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Chapter 1  

Introduction 

 

 

 

1.1 Thin film optics 
 

Thin films are of paramount importance in modern optics [1-4]. The principal role of 

a thin film coating here is to modify the optical response of a surface. At the basis is the 

phenomenon of light interference. By application of optimized thin film coatings, the 

spectral characteristics of a surface can be modified to practically any required transfer 

function for a given spectral range. Applications of thin film optics can be found in many 

areas: lasers, smart windows, clean energy, environmental monitoring, 

telecommunications, astronomy, aerospace, displays and lighting, and anti-counterfeiting 

devices [1-4]. For example, the Fresnel reflection of a lens or a laser window can be 

suppressed for a broad wavelength range by depositing an antireflective coating 

containing only a few layers [2, 4]. On the basis of a layer stack with alternating high- 

and low-refracting materials, high reflectance values up to 99.999% can be achieved for 

a specific wavelength [4]. In addition to these basic functions, optical coatings can 

provide a broad variety of spectral filter characteristics according to even extremely 

sophisticated demands in modern precision optics and laser technology [4]. Furthermore, 

recent progress in thin films technologies allow combining demanded optical properties 

with other important features concerning, for instance, the thermal, mechanical or 

chemical stability of a surface [4]. 

Thin film optics plays a particularly important role in the soft x-ray and extreme 

ultraviolet wavelength range [5-7]. These spectral ranges are not yet intensively explored 

and one of the most important reasons for that was the absence of high performance 

optics. High opacity of materials for these radiation bands prohibits construction of 

conventional lens optics. These wavelengths are not small enough to meet Bragg 

reflection conditions for most crystals in x-ray diffraction and they are not significantly 

reflected by standard mirrors at normal incidence. With the availability of high reflective 

multilayer interference mirrors the situation has changed dramatically and as a 

consequence many areas of science and technology, including microscopy, biology, 

material science, molecular chemistry, and lithography, can now be advanced by 

utilizing EUV and soft x-rays [8-15].  

  



9 
 

1.2 Material response in the EUV range 

 

Propagation of electromagnetic waves is governed by the Maxwell equations, which 

are valid over the entire spectrum [7]. However, material response to electromagnetic 

waves dramatically changes over the spectrum, which reduces this validity to some 

extent [7]. The material response remarkably changes when switching from the visible to 

shorter wavelengths, where dielectric materials start absorbing light somewhere in the 

visible range, down to the far UV, where no material in nature is found to be transparent. 

When one moves to even shorter wavelengths, materials again start to interact less with 

radiation, enhancing the transparency. The optical properties of a material are 

characterized at each wavelength by the refractive index n, and the extinction coefficient 

k, usually named the optical constants; n is involved in the refraction process introduced 

by the material, whereas k governs radiation absorption. 

For the EUV and soft X-rays photon range, the energy is large compared to the 

energies of most electronic levels in atoms, so that effectively the radiation interaction is 

governed by tightly bound electrons from inner shells, which are weakly affected by 

interatomic bonds (except at photon energies close to the absorption edges) [5-7]. When 

neglecting the role of interatomic bonds at short wavelengths, the net optical response of 

a material can be approximated with a good accuracy by summing the responses of the 

electrons of its constituent atoms [5-7]. 

Within the classical physics interpretation, each bound electron in the atom can be 

approximated by an oscillator with some specific resonant frequency s  and a damping 

constant s . The interaction of the electromagnetic wave with a multi-electron atom is 

then obtained by summing the interactions over all electron oscillators. In a second step, 

the sum is also extended to all atoms. As a result of this, optical properties of a material 

can be described with its complex index of refraction given by [5-7]: 

 

   
2 2 2

2 2
1 1

2 2

at e s at e

s s
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n f

i

  
 

   
   

 
 ,    (1.1) 

 

where sg  stands for the oscillator strength associated with the resonant frequency s  of 

the s-th electron, 
152

0
2 1082.24/  cmer ee  m – the classical electron radius. The 

sum is extended to include all atoms through the atomic density atN . The complex term 

      21 fiff  , which involves the sum of all the resonant terms, is called the 

atomic scattering factor. This factor is generally defined as the factor by which one must 

multiply the wave amplitude scattered by a single electron to yield the total wave 

amplitude coherently scattered by the particular atom [7].  

Equation (1.1) can be expressed as: 

 

1n i             (1.2) 
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where: 
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δ = 1 − n is called the refractive index decrement and β is identical to the extinction 

coefficient k, but k is often used when data is obtained from the scattering factors. For 

the EUV and shorter wavelengths, δ and β are small compared to unity; β is positive, δ is 

positive except few narrow spectral regions close to atomic absorption edges. This 

means that n < 1 in the EUV and X-ray band. Far from absorption edges, δ decreases 

with 
2  since 1f  is relatively independent of  . β decreases with λ faster than δ ; its 

decay rