constant (𝜀𝑒𝑓𝑓) is bound by the 

dielectric constants 𝜀1 and 𝜀2 of the constituent elements and their fractional volumes f1 

and f2 = 1 – f1 within the composite. This region (Ω) as shown in Figure 3.1 is known as 

Wiener bounds [101], named after Otto Wiener, who first introduced the ideal extreme 

bounds on the effective dielectric constants of material combination for all volume 
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fractions. The two bounds (𝜀┴ and 𝜀||), derived from Eqs. (3.2) and (3.3) are the dielectric 

response of the material to the incident beam of light with its electric field vector 

perpendicular and parallel to the boundary of the structure, respectively [102]. 

1

𝜀 ⊥
=  

𝑓1

𝜀1
+

𝑓2

𝜀2
                                                           (3.2) 

𝜀|| =  𝑓1𝜀1 + 𝑓2𝜀2                                                        (3.3) 

This means that any combination of two arbitrary materials with respective 

dielectric constants (𝜀1 & 𝜀2) as shown in Fig. 3.1 will have any effective dielectric constant 

in the Ω region. Therefore, 100% volume of material with dielectric constant 𝜀1 will result 

in an effective dielectric constant 𝜀𝑒𝑓𝑓  = 𝜀1. Similarly, 100% volume of material with 

dielectric constant 𝜀2 will result in an effective dielectric constant 𝜀𝑒𝑓𝑓  = 𝜀2. 

3.1.1 Maxwell-Garnett Model 

While the effective dielectric constant of any arbitrary mixture of materials will lie 

in the space defined by Wiener bounds, they are only useful to identify the region of the 

dielectric constant (or k – n) spectrum. Effective medium models are then used to determine 

a specific 𝜀𝑒𝑓𝑓  value for material combinations under consideration. The choice of the 

Figure 3.1: Example of Wiener bounds of two materials with arbitrary complex dielectric constants 

and, the EMA model for the fill fractions of f1 = 0.7 and f2 = 1 - f1 = 0.3. 
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effective media approximation model is dependent on the material combination and 

geometry. The two most used models are the Maxwell – Garnett [103] and the Bruggeman 

[104] effective media theories.  

The Maxwell – Garnett model assumes that the elemental loading mediums with 

respective dielectric constants (𝜀2, 𝜀3, … 𝜀𝑛) are restrained within a separate host medium 

(𝜀1). This model is applied when the nanomaterials are sparsely dispersed, and material 

interaction is limited. Therefore, this model is more appropriate when the loading materials 

have low fill fractions (i.e.  f1 >> f2, f3, …, fn). The solution to the Maxwell – Garnett model 

is given in Eq. (3.4), where f1 + f2 + f3 +…+ fn = 1.  

𝜀𝑀𝐺 − 𝜀1

𝜀𝑀𝐺 + 𝜀1
= 𝑓2

𝜀2 − 𝜀1

𝜀2 + 2𝜀1
+ 𝑓3

𝜀3 − 𝜀1

𝜀3 + 2𝜀1
+ ⋯ + 𝑓𝑛

𝜀𝑛 − 𝜀1

𝜀𝑛 + 2𝜀1
                      (3.4) 

3.1.2 Bruggeman Model 

The Bruggeman model is more accurate when the fill fractions of the loading 

mediums are higher. It can be considered as a dense case of the Maxwell-Garnett approach.  

The Bruggeman model is self-consistent in the sense that it assumes the host medium as an 

elemental constituent equivalent to the loading mediums. Solving Eq. (3.5) provides the 

effective dielectric constant using the Bruggeman approach [105]. 

𝑓1

𝜀1 − 𝜀𝐵

𝜀1 + 2𝜀𝐵
+ 𝑓2

𝜀2 − 𝜀𝐵

𝜀2 + 2𝜀𝐵
+  𝑓3

𝜀3 − 𝜀𝐵

𝜀3 + 2𝜀𝐵
+ ⋯ + 𝑓𝑛

𝜀𝑛 − 𝜀𝐵

𝜀𝑛 + 2𝜀𝐵
= 0                (3.5) 

3.1.3 Effective Media Approximation Model 

The Effective Media Approximation (EMA) model introduced by D.E. Aspnes 

[106]–[108] combines the Maxwell – Garnett and the Bruggeman approaches by 
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incorporating a material depolarization factor (q). The 𝜀𝑒𝑓𝑓  using the EMA approach can 

be determined using the Eq. (3.6). 

𝜀𝑒𝑓𝑓 =  
𝜀1𝜀2 + 𝜀(̅𝑓1𝜀1 + 𝑓2𝜀2)

𝜀 ̅+ (𝑓1𝜀2 + 𝑓2𝜀1)
                                         (3.6) 

where, 

𝜀 ̅ =  
(1 − 𝑞)𝜀ℎ𝑜𝑠𝑡

𝑞
                                                     (3.7) 

The effective dielectric constant modeled using the EMA model accounts for the 

dielectric behavior of the surrounding medium on the suspended nanoparticles of the 

loading medium through 𝜀  ̅in Eq. (3.7). The term (1 – q)/q is the depolarization parameter, 

and it depends on the shape and orientation of the nanoparticles in the composite. Here, q 

is the depolarization factor and 𝜀ℎ𝑜𝑠𝑡 can either be 𝜀1 or 𝜀2 depending on the host and 

loading mediums. In the case of perfect mixing of spherical nanoparticles is three-

dimensions, the q factor assumes the value of 1/3 and depolarization parameter becomes 2. 

This is also seen in the denominator of the Maxwell – Garnett and Bruggeman models, as 

well as in the Clausius – Mossotti equation that explains the relationship between the 

dielectric constant and the polarizability of the constituent nanoparticles [109]. 

An example of the EMA model for two arbitrary materials with volume fractions, 

f1 = 0.7 and f2 = 0.3 is shown in Figure 3.1 using the red line. The EMA model is within 

the Wiener bounds. Constituent complex dielectric constants (𝜀1 & 𝜀2) at the two extremes 

of the Wiener bounds are realized as the 𝜀𝑒𝑓𝑓  when either volume fractions, f1 or f2 = 1, 

respectively. The depolarization factor q ranges from 0 to 1. When q = 0, the 𝜀𝑒𝑓𝑓  value 

falls on the 𝜀||  line whereas for q = 1, the 𝜀𝑒𝑓𝑓  assumes a value on the 𝜀┴ line. The effective 
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dielectric constants of all the candidate absorber materials in this study are modeled using 

the EMA approach. 

3.2 Material Modeling 

Typically, materials employed in an EUV mask are selected based on their optical 

properties, specifically the n and k. As we are interested in the dielectric response of 

materials, we use the complex dielectric constant space by translating the k-n plots such as 

shown in Figure 2.2 using the relationship from Eq. (3.1). This is shown in Figure 3.2, 

which plots the materials (and material combinations) in the complex dielectric constant 

spectrum. It also shows the six binary (composed of two elements) refractory alloy systems 

connected through dotted lines specifically, the Ru-Te, Mo-Ni, Rh-Ta, Mo-Pt, Pt-Ti and 

the Rh-Ti [100].  

The refractory metal elements are chosen such that they cover a large area of the 

mask absorber spectrum. Materials elements such as Ru, Rh and Pt are chosen to explore 

the low refractive index materials (low – n) absorber candidates. Materials with low 

Figure 3.2: Selected material systems in the real and imaginary dielectric constant (εr – εk) space. 

Dotted red lines indicate selected metal systems. 
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refractive index can exhibit phase shifting properties. Materials with high absorption at 

13.5nm wavelength such Ni and Te are also selected to explore high extinction coefficient 

(high – k) mask absorbers candidates. Any combination of selected materials will have an 

effective dielectric constant in this region of interest and therefore, can be categorized as 

an EUV mask absorber. 

EUV light at 13.5nm wavelength has high energy photons. Mask stacks illuminated 

with a large number of high energy photons may experience elevated operating 

temperatures. Heating specification also needs consideration while selecting mask absorber 

candidates. Material compositions that can sustain sufficiently high operating temperature 

without experiencing a phase change are therefore desired. The material systems chosen 

are adopted with thermal stability under consideration. Using the thermodynamic phase 

diagrams for binary-material systems [110], single phase stable alloys are selected with 

some systems having more than one candidate alloy. Table 3.1 lists the nine alloys chosen, 

along with their respective weight fractions (%wt.), volume fractions (%vol.) and thermal 

stability of the composition. Amorphous morphology is ideally desired for absorbers to 

keep the line edge roughness to a minimum. The kinetics of formation energy and 

morphology are not analyzed. 

Fractional volumes required for Wiener bounds and the EMA model are calculated 

using the fractional weight and theoretical material density. The upper limit on operating 

temperature is 150 °C after which the Mo/Si multilayer mirror experiences intermixing 

[111]. All material combinations can operate at sufficiently high temperatures with RuTe2 

alloy having the lowest thermal stability at approximately 470 °C, where it experiences a 

phase change from the α solid phase to β solid phase. 
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Table 3.1: Alloy compositions are selected from six binary materials systems under consideration with 

respective weight fraction (% wt.), volume fraction (% vol.) and thermal stability ( °C). 

Material 

Composition 
% wt. 

% vol. 

            f1                                      f2 

Thermally 

stability 

RuTe2 72% Te 16.4% Ru 83.6% Te ~ 470 °C 

MoNi 37% Ni 59.6% Mo 40.4% Ni ~ 870 °C 

MoNi4 69% Ni 28.0% Mo 72.0% Ni ~ 1360 °C 

PtTi 19% Ti 47.2% Pt 52.8% Ti ~ 1500 °C 

PtTi3 45% Ti 20.4% Pt 79.6% Ti ~ 1035 °C 

Rh3Ta 35% Ta 71.3% Rh 28.7% Ta ~ 2000 °C 

MoPt 65% Pt 52.9% Mo 47.1% Pt ~ 1300 °C 

MoPt2 79% Pt 35.7% Mo 64.3% Pt ~ 1800 °C 

Rh5Ti 9% Ti 78.5% Rh 21.5% Ti ~ 1100 °C 

Figure 3.3: Wiener bounds for material system (a) Ru-Te, and (b) Mo-Ni. EMA models of RuTe2, MoNi 

and MoNi4 are also shown. RuTe2 and MoNi4 are high-k absorber candidates. 
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The Wiener bounds of Ru-Te and Mo-Ni material systems are shown in Figure 

3.3(a) and 3.3(b), respectively. Material composites RuTe2 and MoNi4 have high extinction 

coefficient and are therefore high – k mask absorber candidates. EMA models for these 

two absorber candidates are shown in the respective figures. The EMA modeled effective 

dielectric constants and refractive indices for high – k absorber candidates are listed in 

Table 3.2. 

Table 3.2: Complex effective dielectric constant (𝜺𝒆𝒇𝒇) and complex refractive index of high-k absorber 

candidates using effective media approximation modeling (EMA) at q factor of 1/3. 

Material combinations MoNi, PtTi and PtTi3 are low – k materials with relatively 

high refractive index. The EMA model for MoNi is shown in Figure 3.3(b). The Wiener 

bounds and the EMA models of absorber candidates from the Pt-Ti systems are shown in 

Figure 3.4. The modeled optical constants of the high n – low k materials from the Mo-Ni 

and the Pt-Ti material systems are listed in Table 3.3. 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

RuTe2 0.9152 0.1252 0.9588 0.0653 

MoNi4 0.8836 0.1017 0.9415 0.0540 

Figure 3.4: Wiener bounds of the Pt-Ti material system. EMA models for PtTi and PtTi3 are also 

highlighted. 
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Table 3.3: Complex effective dielectric constant (𝜺𝒆𝒇𝒇) and complex refractive index of low k – high n 

absorber candidates using EMA modeling at q factor of 1/3. 

Absorber candidates from the Rh-Ti, Rh-Ta and the Mo-Pt systems have a low 

refractive index with low extinction coefficient. The Wiener bounds of these three binary 

systems and the EMA models of the absorber candidates are plotted in Fig. 3.5(a) – (c), 

respectively. The corresponding optical constants are listed in Table 3.4. 

The theorical bounds on the 𝜀𝑒𝑓𝑓  at 13.5nm EUV wavelength are narrow due to the 

proximity of the dielectric constants (and refractive indices) of all the constituent elements. 

This limits the range of the 𝜀𝑒𝑓𝑓  values for alloys within a given system. In the case of 

constituent elements with complex dielectric constant values even closer, the effective 

dielectric constant exhibits a linear relationship to the volumetric composition, as seen for 

Rh – Ta system in Fig. 3.5(b), where the  𝜀┴ and 𝜀||  bounds completely overlap each other. 

Table 3.4: Complex effective dielectric constant (𝜺𝒆𝒇𝒇) and complex refractive index of low n – low k 

absorber candidates using effective media approximation modelling (EMA) at q factor of 1/3. 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

MoNi 0.8708 0.0612 0.9337 0.0328 

PtTi 0.8505 0.0666 0.9229 0.0361 

PtTi3 0.8824 0.0442 0.9396 0.0235 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

Rh5Ti 0.7938 0.0492 0.8914 0.0276 

Rh3Ta 0.8057 0.0575 0.8982 0.0320 

MoPt  0.8240 0.0577 0.9083 0.0317 

MoPt2 0.8128 0.0741 0.9025 0.0410 
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The material composites listed in Table 3.4 have low refractive indices. These 

materials can generate high phase shifts with high mask absorber reflectivity at low 

absorber thickness values. 

 

Figure 3.5: Wiener bounds of (a) Rh-Ti, (b) Rh-Ta, (c) Mo-Pt. EMA models for Rh5Ti, Rh3Ta, MoPt 

and MoPt2 are also highlighted in respective figures. 
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3.3 Engineering Absorber Candidates 

EMA modeling of composites is not only limited to alloys such as mentioned in 

section 3.2. Based on the stoichiometry of the composite in each material system, the 

optical constants for the absorber candidates can be engineered [112]. This is shown in 

Figure 3.6 which plots the Wiener Bounds and the EMA models for the Rh-Ti system. Four 

material combinations are identified, specifically at 21.5%, 29%, 56.5%, and 72% volume 

fractions of Ti.  

The values of the optical constants vary as a function of the volume fraction of Ti 

(and Rh). The effective dielectric constants and the respective refractive indices calculated 

at q = 1/3 are listed in Table 3.5. Increasing the volume of Ti increases the refractive index 

of composite while the extinction coefficient reduces. 

Table 3.5: Effective dielectric constants and refractive indices of the EMA modeled Rh – Ti composites. 

 Composition 

(%Ti) 

Dielectric constant Refractive index 

Index εr εk n k 

(a) 21.5% 0.7938 0.0492 0.8914 0.0276 

(b) 29% 0.8044 0.0472 0.8972 0.0263 

(c) 56.5% 0.8426 0.0399 0.9182 0.0213 

(d) 72% 0.8645 0.0355 0.9300 0.0191 

Figure 3.6: Wiener Bounds and EMA models of absorber composites from the Rh-Ti system. The EMA 

models are calculated at 21.5%, 29%, 56.5%, and 72% volume fractions of Ti. 
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Similarly, material composites from the Mo-Pt material system are also modeled 

through dielectric constant modeling and the effective media approximation model. The 

Wiener bounds and the EMA models from the Mo-Pt material system are shown in Figure 

3.7. Similar to the Rh-Ti system, four material combinations have been identified. The 

corresponding effective dielectric constants and refractive indices of the absorber 

candidates from the Mo-Pt system are listed in Table 3.6 as a function of %volume of Pt. 

Increasing the volume of Pt leads to composites with low refractive indices and high 

extinction coefficients. 

Table 3.6: Effective dielectric constants and refractive indices of the EMA modeled Mo – Pt composites. 

 Composition 

(%Pt) 

Dielectric constant Refractive index 

Index εr εk n k 

(a) 25% 0.8378 0.0365 0.9155 0.0199 

(b) 45% 0.8252 0.0558 0.9089 0.0306 

(c) 65% 0.8124 0.0747 0.9023 0.0413 

(d) 85% 0.7995 0.0932 0.8956 0.052 

Figure 3.7: Wiener Bounds and EMA models of composites from the Mo-Pt system. The EMA models 

are calculated at 25%, 45%, 65%, and 85% volume fractions of Pt. 
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3.4 EMA Model Verification 

The EMA model is an approximate model that estimates the optical constants of a 

composite. As mentioned earlier, the EMA model is valid if the individual thin films in the 

composite are less than or equal to approximately 1/10th of the incident wavelength. 

Therefore, the EMA model employed can be validated in the UV-VIS-NearIR wavelength 

range. In this study, an inspection wavelength of 800nm is chosen as it is roughly at the 

center of the measurement spectrum. Therefore, the individual thin fi lm thickness in a 

multilayer setting cannot exceed 80nm. Three material systems are used for verification, 

specifically the Mo-Ni, Mo-W and the Al-Ni. The Al target contains 1% Si. Physical vapor 

deposition (sputtering) systems are used to deposit multilayer thin films on a silicon 

substrate. These material systems are chosen primarily due to the availability of the sputter 

targets at RIT. The optical constants of the deposited thin films are measured using 

ellipsometry. 

3.4.1 Multilayer Deposition 

The multilayer samples from the three material systems are deposited using two 

different sputter systems. Multilayer composites from the Mo-Ni material system are 

deposited using a Kurt J. Lesker PVD-75B RF magnetron sputtering system at RIT Nano 

Power Research Lab. Figure 3.8 shows a sketch of the chamber layout of the PVD-75B 

sputter system. It employs three sputter guns with guns B and C possessing magnetic 

capabilities. All sputter guns occupy 4” sputter targets. 

Ideally, the multilayer stacks are deposited in a single run. The material targets are 

placed on the sputter guns and the platen is rotated at a constant speed over the guns. 

Material sputter rates are characterized based on the sputter dynamics and tooling factors 
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such that the desired stack thickness is achieved. The PVD-75B system does not allow co-

sputtering and hence, individual layers of the multilayer stack are deposited manually by 

characterizing the deposition rate for each material-gun combination. The test samples are 

deposited on cleaved substrates of 4” silicon wafers with <100> plane. The deposition rate 

is characterized by minimizing the impact of external factors such as metal -gun 

combination, rotational speed of the platen and pre-sputter time. All samples are deposited 

with the chamber base pressure set to 3.4×10-7 Torr.  

For the Mo-Ni system, three multilayer samples are deposited at 20%, 50% and 

90% Ni by volume. For each sample, two bilayers in Mo/Ni configuration are deposited 

with a total target thickness of 130nm. Table 3.7 lists the thickness values of the elements 

rounded to one decimal point. For example, the 20%Ni sample has four thin film layers in 

configuration Mo/Ni/Mo/Ni with individual layer thickness of Mo and Ni as 51.85nm and 

13.15nm, respectively. 

Table 3.7: Mo-Ni system composites and respective elemental thickness ratios. 

%Ni Total Mo thickness Total Ni thickness 

20% 103.7nm 26.3nm 

50% 65.5nm 64.5nm 

90% 13.7nm 116.3nm 

Figure 3.8: Schematic of the gas chamber of PVD -75B of Nanopower Research Lab at RIT. 
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The EMA models of the three composites at 800nm inspection wavelength are 

shown in Figure 3.9. The complex dielectric constant and the corresponding complex 

refractive index values are modeled at q = 1/3 and listed in Table 3.8. 

Table 3.8: Complex effective dielectric constants and refractive indices for EMA modelled Mo – Ni 

composites. 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

20%Ni 6.317 3.388 2.597 0.652 

50%Ni 7.122 4.858 2.805 0.866 

90%Ni 8.100 7.294 3.082 1.183 

Multilayer thin films from the Mo-W and the Ni-Al multilayer systems are 

deposited using the CVC-601 DC sputter system at RIT Nanolabs. The chamber 

configuration of the CVC-601 sputter system is similar to the PVD-75B system. However, 

the CVC-601 chamber is substantially larger than the PVD-75B. This affects the pump-

down time required to achieve the desired base pressure. The throw distance between the 

target and the substrate is also comparatively smaller than in the case of PVD-75B system.  

The CVC-601 sputter system can house four sputter targets at a time. Figure 3.10 

shows the gun/target layout of the CVC-601 DC sputter system. The Mo and Al films are 

Figure 3.9: Wiener Bounds and the EMA models of the Mo-Ni system at 800nm inspection wavelength. 

The EMA models are calculated for 20%, 50%, and 90% volume fractions of Ni. 
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deposited using the 8” sputter targets. The Ni and W thin films are deposited using 4” 

sputter targets occupying gun D. Similar to the PVD-75B system, the DC sputter system 

does not allow co-sputtering and hence, individual layers of the multilayer stack are 

deposited manually by characterizing the deposition rate for each target-gun combination. 

The test samples are deposited on cleaved substrates of 4” silicon wafers with <100> plane. 

The CVC-601 system requires overnight pump down due to the large chamber size. The 

multilayer samples are deposited with the base pressure in the range of 5×10-7 Torr - 8×10-

7 Torr. 

For the Mo-W system, two multilayer samples are deposited at 45% and 70% W 

by volume. For each composite, two bilayers in the Mo/W configuration are deposited with 

a total target thickness of 170nm. Table 3.9 lists the thickness values of the elements 

rounded to one decimal point. For example, the 45%W sample has four thin film layers in 

configuration Mo/W/Mo/W with individual layer thickness of Mo and W being 46.75nm 

and 38.25nm, respectively. This choice of the total multilayer thickness is higher than the 

Mo-Ni multilayers at 130nm. A higher total multilayer thickness is chosen primarily 

Figure 3.10: Schematic of the gun/target layout of CVC 601 DC sputter system at RIT’s Nanolabs. 
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because of the resolution capabilities of the CVC-601 system. The individual layer 

thicknesses are still smaller than 80nm (1/10th of inspection wavelength). 

Table 3.9: Mo-W system composites and respective elemental thickness ratios. 

%W Total Mo thickness Total W thickness 

45% 93.5nm 76.5nm 

70% 51nm 119nm 

The EMA models of the two composites from the Mo-W system at 800nm 

inspection wavelength are shown in Figure 3.11. The complex dielectric constant and the 

complex refractive index values are modeled at q = 1/3 and listed in Table 3.10. 

Table 3.10: Complex effective dielectric constants and refractive indices for EMA modeled Mo-W 

composites. 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

45% W 1.058 24.53 3.578 3.427 

70% W 2.426 23.99 3.643 3.293 

Figure 3.11: Wiener Bounds and EMA models of composites from the Mo-W system at 800nm 

inspection wavelength. The EMA models are calculated for 45% and 70% volume fractions of W. 
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Similar to the Mo-W system, two multilayer samples are verified at 45% and 75% 

Ni by volume from the Al-Ni material system. For each composite, two bilayers in Al/Ni 

configuration are deposited with a total target thickness of 170nm. Table 3.11 lists the 

thickness values of the elements rounded to one decimal point. For example, the 45%Ni 

sample has four thin film layers in configuration Al/Ni/Al/Ni with individual layer target 

thickness of Al and Ni being 46.75nm and 38.25nm, respectively. 

Table 3.11: Al-Ni system composites and respective elemental thickness ratios. 

%Ni Total Al thickness Total Ni thickness 

45% 93.5nm 76.5nm 

75% 42.5nm 127.5nm 

The EMA models for the two composites from the Al-Ni system at 800nm 

inspection wavelength are shown in Figure 3.12. The complex dielectric constant and the 

complex refractive index values are modeled at q = 1/3 and listed in Table 3.12. 

Figure 3.12: Wiener Bounds and EMA models of composites from the Al-Ni system at 800nm 

inspection wavelength. The EMA models are calculated for 45% and 75% volume fractions of Ni. 
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Table 3.12: Complex effective dielectric constants and refractive indices of the EMA modeled Al-Ni 

composites. 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

45% Ni -22.1 22.03 2.134 5.161 

75% Ni -77.2 23.65 2.452 4.821 

 

3.4.3 Thin Film Composition and Analysis 

The optical constants of the multilayer composites are measured using J.A. 

Woollam’s Variable Angle Spectroscopic Ellipsometry (VASE). The measured thin films 

are analyzed using the J.A. Woollam’s CompleteEASE software. [113], [114]. 

The ellipsometer measures the changes in the polarization state of the reflected 

light. Experimentally, two parameters are measured in a standard ellipsometry 

measurement specifically, ψ and Δ. This is mathematically represented as: 

𝑅𝑝

𝑅𝑠
= tan(𝜓). 𝑒𝑖𝛥                                                   (3.8) 

where, Rp and Rs are the Fresnel reflection coefficients of the p and s polarized light, 

respectively. The ellipsometry parameters tan(𝜓) and Δ are the magnitude of the 

reflectivity ratio and the phase in polar form, respectively. 

 The measurements are made at multiple angles over a wide spectral range to obtain 

multiple data points. A large number of data points significantly improves the accuracy of 

the sampled parameters. Typically, one set of constants is unknown, either the film 

thickness or optical constants (n & k). Using the oscillator models discussed in section 2, 

the optical constants are modeled with an error score as an indicator of the fit quality. The 

error score is quantified as Mean Square Error (MSE) which is given as:  
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𝑀𝑆𝐸𝑁𝐶𝑆 = √
1
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𝑁𝐸𝑖
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0.001
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2
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0.001
)

2
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𝑆𝐸𝑖

− 𝑆𝐺𝑖
 

0.001
)

2

]

𝑛

𝑖=1

       (3.9) 

 where n is the number of wavelengths and m is the number of fit parameters, N = cos(2 

𝜓), C = sin(2 𝜓)cos(𝛥) and S = sin(2 𝜓)sin(𝛥). 

The MSE is in-fact the Root Mean Squared Error (RMSE). As indicated by Eq. 

(3.9), the MSE sums the difference between the measured data (subscripted “E”) and model 

generated data (subscripted “G”) for the entire defined wavelength range. This difference 

is calculated in terms of parameters N, C and S derived through 𝜓 and 𝛥, as mentioned 

above. More details on these parameters can be found in the CompleteEASE manual [114]. 

Low MSE indicates a better fit of data and a high model accuracy. Although a lower MSE 

is desired, there is no target value. 

In this experiment, the samples are measured at 65º, 70º and 75º angles for a 

wavelength range of 300nm – 1200nm. As previously mentioned, the individual sputter 

rates are characterized by different sputter gun – target combinations. This is because the 

throw distance from the target to substrate varies for different sputter guns in the PVD-75B 

system. Furthermore, the sputter dynamics differ for different deposition tools. Therefore, 

Mo and Ni are characterized differently for the PVD-75B and the CVC-601 systems. For 

measuring all films through ellipsometry, a model for native oxide on the silicon (Si) 

substrate is generated using a bare Si sample. The thickness value of native oxide is then 

used for thin film modeling. 

The optical constants of individual thin films are first measured using ellipsometry. 

These measured optical constants are used in the EMA models of the multilayer thin films 
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shown in section 3.4.1. The measured values of optical constants are used for EMA models 

as the optical constants of thin films differ from their bulk counterparts. Additionally, 

external factors such as chamber impurity, oxidation and tool signature may also affect the 

film quality. However, these conditions remain relatively constant  for all the samples 

fabricated using the same tool and conditions. 

All samples under investigation are measured using the B-Spline (Basis-spline) 

layer in the CompleteEASE software. B-Spline is a dispersion layer that is used to describe 

the complex dielectric constant of the sample, consistent with the Kramers-Kronig 

relationship described in section 2.3.3. Additional information on B-spline layers can be 

found in the CompleteEASE manual.  

Figure 3.13 shows the ellipsometry data of a molybdenum thin film deposited 

through the PVD-75B RF magnetron sputtering system. The Mo film has a thickness of 

33.5nm, measured using the KLA’s P2 profilometer. The figure shows the measured and 

modeled 𝜓 and 𝛥 at 65º, 70º and 75º angles in the 300nm – 1200nm wavelength range. It 

is observed that the ellipsometer model (dotted black lines) fits the measured values. An 

Figure 3.13: Ellipsometry data of the 33.5nm Molybdenum thin film deposited through the PVD-75B 

RF magnetron sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the wavelength 

range of 300nm – 1200nm. 
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MSE of 0.593 indicates a good agreement between the measured and modeled values of 

the ellipsometer. 

The measured optical constants corresponding to Figure 3.13 are plotted in Figure 

3.14. The 33.5nm Mo thin film has a refractive index n = 2.459 and an extinction coefficient 

k = 0.519 at 800nm inspection wavelength. 

Figure 3.15: Ellipsometry data of the 20nm Nickel thin film deposited through the PVD-75B RF 

magnetron sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the wavelength range 

of 300nm – 1200nm. 

Figure 3.14: Optical constants of the 33.5nm Mo thin film. The Mo film has a refractive index n = 2.459 

and an extinction coefficient k = 0.519 at 800nm inspection wavelength. 
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Similarly, a 20nm thin film deposited using the PVD-75B RF magnetron sputtering 

system is using the ellipsometer. The VASE data of the 20nm Ni film is shown in Figure 

3.15 and the corresponding optical constants are plotted in Figure 3.16. The Ni film has a 

refractive index n = 3.15 and an extinction coefficient k = 1.228 at 800nm inspection 

wavelength. 

For the Mo-W and the Al-Ni systems, individual thin films were deposited using 

the CVC-601 DC sputter system. Figure 3.17 shows the VASE data for a 48.5nm Mo thin 

film deposited using the CVC-601 system. 

Figure 3.16: Optical constants of the 20nm Ni thin film. The Ni film has a refractive index n = 3.15 and 

an extinction coefficient k = 1.228 at 800nm inspection wavelength. 

Figure 3.17: Ellipsometry data of the 48.5nm Molybdenum thin film deposited through the CVC 601 

DC sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the wavelength range of 

300nm – 1200nm. 
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The optical constants of the 48.5nm Mo thin film measured using the ellipsometer 

are plotted in Figure 3.18. The Mo thin film has a refractive index n = 3.459 and an 

extinction coefficient k = 3.669 at 800nm inspection wavelength. The optical model MSE 

is 1.538. 

The VASE data of a 45nm W thin film are shown in Figure 3.19. The modeled 

values and measured values of  𝜓 and 𝛥 have good agreement at all measured angles in the 

entire wavelength range. Therefore, a low ellipsometry model MSE = 1.408 is observed.  

Figure 3.18: Optical constants of the 48.5nm Mo thin film. The Mo film has a refractive index n = 3.459 

and an extinction coefficient k = 3.669 at 800nm inspection wavelength. 

Figure 3.19: Ellipsometry data of the 45nm Tungsten thin film deposited through the CVC 601 DC 

sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the wavelength range of 300nm 

– 1200nm. 
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The W film under investigation has a refractive index n = 3.718 and an extinction 

coefficient k = 3.132 at 800nm inspection wavelength. The optical constants measured 

through ellipsometry for the entire wavelength range are shown in Figure 3.20. 

Figure 3.21 shows the VASE data of a 1.8μm Al thin film deposited through CVC-

601 DC sputter system. Aluminum thin films are deposited using an 8” sputter target. 

Silicon (1%) is added to the sputter target for electrical applications as aluminum has high 

Si affinity. The Al thin film has a measured refractive index n = 1.635 and an extinction 

coefficient k = 5.640 at 800nm inspection wavelength. The modeled optical constants of 

deposited aluminum film are plotted in Figure 3.22. 

Figure 3.20: Optical constants of the 45nm W thin film. The W film has a refractive index n = 3.718 

and an extinction coefficient k = 3.132 at 800nm inspection wavelength. 

Figure 3.21: Ellipsometry data of the 1.8μm Aluminum thin film deposited through the CVC 601 DC 

sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the wavelength range of 300nm 

– 1200nm. 
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The ellipsometry model MSE is 3.564. Comparatively high model MSE may be 

contributed to high oxidation of aluminum after exposure to atmosphere. Therefore, Al is 

used as the bottom layer in the Al-Ni multilayer system.  

Finally, the optical constants of a 50nm Ni thin film deposited using the CVC 601-

DC sputtering system are measured. The VASE data of the 50nm Ni film are presented in 

Figure 3.23. For this thin film, the measured refractive index n = 2.708 and the extinction 

coefficient k = 4.529 at 800nm inspection wavelength. The optical constants are plotted in 

Figure 3.24. 

Figure 3.22: Optical constants of the 1.8μm Al thin film. The Al film has a refractive index n = 1.635 

and an extinction coefficient k = 5.640 at 800nm inspection wavelength. 

Figure 3.23: Ellipsometry data of the 50nm Nickel thin film deposited through the CVC 601 DC 

sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the wavelength range of 300nm 

– 1200nm. 
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The ellipsometer model MSE for the 50nm Ni thin film 1.512. This can also be 

observed in Figure 3.23 where the model and measured values of 𝜓 and 𝛥 overlap each 

other at all angles in the entire wavelength range. Therefore, Ni is chosen as the top layer 

in the Al-Ni multilayer system. 

The measured optical constants of all the elemental thin films deposited using the 

PVD-75B and CVC-601 sputter systems are summarized in Table 3.13. The nickel and 

molybdenum thin films are deposited using both. 

Table 3.13: Measured refractive index n and extinction coefficient k of elemental thin films deposited 

using respective sputter systems. 

Material Sputter System Thickness 

 

Refractive index 

(n) 

Extinction coefficient 

(k) 

Mo PVD-75B (RF) 33.5nm 2.459 0.519 

Ni PVD-75B (RF) 20nm 3.15 1.228 

Mo CVC-601 (DC) 48.5nm 3.459 3.669 

W CVC-601 (DC) 45nm 3.718 3.132 

Al CVC-601 (DC) 1.8μm 1.635 5.640 

Ni CVC-601 (DC) 50nm 2.708 4.529 

 

Figure 3.24: Optical constants of the 50nm Ni thin film. The Ni film has a refractive index n = 2.708 

and an extinction coefficient k = 4.529 at 800nm inspection wavelength. 
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3.4.4 Multilayer Verification Results and Discussion 

As previously mentioned in section 3.4.1, multilayers from the Mo-Ni system are 

deposited using the PVD-75B RF magnetron sputter system. Three multilayer 

configurations at 20%Ni, 50%Ni and 90%Ni are deposited as listed in Table 3.7. The 

optical constants of these multilayer composites are measured using the VASE 

ellipsometer. Similar to the single elemental thin films, the multilayer composites are 

measured at 65º, 70º and 75º angles in the 300nm – 1200nm wavelength range. 

The VASE data for a 130nm, 20%Ni sample is presented in Figure 3.25. The 

measured 𝜓 and 𝛥 of the multilayer composite differs from its constituent elements Mo 

and Ni. The multilayer composite is modeled using the B-spline layer in the 

CompleteEASE software using the Kramers-Kronig relationship. It can be observed that 

the modeled and measured 𝜓 and 𝛥 of the 20%Ni composite have good agreement in the 

entire wavelength range at all angles. Therefore, a low MSE = 1.99 is observed.  

The optical constants of the 20%Ni sample are plotted in Figure 3.26 in the entire 

wavelength range. At 800nm inspection wavelength, the refractive index n = 2.541 and the 

Figure 3.25: Ellipsometry data of the 20%Ni multilayer composite from the Mo-Ni system deposited 

using the PVD 75B RF magnetron sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles 

in the wavelength range of 300nm – 1200nm. 
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extinction coefficient k = 0.651. The measured optical constants are closer to the optical 

constants of the Mo thin film deposited using the PVD-75B sputter system. However, the 

addition of Ni increases the refractive index and the extinction coefficient of the multilayer 

composite as predicted by the EMA model. The measured optical constants of the 20%Ni 

sample are in good agreement with the EMA modeled values from Table 3.8. 

 Similarly, a 50%Ni sample is also deposited using the PVD-75B system and the 

corresponding optical constants are measured using the VASE ellipsometer. The multilayer 

sample thickness measured using a profilometer is 138nm.  

Figure 3.26: Optical constants of the 20%Ni multilayer composite from the Mo-Ni system. The 

multilayer composite has a refractive index n = 2.541 and an extinction coefficient k = 0.651 at 800nm 

inspection wavelength. 

Figure 3.27:  Ellipsometry data of the 50% Ni multilayer composite from the Mo-Ni system deposited 

using the PVD 75B RF magnetron sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles 

in the wavelength range of 300nm – 1200nm. 
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The VASE data for the 50%Ni sample is presented in Figure 3.27. A model MSE 

of 0.754 shows good agreement between the modeled and measured values of 𝜓 and 𝛥 at 

65º, 70º and 75º in the measurement wavelength range.   

The optical constants of the 50%Ni composite corresponding to the VASE data in 

Figure 3.27 are presented in Figure 3.28. The composite has a refractive index n = 2.812 

and an extinction coefficient k = 0.870. In comparison to the 20%Ni composite, additional 

Ni in the sample results in higher n & k as predicted by the EMA model. Furthermore, the 

EMA modeled optical constants at 800nm inspection wavelength are in good agreement 

the measured values. 

The final composite in the Mo-Ni material system has 90% Ni by volume. The 

multilayer has a total thickness of 113nm with high surface roughness. The reduced 

thickness and the high surface roughness is attributed to the chamber contamination by a 

deposition run for a dielectric material despite a long pre-sputter time. Additionally, the 

dielectric material was deposited using the sputter head used for Ni in the PVD-75B 

system. Target replacement led to alteration of the deposition rate from the calibrated value.  

Figure 3.28: Optical constants of the 50%Ni multilayer composite from the Mo-Ni system. The 

multilayer composite has a refractive index n = 2.812 and an extinction coefficient k = 0.866 at 800nm 

inspection wavelength. 
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 The VASE data for the 90%Ni sample is shown in Figure 3.29. The model has a 

low MSE value of 0.547 highlighting extremely good fit between model and measured 

values of 𝜓 and 𝛥.  

The optical constants for the 90%Ni composite measured using the ellipsometer are 

presented in Figure 3.30. At 800nm inspection wavelength, the 90%Ni sample has a 

refractive index n = 3.346 and an extinction coefficient k = 1.398. Due to the chamber 

contamination, the measured values do not match with the EMA modeled values resulting 

in a poor EMA model agreement. 

Figure 3.29: Ellipsometry data of the 90% Ni multilayer composite from the Mo-Ni system deposited 

using the PVD 75B RF magnetron sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles 

in the wavelength range of 300nm – 1200nm. 

Figure 3.30: Optical constants of the 90%Ni multilayer composite from the Mo-Ni system. The 

multilayer composite has a refractive index n = 3.346 and an extinction coefficient k = 1.398 at 800nm 

inspection wavelength. 
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Table 3.14 summarizes the verification results of the Mo-Ni multilayer composites 

deposited using the PVD-75B RF magnetron sputter system. The EMA modeled complex 

refractive indices of the three composites are compared with the complex refractive indices 

of three samples measured through ellipsometry. The measured optical constants are in 

good agreement with the EMA modeled values for the 20% and the 50% Ni compositions. 

Table 3.14: EMA model verification results of the Mo-Ni multilayer composites at 800nm inspection 

wavelength. 

Material 

Composition 

EMA Modeled Measured 

n k n k 

20% Ni 2.597 0.652 2.541 0.659 

50% Ni 2.805 0.866 2.812 0.866 

90% Ni 3.082 1.183 3.346 1.398 

Multilayer thin films from the Mo-W and the Al-Ni systems are deposited using 

the CVC-601 DC sputter system. Compared to the PVD-75B system, the CVC-601 sputter 

system has a substantially large chamber. Therefore, the minimum achievable base 

pressure in this system is higher than the PVD-75B system. Additionally, the CVC-601 

sputter system houses 8” sputter targets. Molybdenum in the Mo-W multilayer system and 

Al in the Al-Ni sputter system are deposited using the 8” targets. Large sputter targets and 

the lack of in-situ thickness monitor limits the minimum achievable thin film thickness 

repeatability. Therefore, a target thickness of 170nm is chosen for multilayer composites 

deposited using the CVC-601 system. 

For the Mo-W system, two compositions listed in Table 3.10, the 45%W and the 

70%W, are used for verification. The VASE data for the 45%W sample is presented in 

Figure 3.31. The sample has a total thickness of 170nm. The ellipsometry model of  𝜓 and 

𝛥 shows good agreement with measured values at all angles in the entire measurement 
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wavelength range. The ellipsometer model has an MSE = 2.102. The comparatively higher 

MSE may be attributed to the higher base pressure of the CVC-601 sputter system. 

The optical constants of the 45%W sample measured using the ellipsometer are 

presented in Figure 3.32. At 800nm inspection wavelength, the 45%W composite has a 

refractive index n = 3.579 and an extinction coefficient k = 3.289. As expected, the 

measured values of the 45%W composite are between Mo and W values. Addition of W 

results in an increase of refractive index n and a reduction in the extinction coefficient k.  

 In comparison to the multilayer composites deposited using the PVD-75B, the 

model agreement between the EMA modeled and measured optical constants for 45%W is 

Figure 3.31: Ellipsometry data of the 45%W multilayer composite from the Mo-W system deposited 

using the CVC 601 DC sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the 

wavelength range of 300nm – 1200nm. 

Figure 3.32: Optical constants of the 45%W multilayer composite from the Mo-W system. The 

multilayer composite has n = 3.579 and k = 3.289 at 800nm inspection wavelength. 
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low. Specifically, the measured extinction coefficient k is lower than the corresponding 

EMA modeled value. This can be attributed to the quality of the thin film deposition using 

the CVC-601 system. 

The second multilayer sample from the Mo-W material system has 70% tungsten 

by volume composition. The total multilayer thickness measured using the P2 profilometer 

is 170nm. The VASE data for the 70%W composite is presented in Figure 3.33 with a 

model MSE = 2.427. The model MSE is comparable to 45%W composite which is also 

deposited using the CVC-601 system.  

Figure 3.33: Ellipsometry data of the 70%W multilayer composite from the Mo-W system deposited 

using the CVC 601 DC sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the 

wavelength range of 300nm – 1200nm. 

Figure 3.34: Optical constants of the 70%W multilayer composite from the Mo-W system. The 

multilayer composite has a refractive index n = 3.633 and an extinction coefficient k = 3.206 at 800nm 

inspection wavelength. 
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The optical constants of the 70%W composite measured using the ellipsometer are 

shown in Figure 3.34. The 70%W sample has a refractive index n = 3.633 and an extinction 

coefficient k = 3.206 at 800nm inspection wavelength. The measured values are closer to 

the optical constants of W due to its higher volume. Comparing the measured n and k with 

the EMA modeled values shows a good agreement between the two sets. Similar to the 

45%W composite, the extinction coefficient is lower than expected. 

Finally, the two multilayer composites from the Al-Ni material system are 

deposited using the CVC-601 DC sputter system for EMA model validation. The EMA 

model values for the 45%Ni and the 75%Ni are listed in Table 3.12.  

For the 45%Ni multilayer sample, the total multilayer thickness is 163.15nm. The 

reduced thickness is due to Ni target cracking near the racetrack. Essentially, the Ni target 

was depleted during the deposition run. The VASE data for 45%Ni sample is presented in 

Figure 3.35. The measured and modeled values of 𝜓 and 𝛥 show good model fit with a 

model MSE = 2.005.  

The measured optical constants of the 45%Ni composite are presented in Figure 

3.35. The multilayer composite has a refractive index n = 2.352 and an extinction 

Figure 3.35: Ellipsometry data of the 45%Ni multilayer composite from the Al-Ni system deposited 

using the CVC 601 DC sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the 

wavelength range of 300nm – 1200nm. 



74 

 

coefficient k = 4.764. Although the measured optical constants of the composite are 

between the optical constants of its constituents, the measured n and k do not match the 

corresponding EMA modeled values. This is mainly attributed to the cracking of the Ni 

target, exposing the underlying sputter head with conductive paste. 

The 75%Ni sample from the Al-Ni material system was deposited prior to the 

45%Ni sample. Therefore, the multilayer sample was effectively deposited using the Ni 

target without cracking. The total multilayer thickness of the 75%Ni composite measured 

using the profilometer is 172.8nm.  

Figure 3.36: Optical constants of the 45%Ni multilayer composite from the Al-Ni system. The 

multilayer composite has a refractive index n = 2.352 and an extinction coefficient k = 4.764 at 800nm 

inspection wavelength. 

Figure 3.37: Ellipsometry data of the 75%Ni multilayer composite from the Al-Ni system deposited 

using the CVC 601 DC sputtering system. 𝝍 and 𝜟 are measured at 65º, 70º and 75º angles in the 

wavelength range of 300nm – 1200nm. 
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The VASE data for the 75%Ni composite presented in Figure 3.37 shows good fit 

between the modeled and measured values of 𝜓 and 𝛥 at angles in the measurement 

wavelength range. The model MSE = 1.5 is comparatively better than other composites 

deposited using the CVC-601 sputter system. 

The measured optical constants of the 75%Ni composite are presented in Figure 

3.38. The composite has a refractive index n = 2.473 and an extinction coefficient k = 

4.600. The measured n and k are heavily skewed toward the optical constants of the Ni thin 

film deposited through CVC-601 system due to high Ni volume. Although, the measured 

optical constants of the 75%Ni multilayer composite have good agreement with the 

corresponding EMA modeled values however, the measured extinction coefficient of the 

75%Ni composite is lower than the EMA modeled extinction coefficient. This is consistent 

with all composites deposited using the CVC-601 DC sputter system. 

Table 3.15 provides a summary of verification results for the multilayer composites 

from the Mo-W and the Al-Ni systems. The optical constants modeled using the effective 

media approximation model are compared with the measured optical constants of the four 

multilayer composites deposited using the CVC-601 system. 

Figure 3.38: Optical constants of the 75%Ni multilayer composite from the Al-Ni system. The 

multilayer composite has a refractive index n = 2.473 and an extinction coefficient k = 4.600 at 800nm 

inspection wavelength. 
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Table 3.15: EMA model verification results of the Mo-W and the Al-Ni multilayer composites at 800nm 

inspection wavelength. 

Material 

Composition 

EMA Modeled Measured 

n k n k 

45% W 3.578 3.427 3.579 3.285 

70% W 3.643 3.293 3.633 3.206 

45% Ni 2.134 5.161 2.352 4.764 

75% Ni 2.452 4.821 2.473 4.600 

 The measured optical constants of the two multilayer composites from the Mo-W 

material system, specifically the 45%W and the 70%W show good agreement with EMA 

modeled values. Increasing the volume of tungsten increases the refractive index n and 

reduces the extinction coefficient k of the multilayer composites as predicted by the EMA 

model. However, the measured extinction coefficients for both the multilayer composites 

are lower than expected. This is attributed to the higher chamber base pressure of the CVC-

601 system and its resulting quality of the deposited thin film. Additional thin film 

characterization may reveal the source of this behavior, which is beyond the scope of this 

thesis.  

 Two multilayer composites, the 45%Ni and the 75%Ni from the Al-Ni multilayer 

system are also deposited using the CVC-601 DC sputter system for EMA model 

validation. For the 45%Ni composite, the EMA modeled optical constants do not match 

the measured values. This is primarily due to the cracking of the Ni target at the racetrack 

during the multilayer deposition. The depletion of Ni target at the racetrack exposed the 

underlying sputter head and conductive paste.  

The 75%Ni composite was successfully deposited prior to the 45%Ni composite. 

Therefore, the measured optical constants of the composite show good agreement with the 
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corresponding EMA modeled values. Similar to the multilayer composites from the Mo-

W system, the extinction coefficient k for the 75%Ni composite is lower than the expected 

modeled value. Despite this inconsistency, the EMA model provides a reasonable 

estimation of the optical constants. The model accuracy can further be improved by 

improving the deposition capabilities as seen from the Mo-Ni multilayer composites 

deposited using the PVD-75B RF magnetron sputter system. 

The optical constants are modeled using an ideal depolarization (q) factor. Precise 

deposition and characterization techniques can also enable accurate estimation of q factor 

which is essential for EUVL mask application.  

The model validation at optical wavelengths shows that the EMA models have the 

capability to accurately estimate the optical constants if the thickness condition is fulfilled. 

This provides a reasonable confidence in employing the EMA model at EUV wavelengths 

for mask absorber modeling. 
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4 Absorber Design Considerations 
 

The EUV mask absorbers can be divided into three categories, specifically the 

attenuated phase shifting mask absorber (attPSM), high – k mask absorber and the index 

matched absorber (n ≈ 1). The absorber materials are classified into one of the three 

categories based on their complex refractive indices as highlighted in Figure 4.1. Absorber 

candidate materials in the blue region that have refractive indices close to 1 are the index 

matched absorbers. Similarly, materials in the yellow region that have high extinction co-

efficient are the high – k mask absorbers. Finally, material candidates in the orange region 

are the attPSM absorbers as they introduce a phase shift between the reflected light from 

the multilayer mirror and the absorbers, respectively. The absorbers candidates can be 

further subcategorized as a low – n, mid – n and a high – n absorber.  

Identifying the best EUV mask absorber candidate is challenging because of the 

tediousness and the high cost of experimental verification in EUV lithography. It is in our 

best interest to narrow the absorber material choices to the candidates that perform best in 

simulations and 3D modeling. Therefore, one of the primary objectives of this project is to 

develop and establish a simple framework that can identify novel mask absorber 

candidates. For this purpose, the candidate material combinations are first characterized 

through contrast-based imaging simulations and 3D image modeling of the nearfield 

magnitude and phase when employed as EUV mask absorbers. The best performing 

absorber candidates are then co-optimized using lithography metrics such as the NILS and 

MEEF and the relative absorber reflectivity to identify the potential mask absorbers 

candidates. 
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4.1 Aerial Image Contrast 

EUV mask absorber alloys modeled using the EMA model in Tables 3.2 – 3.4 are 

first characterized by simulating the aerial image contrast in an EUVL system using the 

normalized image log-slope (NILS). Figure 4.2 plots the aerial image NILS vs the mask 

absorber thickness for a simple case of 13nm line/space pattern with 1:1 duty ratio. As 

previously mentioned, the NILS serves as an ideal metric to represent the aerial image 

contrast and the overall imaging performance of the system. For EUVL, a NILS value 

above 2 is desired.  The simulations are performed for a 0.33NA EUVL system at 13.5nm 

source wavelength and a chief ray angle of 6° using the Prolith simulator [115], [116]. The 

mask stack includes 40 bilayer pairs of Mo (3nm) and Si (4nm) on a 20nm SiO2 substrate. 

The Mo/Si multilayer (ML) mirror is followed by a 2nm Ru capping layer and an absorber. 

The ML mirror may be further optimized to improve the mask reflectivity [117]. The mask 

Figure 4.1: k-n plot at 13.5nm highlighting absorber categories based on complex refractive index. 

attPSM is orange, high-k is yellow and index matched absorber is blue. The absorbers are also sub-

classified as low-n, mid-n, and high-n. Dotted lines show material systems for EMA modeling of 

absorber candidates. 
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stacks are illuminated by a symmetric dipole source with optimized σc = 0.8 (σ – center) 

and σr = 0.3 (σ – radius) values, calculated using Eq. (4.1) and Eq. (4.2), respectively. The 

NAc and NAo are the NA of the effective NA of the condenser and objective lens, and pitch 

(p) is 26nm in this case. 

An antireflective coating (ARC) is required for a conventional TaBN mask absorber 

to reduce the absorber reflectivity at inspection wavelengths. For alternative mask 

absorbers with low reflectivity at smaller absorber thickness, such as high – k mask 

absorbers, an ARC may not be necessary. In the case of attenuated phase shifting mask 

absorbers, high mask reflectivity is desired which can be achieved at lower absorber 

thicknesses. Alternative mask absorbers can therefore reduce the total mask stack 

thickness.  

𝜎𝑐 =
𝜆

2𝑝𝑁𝐴𝑜
                                                           (4.1) 

𝜎𝑟 =  
𝑁𝐴𝑐

𝑁𝐴𝑜
                                                             (4.2) 

Figure 4.2: Simulated aerial image NILS vs absorber thickness of a 13p26nm L/S pattern using 

candidate absorber alloys. Highlighted regions show low thickness regions for optimized NILS 

performance. 
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As observed in Figure 4.2, the interference effects introduced by the reflective 

EUVL mask absorbers are projected onto the image plane which results in a NILS swing. 

Therefore, plotting imaging metrics vs the absorber thickness can help determine the 

optimum absorber thickness corresponding to the best possible solution. Furthermore, the 

response of lithography metric depends on the choice of absorber material. Therefore, 

optical properties of the absorber material dictate the choice of absorber thickness for the 

best imaging performance. In Figure 4.2, two low thickness zones in approximately 5nm 

thickness range, from 32nm-37nm and 39nm-44nm are identified for optimum NILS 

response in the desired absorber thickness range. The best performing absorbers in the two 

respective thickness regions are presented in Table 4.1 and Table 4.2.  

As previously mentioned, a NILS value above 2 is desired for an adequate image 

transfer in an EUVL system. The PtTi3 (0.9396 - i0.0235) and MoNi (0.9337 - i0.0328) 

absorber candidates have a poor NILS response in low thickness regime with the PtTi3 

candidate having a NILS value below 2 in both the highlighted thickness regions. It may 

be assumed that the high n – low k absorber candidates such as PtTi3 may perform poorly 

in NILS and the aerial image contrast [118], [119]. 

Table 4.1 Best NILS generating absorbers in the 32nm – 37nm thickness region along with the 

corresponding phase shift and reflectivity values. 

 

From the best performing absorber candidates in the 32nm-37nm thickness range 

listed in Table 4.1, two absorber composites, specifically the MoPt2 (0.9025 – i0.0410) and 

Absorber @ 

32nm – 37nm 

Max. avg  

NILS 

Thickness 

(nm) 

Phase shift 

(ᵒ) 

Reflectivity 

(%T) 

MoPt2 (n = 0.9025) 2.25 34.5 180 8% 

Rh5Ti (n = 0.8914) 2.20 35.5 206 17% 

RuTe2 (n = 0.9588) 2.20 32.5 71 2.2% 

MoNi4 (n = 0.9415) 2.15 33.5 104 14% 
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Rh5Ti (0.8914 – i0.0276) are the low – n phase shifting absorber candidates. On the other 

hand, the RuTe2 (0.9588 – i0.0653) and the MoNi4 (0.9415 – i0.0540) absorber composites 

have a high extinction coefficient and are the high – k mask absorbers candidates. In the 

39nm-44nm thickness range (Table 4.2), absorber composites with lowest n values among 

all candidate absorbers dominate. The low – n attPSM absorbers therefore produce a better 

NILS response in both thickness ranges, whereas the high – k mask absorbers have a 

comparable NILS performance in the 32nm-37nm region. All the low – n attPSM absorber 

candidates except the MoPt2 composite generate a phase shift above 200°(~1.1π). This is 

consistent with studies indicating 220º (~1.2π) as the optimal phase shift for low – n EUV 

attPSM absorbers [120]. The additional 40º (~0.2π) phase shift required is hypothesized to 

correct for the M3D effects associated with the EUVL masks [121]. The absorber design 

requirements, including optimum phase shift for attenuated phase shifting masks, are 

considered in section 4.3. The optimum absorber phase shifts are identified through co-

optimization of lithography metrics along with the nearfield 3D performance modeling. 

Table 4.2 Best NILS generating absorber candidates in the 39nm – 44nm thickness region along with 

the corresponding phase shift and reflectivity values. 

 

The π (180º) phase shift associated with the MoPt2 alloy may be a result of the 

relatively higher extinction coefficient compared to the other low – n absorber candidates. 

Therefore, in the lower thickness region, a high – k absorber may be desired for a better 

aerial image NILS.  

Absorber @ 

39nm – 44nm 

Max. avg  

NILS 

@Thickness 

(nm) 

Phase shift 

(ᵒ) 

Reflectivity 

(%T) 

Rh5Ti (n = 0.8914) 2.36 42.5 247 12.2% 

MoPt2 (n = 0.9025) 2.35 41.5 222 4.7% 

Rh3Ta (n = 0.8982) 2.32 42.0 229 9% 

MoPt (n = 0.9083) 2.28 42.0 206 9.2% 
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4.2 Nearfield Imaging Performance 

In a through-pitch layout, isolated features are extremely sensitive to M3D effects. 

Large best-focus shifts between the isolated and the dense/semi-dense features lead to 

smaller process windows. The use of alternative mask absorber technologies has shown 

improvement in the process window conditions by improving the common depth of focus 

between different pitch patterns at the mask [122]. Therefore, the alternative mask 

absorbers identified in the previous sections are characterized by 3D image and 

lithographic performance modeling through nearfield distribution and phase responses.  

The nearfield images identify the contribution of the illumination conditions and 

mask stack on the M3D effects. Figure 4.3 shows the nearfield distribution (plot of 

nearfield of the nearfield (intensity) inside an EUV mask) for a 13nm isolated feature at 

100nm pitch (13p100nm) using the Rh5Ti (low – n) absorber candidate at 35.5nm 

optimized thickness from Table 4.1. The white dashed line indicates the top of the 

multilayer mirror, and the blue dashed line shows the top of the mask absorber layer. The 

yellow arrow indicates the direction of illumination.   

Figure 4.3: Nearfield distribution for 13p100nm isolated feature using 35.5nm Rh5Ti absorber at 

propagation angle θ (a) 6° and (b) 10º. The white dashed line indicates top of mirror (302 nm) and blue 

dashed line indicates top of absorber corresponding to thickness d. 
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The two nearfield distributions in Figure 4.3 are plotted at propagation angle (θ) = 

6º and 10º to investigate the impact of illumination angle. The simulations are performed 

on the DrLitho simulator suite [123], [124]. As observed in the multilayer region, a larger 

propagation angle leads to more shadowing. The low – n attenuated phase shifting mask 

absorber experiences lower shadowing compared to the conventional TaBN absorber in 

Fig. 1 – (b) at θ = 6º. Higher distribution intensity imbalance is also observed in the 

absorber layer (between white and blue dashed lines) at the larger propagation angle (θ = 

10º) in comparison to the smaller propagation angle (θ = 6º). 

The nearfield distributions are also plotted for the high – k (RuTe2) mask absorber 

candidate in Figure 4.4 at 32.5nm optimized absorber thickness from Table 4.1. The 

nearfield distributions are plotted at propagation angles θ = 6º and 10º, respectively. The 

high – k mask absorber candidate experiences greater shadowing than the low – n candidate 

in Figure 4.3 even at lower absorber thickness. Similar to the low – n absorber candidate, 

the shadowing effect is greater at the larger propagation angle. This is due to the enhanced 

light absorption of the high – k absorber candidate. However, the distribution intensity 

imbalance in the absorber region is also comparatively low at both the propagation angles. 

Figure 4.4: Nearfield distribution for 13p100nm isolated feature using 35.5nm RuTe2 absorber at 

propagation angle θ (a) 6° and (b) 10º. The white dashed line indicates top of mirror (302 nm) and blue 

dashed line indicates top of absorber corresponding to thickness d. 
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To investigate the intensity imbalance in the low – n (Rh5Ti) and the high – k 

(RuTe2) mask absorbers, a top-down view of reflected nearfield intensities is plotted for 

both at 10º propagation angle in Figure 4.5(a) and (b), respectively. The reflected nearfield 

intensity plots are generated for respective optimized absorber thicknesses from Table 4.1. 

The low – n attenuated phase shifting absorber candidate has higher absorber reflectivity. 

A high reflectivity phase shifting masks may result in sidelobes for line/space patterns [58], 

[119]. This can also be observed in the multilayer region of Figure 4.5(a), that shows high 

reflectivity regions adjacent to mask line (dark region) for the low – n absorber candidate. 

Additionally, the low – n absorber has a non-uniform intensity distribution in the absorber 

region (dark region). In comparison, the high – k absorber candidate in Figure 4.5(b) has a 

uniform intensity distribution in the absorber region. This is due to the higher light 

absorption capability of the high – k mask absorber. 

The nearfield distribution response of the absorber candidates in the higher 

thickness region from Table 4.2 is also investigated for comparison. Figure 4.6 shows the 

nearfield distribution intensity of two low – n mask absorber stacks using the 42.5nm Rh5Ti 

and 41.5nm MoPt2 absorber candidates. The intensity responses are plotted at a 10º 

propagation angle. 

Figure 4.5: Reflected nearfield intensity response for a 13p100nm isolated feature. (a) Rh5Ti (low – n) 

and (b)RuTe2 (high – k) absorber candidates at incidence angle (θ) = 10ᵒ. Higher intensity imbalance 

in absorber (dark) region is observed for low n absorber. 
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In Figure 4.6, the Rh5Ti absorber has slightly more intensity imbalance within the 

absorber region. In contrast, the MoPt2 absorber candidate experiences more shadowing. 

The Rh5Ti absorber candidate has a lower extinction coefficient k in comparison to the 

MoPt2 absorber candidate. The higher extinction coefficient of MoPt2 composite is due to 

the presence of Pt. Therefore, the extinction coefficient k determines the trade-off between 

the intensity imbalance and the shadowing for mask absorber candidates. The lower k 

values result in a reduced shadowing effect but at the cost of high intensity imbalance 

within the absorber. Additionally, comparing the two Rh5Ti absorber candidates at 

different thicknesses from Figures 4.3(a) and 4.6(a) shows a similar performance but a 

higher shadowing effect is observed for the higher thickness absorber candidate in Figure 

4.6(a). Therefore, the absorber thickness also introduces a trade-off between the shadowing 

effect and the intensity imbalance in the absorber candidate. A higher absorber thickness 

corresponds to a low intensity imbalance in the absorber but at a cost of more shadowing.  

The simulated reflected nearfield intensities are also investigated for contact-holes 

pattern to visualize the absorber performance under EUVL illumination conditions. Figure 

4.7 plots the simulated reflected nearfield intensities for a dense 20P40nm contact -holes 

Figure 4.6: Nearfield distribution for 13p100nm isolated feature using (a) 42.5nm Rh5Ti (a) 6° and (b) 

41.5nm MoPt2 absorbers at propagation angle θ = 10º. The white dashed line indicates top of mirror 

(302 nm) and blue dashed line indicates top of absorber corresponding to thickness d. 
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pattern using a 61nm TaBN absorber. The reflected nearfield intensities are plotted in a 

top-down view at 6º and 10º propagation angles. The ideal intensity response should have 

a uniform intensity distribution throughout the 20nm contact hole opening in x- and y- 

directions. For the TaBN absorber, a high intensity loss is the open contact region is visible 

even at 6º propagation angle. The intensity loss in the contact-hole region is even greater 

when the propagation angle is increased to 10°. This is a result of the partial blocking of 

light due to oblique illumination setting. The loss of light at larger illumination angles 

indicate a significant impact of illumination conditions at the mask plane that can lead to 

M3D effects such as image pattern shifts and CD non-unifromity [58]. A mask absorber 

with reduced thickness can help alleviate some of these effects. 

Figure 4.8 plots the reflected nearfield intensity of a dense 20P40 contact-holes 

pattern simulated using the low – n Rh5Ti absorber candidate at 42.5nm optimized absorber 

thickness from Table 4.2. The nearfield intensities are plotted at θ = 6º and 10º propagation 

angles. In comparison with the TaBN absorber from Figure 4.7, the reflected nearfield 

intensities observed for the Rh5Ti mask absorber candidate show a significant 

improvement. The intensity loss in the contact-hole region is substantially lower at both 

Figure 4.7: Reflected nearfield intensities for a 40nm pitch contact-holes pattern with a 20nm opening 

imaged using 61nm TaBN absorber at propagation angle θ (a) 6º and (b) 10º. 
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the propagation angles. As hypothesized, a reduction in absorber thickness reduces the 

impact of angular illumination at the mask. 

To investigate the influence of optical properties of the absorber candidate, Figure 

4.9 plots the simulated reflected nearfield intensity of the MoPt2 absorber candidate at 

41.5nm optimized absorber thickness from Table 4.2. Again, the reflected intensities are 

plotted at the 6º and 10º propagation angles. While the reflected intensity plots are 

normalized, it can be deduced that Rh5Ti and MoPt2 absorber candidates perform better in 

comparison to the TaBN absorber due to a larger standing wave effect. This is mainly due 

to the reflective materials used for the attPSM absorber candidates.  

Figure 4.9: Reflected nearfield intensities for a 40nm pitch contact-holes pattern with a 20nm opening 

imaged using 41.5nm MoPt2 absorber at propagation angle (a) 6º and (b) 10º. 

Figure 4.8: Reflected nearfield intensities for a 40nm pitch contact-holes pattern with a 20nm opening 

imaged using 42.5nm Rh5Ti absorber at propagation angle θ (a) 6º and (b) 10º. 
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It is therefore concluded that the absorber candidates with a higher extinction 

coefficient result in a low intensity imbalance in the absorber region but a higher intensity 

loss in the open regions. Therefore, the absorber canidates with low k may be preferred for 

dense patterns whereas a higher k attPSM absorber candidates may be preferred for isolated 

patterns. The nearfield images for all the other absorber candidates from Tables 4.1 and 4.2 

can be found in the appendix along with the python script used to generate them using the 

DrLitho software suite. 

Similarly, the simulated nearfield phase responses of the absorber candidates from 

Tables 4.1 and 4.2 are investigated at varying propagation angles. A phase response such 

as observed for an ideal Kirchhoff model is desired. This is shown in Figure 4.10 for an 

arbitrary absorber, designed to generate 180º phase shift. The phase instantaneously 

transitions by 180º at the absorber edges. 

Figure 4.11 plots the simulated phase shift response of the mask absorber 

candidates at optimized absorber thickness from Table 4.1. The phase shift responses are 

observed for a 13nm isolated absorber feature (13p100) at propagation angles (θ) = 6º and 

10º. The absorber candidates are expected to generate phase shifts at the listed optimized 

Figure 4.10: Ideal phase shift response of an attenuated phase shifting mask absorber designed to 

generate 180º phase shift. The blue region indicates absorber region. The phase shift is the reflective 

multilayer region is 0º. 
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absorber thickness in Table 4.1. For example, the MoPt2 absorber candidate at a thickness 

of 34.5nm is expected to generate 180º phase shift such as shown in Figure 4.10.  

In Figure 4.11, the phase jumps at the absorber edge of the absorber candidates at 

θ = 6º are quite large in comparison to the ideal phase responses. The phase jumps of 360º 

at θ = 10º are due to the limitation of the plotting range and do not impact the imaging 

performance of the absorber. However, the phase transition at the absorber edge and the 

shape of the phase response in the absorber region are of particular importance. The phase 

transitions at different locations for different absorber candidates. Additionally, the 

absorber candidates have a non-uniform phase response in the absorber region. These 

factors greatly depend on the angle of illumination. The phase deformation observed in the 

absorber region is mainly due to the non-ideal light interference at oblique illumination 

angles corresponding to intensity imbalances in the nearfield distribution plots. The more 

reflective low – n attPSM absorber candidates, specifically the Rh5Ti and the MoPt2 have 

large phase deformation in the absorber region at 6º propagation angle.  

The high – k mask absorber candidates, specifically the RuTe2 and the MoNi4 

generate a significantly large phase shift at the 6º propagation angle in comparison to the 

Figure 4.11: Nearfield phase response for a 13p100nm isolated feature of (a) MoPt2 (red), Rh5Ti 

(green), RuTe2 (dark blue) and MoNi4 (light blue) from Table 4.1 at propagation angles (θ) = 6º and 

10º. 
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theoretical expected phase shifts listed in Table 4.1. However, the phase response in the 

absorber region is uniform. This is consistent with the results of nearfield distribution 

intensity plots, where the high – k absorber candidates exhibit low intensity imbalance in 

the absorber region. 

The phase response results observed in Figure 4.11 impose a lower limit on the 

absorber thickness. The low – n candidates generate a non-ideal phase jump at the absorber 

edge and a non-uniform phase response in the absorber region. On the other hand, the high 

– k mask absorber candidates generate unexpectedly large phase shift due to increased 

absorber reflectivity at reduced absorber thickness. Furthermore, increasing the 

propagation angle may negatively impact the phase response of the mask absorbers. 

To investigate the impact of the absorber thickness, the simulated phase shift 

response of the identified absorber candidates with higher optimum absorber thickness 

from Table 4.2 are shown in Figure 4.12. The phase responses are shown at a propagation 

angle (θ) = 6º and 10º, respectively. Comparatively, the phase deviations at the absorber 

edge with higher absorber thickness are low, specifically at θ = 6º. Additionally, the impact 

of intensity imbalance in the absorber region is also significantly suppressed at larger 

absorber thickness. At propagation angle θ = 10°, all the absorber candidates except the 

Figure 4.12: Nearfield phase response for a 13p100nm isolated feature of (a) Rh5Ti (green), (b) MoPt2 

(red), (c) Rh3Ta (dark blue) and (d) MoPt (light blue) from Table 4.2 at propagation angles (θ) = 6º 

and 10º. 
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MoPt absorber produce a stable phase response with comparatively smaller phase jumps at 

the absorber edge. The intensity imbalance associated with a larger illumination angle is 

also minimal in this thickness range. Based on these results, it is concluded that the 

optimum thickness for alternative absorbers is in the range of 40-45nm. 

4.3 Mask Absorber Design Considerations 

The EUV mask absorber design is heavily influenced by the choice of absorber 

material. Optical design requirements of the attPSM absorbers and the index-matched 

absorbers are first considered. An equally important consideration of absorber patterning 

capability is presented later. 

4.3.1 Attenuated Phase Shifting Mask 

To understand the attPSM absorber requirements, absorber candidates from the Rh-

Ti and the Mo-Pt material systems, highlighted by the dotted red lines in Figure 4.1, are 

used. The EMA models from the Rh-Ti system are presented in Figure 3.6 and the modeled 

refractive indices are listed in Table 3.5. The EMA models and the corresponding optical 

constants for the Mo-Pt system are provided in Figure 3.7 and Table 3.6, respectively. The 

two low – n absorber candidates, specifically 21.5%Ti and 65%Pt are chosen for analysis. 

The 21.5%Ti has a complex refractive index (n – ik) = 0.8914 – i0.0276 whereas, the 65%Pt 

composite has a complex refractive index (n – ik) = 0.9023 – i0.0413. 

The attenuated phase shifting mask design is identified by determining the optimum 

mask absorber reflectivity. The optimum absorber reflectivity is in turn determined through 

the co-optimization of the relative absorber reflectivity and lithography metrics. The NILS 

is used as a representation of the aerial image contrast. The MEEF is also utilized as a 

critical lithography metric when designing mask absorbers. The relative absorber 
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reflectivity is calculated using the TFCalc software by modulating the absorber thickness 

and then normalizing it to the multilayer reflectivity [125]. A multilayer mirror consisting 

of 40 bilayer pairs of Mo/Si (3nm/4nm) capped with a 2nm Ruthenium capping layer is 

utilized for reflectivity calculations. It is worth noting that the reflectivity values can be 

further optimized by regulating the Mo/Si bilayer periodicity within the multilayer mirror.  

4.3.1.1 Line/Space Patterns 

Figure 4.13 shows a schematic of the absorber optimization scheme used for 1D 

line/space patterns. Optimized dipole sources calculated using Eq. (4.1) and Eq. (4.2) are 

used to illuminate the L/S patterns. A 26nm pitch (P26), P28 and P30 at 1:1 DR are used 

as test cases. Table 4.3 lists the optimized σc and σr values for respective pitches. 

 

Table 4.3: σc and σr of optimized dipole sources used for 1D line/space patterns. 

 

 

 

Pattern pitch σc σr 

26nm 0.786 0.31 

28nm  0.730 0.31 

30nm 0.681 0.31 

Figure 4.13: Schematic of absorber optimization scheme for 1D line/space pattern. Dipole sources 

optimized for σc and σr are used. The mask plane is illuminated at a chief ray angle = 6º 
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In Figure 4.14, the aerial image NILS is plotted against the absorber thickness and 

the relative absorber reflectivity for the 21.5%Ti absorber candidate. The NILS is plotted 

at all three pitch values in the 25-55nm absorber thickness range. As observed, the absorber 

reflectivity increases with a reduction in the absorber thickness. Furthermore, the thickness 

modulation induced interference effects produces a swing in the absorber reflectivity. This 

reflectivity swing is in turn translated onto the swing of lithography metrics which is also 

seen in Figure 4.2. In the desired absorber thickness range (~ 35-50nm), the NILS peaks at 

all pitches are in phase with the absorber reflectivity peaks. Therefore, a relatively high 

absorber reflectivity in this thickness range may yield high aerial image contrast. 

Similarly, Figure 4.15 plots the mask error enhancement factor (MEEF) against the 

absorber thickness and the relative absorber reflectivity for the 21.5%Ti absorber candidate 

for the same pitch values. In the absorber thickness range of interest, the MEEF swing at 

all pitches are out of phase with the relative absorber reflectivity and it decreases with an 

increase in the absorber reflectivity. Therefore, choosing an absorber thickness 

corresponding to a reflectivity peak will result in high aerial image NILS and low MEEF 

for 21.5%Ti low – n absorber candidate. For example, an absorber thickness of 40nm in 

Figure 4.14: Simulated NILS vs absorber thickness and relative reflectivity of the 21.5%Ti, low – n 

absorber candidate from the Rh-Ti material system for P26, P28 and P30 L/S pattern at 1:1 DR. 
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the case of 21.5%Ti composite will result in a high NILS and a low MEEF at approximately 

16% relative absorber reflectivity and at 233º phase shift. 

The co-optimization approach using the NILS and the MEEF is adopted for the 

65%Pt composite from the Mo-Pt material system. The 65%Pt composite has a higher n 

and k in comparison to the 21.5%Ti composite. Figure 4.16 shows the NILS through 

absorber thickness and the relative absorber reflectivity at the three pitch values for the 

65%Pt absorber candidate. The relative absorber reflectivity is comparatively lower than 

the 21.5%Ti candidate due to the higher extinction coefficient of the 65%Pt composite.  

Figure 4.16: Simulated NILS vs absorber thickness and relative reflectivity of the 65%Pt, low – n 

absorber candidate from the Mo-Pt material system for P26, P28 and P30 L/S pattern at 1:1 DR. 

Figure 4.15: Simulated MEEF vs absorber thickness and relative reflectivity of the 21.5%Ti, low – n 

absorber candidate from the Rh-Ti material system for P26, P28 and P30 L/S pattern at 1:1 DR. 
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From Figure 4.16, it is observed that the NILS is in phase with the relative absorber 

reflectivity at all pitches in the desired thickness range. In comparison to the 21.5%Ti, the 

NILS peaks are shifted with respect to reflectivity. The shift in NILS is correlated to the 

refractive index of the absorber candidate and therefore, it is influenced by the phase shift. 

In the case of 65%Pt candidate, an absorber thickness corresponding to a reflectivity peak 

will result in a high aerial image NILS.  

Figure 4.17 shows the MEEF vs absorber thickness and the relative absorber 

reflectivity at the three pitch values for the 65%Pt composite. Similar to the 21.5%Ti 

composite, the MEEF and the absorber reflectivity are fortuitously out of phase with each 

other. Therefore, an absorber thickness corresponding to a reflectivity peak will result in a 

high NILS and a low MEEF value for the line/spaces patterned using the 65%Pt composite. 

For example, a 40nm 65%Pt composite generates optimum NILS and MEEF at 

approximately 6% relative absorber reflectivity and a 210º phase shift. It should be noted 

that the MEEF can be further reduced by optimizing the illumination source shape and the 

mask stack. This study employs a 35nm generic EUV resist on a generic EUV hard mask. 

Nonetheless, a similar MEEF behavior may be expected for an optimized mask stack. 

Figure 4.17: Simulated MEEF vs absorber thickness and relative reflectivity of the 65%Pt, low – n 

absorber candidate from the Mo-Pt material system for P26, P28 and P30 L/S pattern at 1:1 DR. 
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Patterning line/spaces with low – n absorber candidates result in a NILS response 

that is in phase with the absorber reflectivity and a MEEF response that is out of phase with 

the absorber reflectivity. Therefore, an appropriate absorber thickness corresponding to an 

absorber reflectivity peak may be selected. In the examples listed above, the corresponding 

phase shifts for both composites are higher than 180º as discussed earlier. 

4.3.1.2 Contact-Holes Pattern 

The optimization scheme for the contact-holes pattern is presented in Figure 4.18. 

Quadrupole sources optimized for σc and σr are used to illuminate the contact-holes at P36 

and P40. In the case of contact-holes, σc and σr are calculated using Eqs. (4.3) and (4.2), 

respectively and are tabulated in Table 4.4. 

𝜎𝑐 =
𝜆

√2𝑝𝑁𝐴𝑜

                                                        (4.3) 

Table 4.4: σc and σr of optimized dipole sources used for the contact-holes patterns. 

 

 

Pattern pitch σc σr 

36nm 0.803 0.31 

40nm 0.723 0.31 

Figure 4.18: Schematic of absorber optimization scheme for a contact-hole pattern. Quadrupole 

sources optimized for σc and σr are used. The mask plane is illuminated at a chief ray angle = 6º 
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Figure 4.19 and Figure 4.20 show the simulated aerial image NILS and MEEF vs 

the mask absorber thickness and the relative absorber reflectivity for contact-holes patterns 

(P36 and P40) simulated using the 21.5%Ti absorber candidate, respectively.  

Similar to the line/space patterns, the NILS and the absorber reflectivity are in 

phase with each other in the desired absorber thickness range. Therefore, an absorber 

thickness corresponding to a reflectivity peak will result in a high aerial image NILS. 

Additionally, in the desired thickness range, the NILS trend increases with the reflectivity. 

Therefore, a high reflectivity is desired for an optimum aerial image NILS. 

 

Figure 4.19: Simulated NILS vs absorber thickness and relative reflectivity of the 21.5%Ti, low – n 

absorber candidate from the Rh-Ti material system for P36 and P40 CH pattern at 1:1 DR. 

Figure 4.20: Simulated MEEF vs absorber thickness and relative reflectivity of the 21.5%Ti, low – n 

absorber candidate from the Rh-Ti material system for P36 and P40 CH pattern at 1:1 DR. 
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The MEEF in case of contact-holes is in phase with the relative absorber 

reflectivity. Additionally, the MEEF decreases with an increase in reflectivity. Therefore, 

high absorber reflectivity (at low absorber thickness) may be desired for a low MEEF in 

case of contact-holes. 

Absorber design co-optimization for contact-holes pattern is also investigated for 

the 65%Pt composite. The NILS/MEEF vs absorber thickness and the relative reflectivity 

generated through the 65%Pt composite are shown in Figure 4.21 and 4.22, respectively.  

The aerial image NILS and MEEF behavior for the 65%Pt composite is consistent 

with the 21.5%Ti candidate. The NILS and the MEEF both are in phase with the absorber 

Figure 4.21: Simulated NILS vs absorber thickness and relative reflectivity of the 65%Ti, low – n 

absorber candidate from the Mo-Pt material system for P36 and P40 CH pattern at 1:1 DR. 

Figure 4.22: Simulated MEEF vs absorber thickness and relative reflectivity of the 65%Pt, low – n 

absorber candidate from the Mo-Pt material system for P36 and P40 CH pattern at 1:1 DR. 
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reflectivity for dense contact-holes pattern at P36 and P40 in the desired low absorber 

thickness. Therefore, in the case of contact-holes, an absorber thickness that results in an 

absorber reflectivity peak may be chosen for high aerial image NILS, if the corresponding 

MEEF is within the defined tolerance value. As in the case with line/space pattern, the 

MEEF can be reduced by optimizing the source shape and mask stack. Therefore, an 

appropriate absorber thickness that results in the desired imaging performance can be 

identified using the optimum absorber reflectivity. For both line/space and contact-holes 

patterns, a relatively high absorber reflectivity results in high NILS and low MEEF values.  

4.3.1.3 False Contacts 

Although a high absorber reflectance is desired for an optimum NILS and MEEF 

performance, caution must be exercised in determining the appropriate absorber reflectivity 

to avoid printing false contacts that may lead to stochastic failures [126].  

Figure 4.23: Contact-holes imaged on a 35nm generic EUV resist using Prolith Simulator. The 

measurements are observed diagonally as indicated by the red arrow. False contacts appear between 

the corners of the contacts as depicted by yellow circles. 
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The effect of false contact holes is demonstrated in Figure 4.23 by plotting the 

image in the resist as the absorber reflectivity is increased from 5% to 30%. The 20P40 

dense contact-hole pattern is simulated by a quadrupole source using the 21.5%Ti absorber 

candidate. False contacts at diagonal locations (red cutline) begin to appear in the resist for 

the relative reflectivity values of 20% and above, as indicated by yellow spots. As the 

absorber reflectivity increases, the intensity of the false contacts (FC) increases and, the 

relative aerial image (AI) intensity associated with the clear areas of the contact -holes 

decreases. This can be characterized by using the false contact ratio (FCR) given in Eq. 

(4.4). 

𝐹𝐶𝑅 =  
𝐴𝐼 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐹𝐶 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
                                                              (4.4) 

Figure 4.24 plots the FCR vs absorber thickness and the relative absorber 

reflectivity for the 21.5%Ti absorber candidate. The FC ratio should be as large as possible 

to reduce the probability of stochastic failures. Therefore, a trade-off exists between the 

imaging performance and the FCR ratio. For the low – n absorber candidates, absorber 

thickness corresponding to reflectivity peaks is desired for optimum imaging performance.  

Figure 4.24: False contact intensity characterization using the FCR ratio. A larger FCR ratio is desired 

to reduce the probability of stochastic failures. 
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In the example presented in Figure 4.24, three reflectivity peaks are observed. 

Choosing an absorber thickness near the reflectivity peak as indicated by the green arrow 

shows a high FCR in comparison to the other two reflectivity peaks. In the case of 

line/space patterns, sidelobes begin to appear at high absorber reflectivity. From examples 

above, an optimum absorber reflectivity for EUV lithography is in the range of 

approximately 10 – 20%. This is also consistent with reflectivity values in Tables 4.1 and 

4.2. This range is higher than the conventional optical lithography where the attenuated 

phase shifting masks have approximately 6% transmission. The choice of optimum 

absorber reflectivity will dictate the mask absorber thickness and the resulting phase shift. 

4.3.1.4 Optimum Phase Shift 

The co-optimization of the absorber reflectivity with aerial image NILS and MEEF 

presented in sections 4.3.1.1 and 4.3.1.2 is applied to the line/space and contact-holes 

patterns using all the modeled absorber candidates from the Rh-Ti and the Mo-Pt material 

systems listed in Tables 3.5 & 3.6. Optimized dipole and quadrupole illumination sources 

are used to simulate the line/space and the contact-hole patterns, respectively. An absorber 

thickness resulting in a high NILS and a low MEEF at the evaluated pitches (P26, P28, P30 

for the line/space patterns and P36, P40 for the contact-hole patterns) is selected from the 

low thickness range of 30-45nm for all absorber candidates. The resulting phase shifts are 

plotted against the refractive index (n) of the absorber candidate in Figure 4.25. 

From Figure 4.25, it can be observed that the phase shift values are higher than 180º 

(π) for most absorber candidates. It is also observed that the phase shift at the optimum 

absorber thickness decreases with an increase in the refractive index of the absorber 

material. This leads us to the conclusion that modulating n changes the correlation between 
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the lithography metrics and the absorber reflectivity and hence, influences the phase shift. 

The phase shift at the optimized absorber thickness for contact-holes is higher than for 

line/space pattern. This can be attributed to the change in the diffraction angle at the mask 

for different patterns. Therefore, the absorber material as well as the mask pattern 

influences the phase shifting requirement for the EUV attenuated phase shifting mask. 

 The phase shift at optimum absorber thickness of line/space patterns simulated at 

0.33NA (P26, P28 and P30) are also compared to the line/space patterns simulated with 

0.55 high-NA anamorphic EUV (P14, P16 and P18). The σc and σr values of the dipole 

sources for a 0.55NA system at the corresponding pitches are listed in Table 4.5 and the 

results are shown in Figure 4.26.  

Table 4.5: σc and σr of optimized dipole sources used for 1D line/space patterns at 0.55NA anamorphic 

EUV. 

 

 

Pattern pitch σc σr 

14nm 0.876 0.19 

16nm  0.767 0.19 

18nm 0.681 0.19 

Figure 4.25: Optimum phase shift in 30-45nm absorber thickness range vs absorber refractive index 

of the absorber candidates from the Rh-Ti and the Mo-Pt material systems. Optimum phase shift for 

P26, P28 and P30 for line/space pattern is compared with P36 and P40 contact-hole pattern at 0.33NA. 
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In Figure 4.26, apart from the refractive index dependence of the phase shift, it is 

also observed that the phase shift at optimized absorber thickness for the 0.55NA 

anamorphic EUV system is higher than at 0.33NA conventional EUV system. This effect 

is also attributed to the change in the diffraction angle at the mask due to the change in the 

numerical aperture of the objective lens. 

From Figures 4.25 and 4.26, it can be concluded that the optimum phase shift for 

the attenuated phase shifting mask in EUV lithography is case specific and must be 

evaluated. The phase shifting requirement will depend on multiple factors including the 

absorber material, mask pattern, NA and the absorber reflectivity. For the low – n absorber 

candidates, the optimum phase shift is in the range of 1.2π (220º) which is consistent with 

the literature. With the choice of a low – n high reflective mask absorber, special attention 

must be given to the absorber reflectivity to avoid printing false contacts/sidelobes and 

reduce the probability of stochastic failures.  

The low – n mask absorbers provide high aerial image contrast at low absorber 

thickness, reducing the impact M3D effects. However, the low – n mask absorbers suffer 

Figure 4.26: Optimum phase shift in 30-45nm absorber thickness range vs absorber refractive index 

of the absorber candidates from the Rh-Ti and the Mo-Pt material systems. Optimum phase shift for 

P26, P28 and P30 at 0.33NA is compared with P14, P16 and P18 at 0.55NA. 
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from a high pattern induced best-focus variations [127]. Essentially, the best-focus values 

largely differ for isolated features in comparison to semi-dense and dense mask patterns  

[128], [129], [121], [130], [131]. Applying a mask bias may not be able to correct the large 

best-focus shifts at smaller pitches. SRAF insertion may need to be considered for high 

pattern fidelity and thus increasing the mask complexity. 

4.3.2 Index Matched Absorbers 

Index matched absorbers with a high k reduce the large best-focus shifts observed 

in case of low – n attenuated phase shifting mask absorbers [132]. They also reduce contrast 

fading observed in a multipole imaging setting. Contrast fading is shown in Figure 4.27 for 

a dipole illumination. In this example, the aerial image formed through the yellow pole 

does not overlap the aerial image resulting from the red pole. The resulting aerial image 

formed through the contributions of both poles has lower overall aerial image contrast. 

On the other hand, index matched materials have a relatively low extinction 

coefficient resulting in lower light absorption at reduced absorber thickness. The index 

matched absorbers therefore have an inherently low aerial image contrast. For that purpose, 

Figure 4.27: Contrast fading observed in the case of dipole illumination. Aerial image from individual 

poles do not overlap. Index matched absorbers reduce contrast fading. 
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two material systems specifically, the Al-Ni and the Al-Te have been identified. The 

material systems are highlighted by the dashed green lines in Figure 4.1. Aluminum has a 

refractive index n greater than 1 at 13.5nm wavelength, whereas Ni and Te have high 

extinction coefficients. Luong et.al. has provided a detailed discussion on the absorber 

composites from the Al-Ni material system. However, material composites from the Al-Te 

material system may be better absorber candidates, first because Te has higher n & k at 

13.5nm wavelength, and second Te has shown better volatility in dry etching through RIE. 

The patterning capabilities for absorber candidates are discussed in detail later. 

The Wiener bounds and the two EMA models from the Al-Te material system are 

highlighted in Figure 4.28. Composites with a higher extinction coefficient are presented. 

The EMA modeled optical constants are listed in Table 4.6. The imaging performance of 

the two candidates may be comparable due to the proximity of the optical constants.  

Table 4.6: Effective dielectric constants and refractive indices EMA modeled of Al-Te composites. 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

67%Te 0.9621 0.1180 0.9827 0.0600 

74%Te 0.9576 0.1239 0.9806 0.0632 

Figure 4.28: The EMA model of absorber candidates from the Al-Te material system. Two material 

candidates at 67% and 74% Te by volume are identified. 
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4.3.2.1 Absorber Design 

In the case of index matched absorbers, the 74%Te composite (higher extinction 

co-efficient) is selected for thickness optimization due to higher absorption. For 

consistency with the attenuated phase shifting mask design, a similar approach for the 

index matched absorbers has been adopted. The NILS and MEEF co-optimization of the 

74%Te absorber candidate for 1:1 DR line/space pattern at P26 is shown in Figure 4.29. 

The NILS response of this candidate is higher than 2 throughout the observed thickness 

range (30 – 55nm) except for the first valley near 34nm absorber thickness. The high 

extinction co-efficient of the candidate absorber enables high aerial image contrast at lower 

absorber thickness. It is also observed that the NILS and the MEEF are out of phase with 

respect to one another. Therefore, an appropriate choice of absorber thickness can yield the 

desired imaging performance. The 74%Te absorber composite has two absorber 

thicknesses at 38nm and 45nm corresponding to the respective NILS peaks and MEEF 

valleys in the low absorber thickness range. 

Figure 4.30 shows the nearfield intensity responses of the 74%Te candidate at 45nm 

absorber thickness plotted at 6º and 10º propagation angles for a 20P40 dense contact hole 

Figure 4.29: Simulated NILS and MEEF co-optimization of the 74%Te absorber for P26 with 1:1 DR. 

Two thicknesses at 38nm and 45nm can be identified. 



108 

 

pattern. As the 74%Te absorber candidate has a higher extinction coefficient compared to 

the Ta-based and the low – n absorber, the reflected intensity is lower. However, the 

relative intensity loss in the open region is lower than the intensity loss in the case of the 

Ta-based absorber. This is clearly evident at the larger propagation angle. The reflected 

nearfield intensity plots for a 61nm TaBN absorber and a 42.5nm low – n Rh5Ti absorber 

are provided in Figures 4.7 and 4.8, respectively. Therefore, the index matched absorbers 

may have a reduced impact of the illumination and layout conditions on the ML reflectivity. 

The low – n absorber has the best performance at both angles. The amount of light loss 

observed for the index matched absorber candidate is higher in comparison. However, the 

light loss in case of n ≈ 1 absorber can be reduced by using a thinner absorber. 

4.4 Absorber Patterning 

EUV mask manufacturing is primarily a two-step process. First is the multilayer 

mask blank deposition which is then followed by patterning the mask absorber. Mask 

absorber patterning is a key process that determines the ever-stringent mask design 

requirements such as CD bias uniformity, line width roughness (LWR), sidewall angles 

and low surface roughness.  

Figure 4.30: Reflected nearfield intensities for a 40nm pitch contact-holes pattern with a 20nm opening 

imaged using the 74%Te absorber candidate at propagation angle θ (a) 6º and (b) 10º. 
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4.4.1 Existing Technology 

The current state-of-the-art EUV mask uses a Ta-based absorber stack. The 

absorber stack on top of the Ru capping layer consists of a lower Ta-based absorber and an 

upper Ta-based anti-reflection coating. For patterning, the absorber stack is coated with a 

chemically amplified e-beam resist. The photoresist is exposed using an e-beam mask 

writer, typically in the range of 50 KV. Following resist development, the underlying 

absorber layer is then etched via a plasma-based etch process. Reactive Ion Etching (RIE) 

is usually used with CF4 and/or Cl2 gas based chemical assistance [133]–[135]. The 

residual photoresist is then stripped through wet etching techniques. The Ru capping layer 

that prevents oxidation of the underlying multilayer mirror also functions as a hard-mask 

(HM) with high etch selectivity to the Ta-based absorber. A TaN:Ru etch selectivity of 

100:1 has been previously reported [136]. High etch selectivity between the absorber stack 

and the multilayer mirror can enable the desired large process windows for over-etching.  

Introducing novel absorber stacks therefore needs consideration of the patterning 

processes to meet the standard requirements. We investigate two main patterning 

approaches that can be implemented for novel EUV mask absorbers, specifically the 

subtractive and the additive pattering techniques. 

4.4.2 Subtractive Patterning 

The existing mask patterning technology for a Ta-based mask absorber described 

above is a subtractive patterning technique. A typical process flow for the subtractive 

patterning technique is shown in Figure 4.31. In the case of alternative absorber candidates, 

the absorber material is typically a metal or a metal composite. The metal absorber is etched 

using a plasma-based etching technique such as inductively coupled plasma reactive ion-
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etch (ICP-RIE). RIE is a physical etching technique with chemical assistance. In RIE, the 

chemical gas forms a volatile compound with the metal, making it a highly selective 

etching process while the physical aspect of the etching technique enables anisotropic 

profiles. 

Most of the metals discussed in this study are implemented in the semiconductor 

manufacturing processes with known etching chemistries. Molybdenum can be etched 

using the ICP-RIE approach through Cl2, CF4 and SF6 halogen plasmas. The dry etching 

of Mo in a Cl2 plasma is shown to be driven by the chemical assistance of Cl atoms in the 

plasma. In the case of CF4 and SF6 based plasmas, enhanced etch rates are observed with 

the addition of O2 [137]. Similarly, metals such as Al and Ti are also extensively used in 

semiconductor manufacturing. Dry etching techniques with chemical assistance for such 

metals are exhaustively studied [138]–[141]. 

Ruthenium is used as the capping layer in the EUV mask stack and is a strong low 

– n attPSM absorber candidate. Dry etching of Ru using the ICP-RIE approach has been 

extensively investigated. Through the combination of Cl2 and O2 plasmas, an anisotropic 

profile with 90º sidewall angles for Ru lines can be achieved. At optimized etching 

Figure 4.31: Subtractive patterning process. The numbers indicate the process flow sequence. Red 

layer is the photoresist, orange layer is the hard mask, dark gray is the material to be etched and light 

grey is the substrate. 
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conditions, a high etch selectivity with SiO2 hard mask has been demonstrated. The 

chemical etching of Ru is achieved by the formation of RuO4 volatile compound in the O2 

plasma [142]. 

Chemical etching of Te and Te-based compounds as absorber candidates have 

shown promising results. Chemical etching (without a carrier gas) of Te, PtTe and TaTe2 

candidates in a halogen-based plasma resulted in isotropic etch profiles. Adding a carrier 

gas for dry physical etching can enable anisotropic etch profiles with high sidewall angles 

[143]. 

Etching metal composites through selective etching techniques with known 

chemistry is challenging for non-reactive elements such as Ni, Pt and Rh [143]–[145]. 

Previous attempts to etch Ni without a hard mask resulted in re-sputtering of Ni particles 

on the resist sidewalls leading to resist fencing [146]. Addition of a hard mask between the 

photoresist eliminated resist fences however, the physical etching process is not selective 

with the Ru capping layer. 

A novel patterning approach to selectively etch Ni absorber thin films using cyclic 

RIE process followed by a cyclic atomic layer etch (ALE) has been recently identified 

[147], [148]. A 40nm Ni thin film is etched through an RIE process using chlorine plasma. 

This is followed by exposure to a hydrogen-based plasma. Introducing hydrogen atoms 

enhances the removal of metal chlorides such as NiClx in this case. This cyclic RIE process 

is repeated until the desired isotropic absorber profile is achieved. Following the RIE 

processes, the samples are subjected to oxidation and thermal ALE by gas phase formic 

acid. The oxidation step oxidizes the Ni and Ni compounds on the sidewall of the absorber. 

The etch selectivity of NiO to Ni in thermal ALE is approximately 100. Therefore, the 
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subsequent ALE process is self-limiting. Through cyclic oxidation – ALE exposures, an 

anisotropic absorber profiles are observed. 

Similar approaches may be identified to selectively etch other non-reactive metals 

such as Pt and Rh. Enhanced dry chemical etching in combination with a physical RIE 

process can be implemented to obtain desired pattern profiles. A study showed dry 

chemical etch of Pt using CO with Cl2 gases [149]. Chlorination of the Pt thin film is 

followed by carbonation to form a volatile PtCl2(CO)2 compound. Sequential Cl2 and CO 

exposures may be used to selectively remove the Pt for EUV absorber patterning. 

4.4.3 Additive Patterning 

Another approach to patterning a mask absorber is by using an additive patterning 

technique. Additive patterning eliminates the issues with more conventional subtractive 

patterning techniques such as resist fencing and etch-stop detection. Figure 4.32 shows the 

process flow for additive patterning. 

Additive patterning techniques implement area selective deposition (ASD) [150]–

[153]. The sacrificial hard mask, which can be any dielectric material such as SiO2, is 

Figure 4.32: Additive patterning process. The numbers indicate the process flow sequence. Red layer 

is the photoresist, orange layer is the hard mask, blue is the material to be deposited, dark gray is the 

underlayer and light grey is the substrate. 
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deposited on a thin seed layer of the desired material [154]. The sacrificial mask layer is 

then patterned using a lithography process. The image transferred on the sacrificial hard 

mask is the negative of the mask pattern. ASD is then utilized to selectively fill the trenches 

in the hard mask layer. Finally, a dry etch processing step removes the seed layer from the 

surface. 

ASD is referred to as any physical or chemical deposition technique that enables 

controlled deposition of a desired material. ASD encompasses advanced deposition 

techniques such as atomic layer deposition (ALD) and molecular layer deposition (MLD). 

ASD allows film formation in one region of the surface while avoiding film deposition in 

the adjacent areas. Multiple approaches have been proposed for ASD techniques. Figure 

4.30 shows the metal on dielectric approach. Some other methods include metal on metal, 

dielectric on metal and dielectric on dielectric [155]. For EUV mask absorbers, metal on 

metal and metal on dielectric approaches have been adopted. A Co layer for a 200 nm pitch 

line/space pattern has been selectively deposited using the electroless deposition technique 

on a thin Ru layer using an SiO2 film as the sacrificial layer [143].  

The sidewall profile of the absorber depends on the profile of the sacrificial 

dielectric. Etching of the dielectric is therefore a critical process to achieve desired feature 

dimensions. Additionally, the removal of the dielectric layer after an ASD must also be 

optimized. Unetched dielectric materials on the sidewalls of the absorber material may lead 

to undesirable CD non-uniformity. Another major challenge for additive patterning 

techniques includes thickness uniformity. Uniform thickness is essential for attPSM 

absorber candidates for optimum phase and reflectivity. Additional optimization and 

testing of the ASD process for absorber candidates is required. 
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4.4.3.1 Lift-off Process 

Lift-off is a well-known additive micropatterning technique [156]–[160]. In a 

typical lift-off process, the material is deposited after the pattern is transferred on to the 

sacrificial mask layer. Figure 4.33 shows a sketch of the lift-off process. The sacrificial 

hard mask in this case may not be necessary. The photoresist can act as a hard mask. 

A major challenge in the lift-off patterning process is the thickness uniformity of 

the patterned features. In case of isotropic deposition, the material may adhere to the 

sidewall of the sacrificial mask layer leading to a tapered profile of the features, as shown 

in Figure 4.34. To achieve planar structures, a planarization process is necessary. 

Techniques such as etch-back and chemical-mechanical polishing are widely used in 

conjunction with the lift-off process.  

One approach to achieve planar structures is by using an isotropic sacrificial layer 

profile as shown in Figure 4.35. In this case, the deposition material does not encounter the 

Figure 4.33: Lift-off patterning process. The numbers indicate the process flow sequence. Red layer is 

the photoresist, orange layer is the hard mask, blue is the material to be deposited, dark gray is the 

underlayer and light grey is the substrate. 
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sidewalls of the sacrificial layer. However, controlling the width of the structures is 

challenging [161]. 

Through novel patterning approaches such as ALE in subtractive patterning and 

ASD in the case of additive patterning, alternative mask absorbers for EUVL can be 

realized. Implementing these processes for high volume manufacturing of EUVL masks 

still needs further technology maturation to obtain uniform, anisotropic absorber pattern 

with low mask defect density and linewidth roughness. 

 

  

Figure 4.35: Lift-off patterning process with isotropic hard mask profile. Orange layer is the hard 

mask, blue is the material to be deposited, dark gray is the underlayer and light grey is the substra te. 

Figure 4.34: Lift-off patterning process with tapered profile structures. Orange layer is the hard mask, 

blue is the material to be deposited, dark gray is the underlayer and light grey is the substra te. 
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5 Conclusions 
 

Many studies have shown the potential benefits of employing alternative mask 

absorbers for EUV lithography. Through alternative mask technologies, a thinner mask 

absorber can reduce some of the inherent EUV M3D effects and improve the overall 

performance of the imaging system. Additionally, implementing novel mask absorber 

technologies can extend 0.33NA EUVL to next generation semiconductor technological 

nodes before the adaptation of 0.55 high-NA anamorphic EUV lithography systems for 

high volume manufacturing. Alternative mask absorbers can then be implemented in the 

high-NA EUV mask by adjusting the absorber design such as thickness, phase shift and 

reflectivity.  

This report investigates alternative mask absorbers for EUV lithography by first 

identifying the absorber material systems and candidates through dielectric constant 

modeling and the effective media approximation model. Dielectric constant modeling 

identifies the range of effective dielectric constants for all compositions of homogeneous 

elemental materials in the dielectric constant domain. The EMA model is then used to 

identify the exact value of the effective dielectric constant of the heterogeneous composite 

for a given volume composition of its constituents. The EMA model employed accounts 

for the material depolarization effects of the surrounding media on the modeled sample 

using a material depolarization factor. The modeled effective dielectric constant is then 

translated to the effective refractive index of the absorber composite. 

Six binary refractory metal systems, specifically, Rh-Ti, Rh-Ta, Mo-Pt, Pt-Ti, Mo-

Ni and Ru-Te have been identified. The material systems are selected such that the absorber 
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candidates resulting from these systems have a wide range of effective dielectric constants 

(and refractive indices). Of the six material systems, nine absorber candidates are modeled 

as alloys using the EMA model. The volume fractions of the EMA modeled composites 

are calculated using the respective weight and atomic fractions of the alloy from the 

thermodynamic phase diagrams. Table 5.1 lists the nine EMA modeled absorber candidates 

with the corresponding complex dielectric constants and refractive indices. Among these, 

materials with high extinction coefficient such as RuTe2 and MoNi4 are the high – k 

absorber candidates. On the other hand, materials with low refractive index and low 

extinction coefficient, such as Rh5Ti and Rh3Ta are the high reflectivity attenuated phase 

shifting absorbers.  

Table 5.1: EMA modeled absorber candidates and corresponding complex dielectric constants and 

refractive indices. 

Absorbers candidates from Table 5.1 are characterized by using the simulations of 

aerial image contrast and nearfield imaging. Through aerial image simulations, two low 

absorber thickness zones of high aerial image NILS, specifically 32-37nm and 39-44nm, 

are identified. High – k absorber candidates generate high aerial image NILS in the 

Material 

Composition 

Dielectric constant Refractive index 

εr εk n k 

RuTe2 0.9152 0.1252 0.9588 0.0653 

MoNi 0.8708 0.0612 0.9337 0.0328 

MoNi4 0.8836 0.1017 0.9415 0.0540 

PtTi 0.8505 0.0666 0.9229 0.0361 

PtTi3 0.8824 0.0442 0.9396 0.0235 

Rh3Ta 0.8057 0.0575 0.8982 0.0320 

MoPt 0.8240 0.0577 0.9083 0.0317 

MoPt2 0.8128 0.0741 0.9025 0.0410 

Rh5Ti 0.7938 0.0492 0.8914 0.0276 
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relatively lower absorber thickness range whereas low – n absorber candidates generate 

high aerial image NILS in both absorber thickness regions. 

Nearfield simulations on the best performing absorbers from both thickness regions 

show a trade-off between shadowing and intensity imbalance in the absorber. Low absorber 

thickness results in lower shadowing but at a cost of high intensity imbalance. A similar 

trade-off is observed based on the extinction coefficient of the mask absorber. Higher 

extinction coefficient of the absorber candidate results in a low intensity imbalance in the 

absorber region at the cost of additional shadowing. It is also found that a low extinction 

coefficient of the mask absorber leads to low intensity loss in the open regions (reflective 

multilayer region) of the mask. Therefore, in the case of dark field masks, absorber 

candidates with higher extinction coefficients may be preferred for isolated patterns 

whereas for dense patterns, an absorber candidate with low extinction coefficient may be 

more suitable.  

Nearfield phase response investigations showed large phase deviations at the 

absorber edge in the low absorber thickness range at 6º propagation angle. Additionally, 

the low – n absorber candidates produce a non-uniform phase response due to intensity 

imbalance in the absorber region. In contrast, high – k mask absorbers had uniform phase 

in the absorber region but resulted in unexpectedly large phase shifts due to high 

reflectivity at low absorber thickness. Increasing the propagation angle to 10º negatively 

impacts the phase responses of all absorber candidates. In the larger thickness region, all 

absorber candidates generate a comparatively stable phase response at 6º and 10º 

propagation angles. The phase deformation in the absorber region corresponding to the 

intensity imbalance is also suppressed in the larger thickness region. From the results of 
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nearfield intensity and phase, it is concluded that the optimum absorber thickness is in the 

range of 40 – 45nm.  

The EMA model is validated through multilayer thin film deposition and 

ellipsometry in the UV-VIS-NearIR spectrum. The optical constants of the multilayer 

composites are modeled at inspection 800nm wavelength using the EMA and compared to 

the measured optical constants of the deposited multilayer stacks. Therefore, the individual 

thin films thickness does not exceed 80nm (1/10th × wavelength) to satisfy the EMA model 

requirement. Multilayer composites from Mo-Ni, Mo-W and Al(1%Si)-Ni material 

systems are deposited using PVD-sputtering techniques. Total multilayer thicknesses are 

verified using a KLA Tencor’s P2 profilometer and the optical constants are measured 

using a J.A. Woollam Variable Angle Spectroscopic Ellipsometer (VASE).  

Three multilayer composites from the Mo-Ni material systems are deposited using 

the PVD-75B RF magnetron sputtering system at the RIT Nano Power Research Labs 

(NPRL). The multilayer composites have 20%, 50% and 90% Ni by volume. The 

verification results show excellent agreement between the EMA modeled and measured 

optical constants for 20%Ni and 50%Ni composites. The measured n and k of the 90%Ni 

composite does not match the corresponding EMA modeled values due to high surface 

roughness of the sample resulting from deposition chamber impurities and change in 

deposition conditions. 

The multilayer composites from the Mo-W and Al(1%Si)-Ni material systems are 

deposited using the CVC-601 DC sputter system at the RIT Nanolabs. For the Mo-W 

material system, two material composites with 45% and 70% W by volume are deposited 

for EMA model validation. Similarly, 45% and 75% Ni by volume are deposited from the 
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Al(1%Si)-Ni material system. The verification results showed good agreement between the 

EMA modeled and measured values for all multilayer samples except the 45%Ni 

composite from the Al(1%Si)-Ni material system. This is attributed to the cracking of Ni 

sputter target at the racetrack during the deposition run. Table 5.2 provides a summary of 

verification results for all the multilayer composites in this study. 

Table 5.2: EMA Model verification results from Mo-Ni, Mo-W and Al-Ni multilayer systems at 800nm 

inspection wavelength. 

Material 

System 

Composition 

% 

Modeled Measured 

n k n k 

Mo-Ni 
20%Ni 2.597 0.652 2.541 0.659 

50%Ni 2.805 0.866 2.812 0.870 

 90%Ni 3.082 1.183 3.346 1.398 

Mo-W 
45%W 3.578 3.427 3.579 3.285 

70%W 3.643 3.293 3.633 3.206 

Al-Ni 
45%Ni 2.134 5.161 2.352 4.764 

75%Ni 2.452 4.821 2.473 4.600 

 

The model agreement is especially good for the Mo-Ni material system (20%Ni 

and 50%Ni). This is because of the superior deposition capabilities and lower chamber base 

pressure of the PVD-75B sputter system. The CVC-601 sputter system has a substantially 

larger deposition chamber and hence, it has a higher base pressure. The EMA validation 

results show that the model accuracy can be further improved by improving the thin film 

deposition capability. The validation results also provide reasonable confidence in 

employing the EMA model at EUV wavelength for mask absorber modeling. 

Finally, the absorber design characterization is considered for an attenuated phase 

shifting mask absorber and an index matched absorber. For attenuated phase shifting 

masks, absorber designs are identified through co-optimization of lithography metrics 

(NILS and MEEF) with the relative absorber reflectivity. For line/space patterns imaged 

using low – n absorber candidates, the resulting aerial image NILS is found to be in phase 



121 

 

with the relative absorber reflectivity in the 35-50nm desired absorber thickness range. The 

high aerial image NILS in this thickness range is influenced by the combination of low 

refractive index n and absorber reflectivity and hence, the resulting phase shift. On the 

other hand, MEEF is out of phase with the relative absorber reflectivity in the same 

thickness range. Therefore, it is concluded that choosing an absorber thickness 

corresponding to absorber reflectivity peak results in optimum NILS and MEEF for 

line/space patterns. In the case of dense contact-holes, NILS and MEEF both are in phase 

with the relative absorber reflectivity in the desired absorber thickness range. Therefore, 

an absorber thickness corresponding to the absorber reflectivity peak may be chosen if the 

resulting MEEF is within the defined tolerances. 

High mask absorber reflectivity can result in false contacts and sidelobes for 

contact-holes and line/spaces patterns, respectively. To avoid printing unwanted features 

and reduce the probability of stochastic failures, False Contact Ratio (FCR) is introduced. 

High FCR is desired for failure free imaging. Through FCR simulations, the optimum 

relative absorber reflectivity in the range of 10-20 % is identified for low – n attPSM 

absorbers in EUV lithography. 

The absorber design co-optimization is implemented on absorber candidates with a 

range of refractive index (n) values to identify optimum phase shift for attenuated phase 

shifting mask absorbers in EUV. It is found that the optimum phase shift in the desired 

absorber thickness range decreases with an increase in refractive index n. Additionally, the 

phase shift requirement is higher for contact hole patterns compared to the line/space 

patterns. It is also found that the optimum phase shift increases with an increase in the NA 

of the objective lens from 0.33 to 0.55. This is attributed to the increase in the diffraction 
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angle at the mask introduced by increases in NA. It is therefore concluded that the desired 

phase shift is a function of absorber material, diffraction angle, mask pattern and absorber 

reflectivity. The phase shift requirement of the reflective EUV lithography is higher (>180º 

or π) in comparison to the refractive DUV lithography. The optimum phase shift in EUV 

for the attSPM using the low – n is approximately 220º (or 1.2π). 

The low – n, low – k attenuated phase shifting mask absorbers are prone to large 

best-focus variations through pitch. Biasing isolated features to correct such large focus 

variations lead to CD non-uniformity which is extremely critical for small feature 

dimensions. Therefore, as an alternative, index matched absorber candidates with high 

extinction coefficient from the Al-Te material system are proposed as promising absorber 

candidates for EUV lithography. Al has a refractive index greater than 1 whereas Te has a 

high extinction coefficient at 13.5nm wavelength. The high refractive index (n ≈ 1) of the 

absorber candidates reduces contrast fading and best-focus variations. On the other hand, 

the high extinction coefficient has the potential to increase the aerial image contrast at 

reduced absorber thickness. Using the EMA model and lithography simulations, a 45nm 

74%Te composite is identified as a potential index matched absorber. 

This thesis has demonstrated with examples, the ability to identify and characterize 

any EUV mask absorber material for alternative mask technologies. However, a substantial 

amount of work remains before introducing an alternative mask absorber for high-volume 

manufacturing. The complete potential of the individual candidates must be realized by 

source mask optimization (SMO) and optical proximity corrections (OPC) on a critical 

layout using computational lithography infrastructure. 
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In the area of mask manufacturing, the accuracy of the EMA model at 13.5nm EUV 

wavelength remains to be determined. Measurements of the optical constants of EMA 

modeled absorber candidates using techniques such as x-ray reflectometry and EUV 

reflectometry should be performed. The material polarization of the underlying multilayer 

and its effect on the optical properties of the absorber candidate should also be determined, 

thus improving the EMA model accuracy. 
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6 Appendix A 
 

 Figure 6.1 plots the nearfield distribution images for all the absorber candidates 

from Table 4.1. The images are generated at 2º, 6º and 10º propagation angles for a 13P100 

isolated line/space pattern. 

Figure 6.1: Nearfield Intensity of all the absorber candidates from Table 4.1. The intensities are plotted 

at 2º, 6º and 10º propagation angles for a 13P100 isolated line/space pattern. 
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Figure 6.2 plots the nearfield distributions for all the absorber candidates from 

Table 4.2. The images are generated at 2º, 6º and 10º propagation angles for a 13P100 

isolated line/space pattern. 

 

Figure 6.2: Nearfield Intensity of all the absorber candidates from Table 4.2. The intensities are plotted 

at 2º, 6º and 10º propagation angles for a 13P100 isolated line/space pattern. 
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In Figures 6.1 and 6.2, the white dashed lines highlight the top of multilayer mirror, 

and the blue dashed lines indicate the top of absorber layer. It is observed that increasing 

the propagation angle leads to an enhanced shadowing effect and the intensity imbalance 

in the absorber layer. It is also observed that increasing the absorber thickness results in 

more shadowing effect but low intensity imbalance in the absorber layer. Therefore, a 

trade-off based on the absorber thickness is observed between the shadowing and the 

intensity imbalance. 

 Similarly, a trade-off between the shadowing and the intensity imbalance also 

exists based on the extinction coefficient of the mask absorber. Absorbers with a relatively 

high extinction coefficient experience reduced intensity imbalance in the absorber region 

at the expense of more shadowing. 

Figure 6.3 shows the simulated reflected nearfield intensity images for a 42m Rh3Ta 

absorber candidate. The intensities are plotted for a 20P40nm dense contact-hole pattern at 

6º and 10º propagation angles. The higher propagation angle results in increased intensity 

loss in open regions in the contact-hole pattern.  

Figure 6.3: Reflected nearfield intensities for a 40nm pitch contact-holes pattern with a 20nm opening 

imaged using the 42nm Rh3Ta absorber at propagation angle (a) 6º and (b) 10º. 
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Figure 6.4 shows the simulated reflected nearfield intensity images for a 42m MoPt 

absorber candidate. The intensities are plotted for a 20P40nm dense contact-hole pattern at 

6º and 10º propagation angles. The MoPt absorber candidate has a higher refractive index 

n than the Rh3Ta absorber candidate but a similar extinction coefficient k (see Table 5.1). 

Therefore, the reflected intensity distributions for both absorber candidates appear to be 

similar.  

  

Figure 6.4: Reflected nearfield intensities for a 40nm pitch contact-holes pattern with a 20nm opening 

imaged using the 42nm MoPt absorber at propagation angle (a) 6º and (b) 10º. 
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7 Appendix B 
 

7.1  Nearfield Distribution Intensity Imaging Script 

Python script to generate nearfield distribution plots in the DrLitho software suite as 

shown in Figures 6.1 and 6.2. The script takes the following input parameters:  

• Linewidth 

• Pitch 

• Incidence angle 

• Layer thicknesses 

• Optical constants 

• File name 
 

from dlProcess import graphics_bug_fix  

from drlitho.emf import waveguide 

from drlitho.emf.waveguide.wx import maskplot 

import pylab 

import math 

import numpy 

import os 

import drlitho.utilities.readmatrix 

 

linewidth = 0.013 

pitch     = 0.1 

 

# waveguide settings for EUV mask  

wg = waveguide.waveguide_t() 

wife = waveguide.Wife() 

 

# general parameters 

wg.simmode                = "3D"  

wg.masktype               = "EUV" 

wg.polarization           = 90. 

wg.incidence_angle        = 6. 

wg.incidence_angle_azimut = 0. 

wg.orders                 = -1 

wg.wavelength             = 0.0135 

wg.domain_leftborder      = -4.*pitch/2 

wg.domain_rightborder     = 4.*pitch/2 

wg.refl_field_output_pos  = 0.01 

wg.trans_field_output_pos = 0.0 

wg.field_points_x         = 200 

wg.orders                 = -1 
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# mask geometry specification  

mask = waveguide.WGMask() 

mask.setPitchX(4*pitch) 

mask.setPitchY(0.1) 

 

# vacuum on top  

layer = waveguide.WGLayer() 

layer.thickness = 0.02  

layer.addRect(0.0, 0.0, 4 * pitch, 0.1, 1.0, 0.0) 

mask.addLayer(layer) 

 

 

# absorber 

layer = waveguide.WGLayer() 

layer.thickness = 0.055 # absorber 

layer.addRect(0.0, 0.0, 4 * pitch, 0.1, 1.0, 0.0)  

layer.addRect(0.0, 0.0, 4 * linewidth, 0.1, n, k) 

mask.addLayer(layer) 

 

 

# capping layer: 2nm ruthenium 

layer = waveguide.WGLayer() 

layer.thickness = 0.002 

layer.addRect(0.0, 0.0, 4 * pitch, 0.1, 0.88634, -0.01707) 

mask.addLayer(layer) 

# 40 x MoSi layer 

for i in range(0, 40, 1):  

 # Mo 

 layer = waveguide.WGLayer() 

 layer.thickness = 0.003 

 layer.addRect(0.0, 0.0, 4 * pitch, 0.1, 0.91943, -0.00663) 

 mask.addLayer(layer)  

 # Si 

 layer = waveguide.WGLayer() 

 layer.thickness = 0.004 

 layer.addRect(0.0, 0.0, 4 * pitch, 0.1, 0.99875, -0.00183) 

 mask.addLayer(layer) 

# Substrate layer, SiO2 

layer = waveguide.WGLayer() 

layer.thickness = 0.02 

layer.addRect(0.0, 0.0, 4 * pitch, 0.1, 0.98, -0.00182109) 

mask.addLayer(layer) 

 

#Viusalize mask 

m = maskplot.MaskPlot() 

m.input = mask 

m.viewDirection = "TOP" 

m.show() 

 

# output parameters 
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wg.restype       = "ISOTROPIC" 

wg.refl_spec     = "NO" 

wg.refl_field    = "field.dat"   #Generates only reflected near field. 

wg.refl_csol     = "NO" 

wg.refl_nohop    = "NO" 

wg.trans_spec    = "NO" 

wg.trans_field   = "NO" 

wg.trans_csol    = "NO" 

wg.trans_nohop   = "NO" 

wg.mask_data     = "NO" 

wg.normalization = 0 

wg.screenout     = 0 

 

# additional parameters for the internal field computation 

wife.z_res = 0.0002 

for i in range(1, 85, 1): 

    wife.set_layer_resolution(i, 0.0002) 

wife.setSpectrumMode(waveguide.TOTAL) #waveguide.TOTAL, 

waveguide.FORWARD_PROPAGATING, waveguide.BACKWARD_PROPAGATING 

wg.SetWife(wife) 

 

#Specify mask as waveguide compound 

wg.setMask(mask) 

 

 

wg.run() #run simulation 

 

# extraction of some internal field cuts from the full field # 

wife.compute_XZ_slice([0], 101, 101)  # List of y-point-positions where the internal field 

is computed / number of field points in x- / y-direction 

dataFile = "xz_cut_E.dat" 

wg.wife.write_XZ_slice(dataFile, "E")   # intensity of complete E-field 

xz_cut = numpy.loadtxt("0_" + dataFile) 

os.remove("0_" + dataFile) 

os.remove("spectrum_output.h5") 

 

# generate near field plot 

pylab.figure() #hVacuumTop + hARC + hAbsorber + hCapping + 40*hBilayer + 

hSubstrate 

height = 20. + 14. + 60. + 2.5 + 40*(3. + 4.) + 20. 

pylab.imshow(xz_cut[::-1,:], interpolation = "bilinear", 

              origin = "lower", cmap = pylab.cm.hot, 

              vmin = 0., vmax = 3., aspect = "auto", extent = (-2000*pitch, 2000*pitch, 0, 

395)) 

pylab.xlabel("x (nm)", size = 20) 

pylab.xticks(size = 18) 

pylab.ylabel("z (nm)", size = 20) 

pylab.yticks(size = 18) 

 

pylab.savefig("TaBN_CRA6.png") 

pylab.close() 
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#Visualization of the near field and mask layout 

near_field_data = drlitho.utilities.readmatrix.ReadDoubleMatrixFile("int_iso_field.dat") 

near_field_data = pylab.transpose(near_field_data) 

 

pylab.figure() 

pylab.imshow(near_field_data, interpolation = "bilinear", origin = "lower", 

              #cmap = pylab.cm.hot, vmin = 0., vmax = 1., aspect = "auto", 

              #extent = (-1000*pitch/2, 1000*pitch/2, -1000*pitch/2, 1000*pitch/2)) 

pylab.xlabel("x (nm)", size = 18) 

pylab.xticks(size = 16) 

pylab.ylabel("y (nm)", size = 18) 

pylab.yticks(size = 16) 

pylab.colorbar() 

pylab.title("Near field intensity", size = 20) 

pylab.savefig("FileName.png") 

pylab.close() 

 

 

7.2  Reflected Nearfield Intensity Imaging Script 

Python script to generate reflected nearfield intensity plots in the Dr.Litho software 

suite as shown in Figures 6.3 and 6.4. The script takes following input parameters: 

• Linewidth 

• Pitch 

• Incidence angle 

• Layer thicknesses 

• Optical constants 

• File name 
 

""" 

@title: Waveguide: Nearfields EUV 

Simulation of the reflected near field of a EUV mask with a contact holes 

Mask: 

- 20nm contact 

- pitch: 40nm 

- standard MoSi-stack 

 

Optical settings: 

- wavelength=13.5nm 

- Incidence angle 6 degree 

- y-polarized light 

 

@requirements: 

- waveguide 
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@outputs: 

- nearfield.png 

- int_iso_field.dat 

- pha_iso_field.dat 

 

@version: 

29/10/2019 

 

@test: 

4 

 

@keywords: 

EUV, nearfield 

 

""" 

from dlProcess import graphics_bug_fix # important to use MayaVi (3D plotting); import 

drlitho.emf.waveguide 

import pylab 

import drlitho.utilities.readmatrix 

from drlitho.emf.waveguide.wx import maskplot  

 

# parameter settings to be used in script 

size       =  0.020  

pitch      =  0.040  

reduction  =  4 

 

wg = drlitho.emf.waveguide.waveguide_t() 

wg.simmode  = "3D" 

wg.orders   = 5 

wg.orders_z = 5  

 

# incident light 

wg.wavelength             = 0.0135 

wg.polarization           = 90.0 

wg.incidence_angle        = 10 

wg.incidence_angle_azimut = 0.0 

 

# output  

wg.restype        = "ISOTROPIC" 

wg.field_points_x = 257 

wg.field_points_y = 257 

wg.normalization  = 0 

wg.refl_spec      = "NO" 

wg.refl_field     = "field.dat" 

wg.refl_csol      = "NO" 

wg.refl_nohop     = "NO" 

wg.trans_spec     = "NO" 

wg.trans_field    = "NO" 

wg.trans_csol     = "NO" 

wg.trans_nohop    = "NO" 
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wg.mask_data      = "NO" 

wg.screenout      = 0 

 

# definition of 3D mask layout: from illumination side ...  

mask = drlitho.emf.waveguide.WGMask() 

mask.setPitchX(reduction*pitch) 

mask.setPitchY(reduction*pitch) 

 

# air layer 

layer = drlitho.emf.waveguide.WGLayer() 

layer.thickness = 0.0 

layer.addRect(0.0, 0.0, reduction*pitch, reduction*pitch, 1.0, 0.0) 

mask.addLayer(layer) 

mask.addLayer(layer) 

 

# lower absorber layer 

layer = drlitho.emf.waveguide.WGLayer() 

layer.thickness = 0.045 

layer.addRect(0.0, 0.0, reduction*pitch, reduction*pitch, 0.9806, -0.0632) 

layer.addRect(0.0, 0.0, reduction*size, reduction*size, 1.0, 0.0) 

mask.addLayer(layer) 

 

# top  capping layer: 2nm ruthenium 

layer = drlitho.emf.waveguide.WGLayer() 

layer.thickness = 0.01 

layer.addRect(0.0, 0.0, reduction*pitch, reduction*pitch, 0.88638, -0.01708) 

 

mask.addLayer(layer) 

# 40 bi-layers of Mo (3nm) Si (4nm) 

for i in range(0, 40, 1): 

    # Mo 

    layer = drlitho.emf.waveguide.WGLayer() 

    layer.thickness = 0.003 

    layer.addRect(0.0, 0.0, reduction*pitch, reduction*pitch, 0.92184, -0.00663) 

 

    mask.addLayer(layer) 

    # Si 

    layer = drlitho.emf.waveguide.WGLayer() 

    layer.thickness = 0.004 

    layer.addRect(0.0, 0.0, reduction*pitch, reduction*pitch, 0.99901, -0.00183) 

 

   mask.addLayer(layer) 

# substrate layer: 20nm SiO2 

layer = drlitho.emf.waveguide.WGLayer() 

layer.thickness = 0.02 

layer.addRect(0.0, 0.0, reduction*pitch, reduction*pitch, 0.99, -0.00182109) 

 

mask.addLayer(layer) 

wg.setMask(mask) 

 

# plot mask geometry 
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m = maskplot.MaskPlot() 

m.input = mask 

m.show() 

 

wg.run() 

 

# Visualization of the near field  

near_field_data = drlitho.utilities.readmatrix.ReadDoubleMatrixFile("int_iso_field.dat") 

near_field_data = pylab.transpose(near_field_data) 

 

pylab.figure() 

pylab.imshow(near_field_data, interpolation = "bilinear", origin = "lower", 

              cmap = pylab.cm.hot, vmin = 0., vmax = 1., aspect = "auto", 

              extent = (-1000*pitch/2, 1000*pitch/2, -1000*pitch/2, 1000*pitch/2)) 

pylab.xlabel("x (nm)", size = 18) 

pylab.xticks(size = 16) 

pylab.ylabel("y (nm)", size = 18) 

pylab.yticks(size = 16) 

pylab.colorbar() 

pylab.title("Near field intensity", size = 20) 

pylab.savefig("nearfield_AlTe_74%Te_45nm_CRA10.png") 

pylab.show() 

pylab.close() 
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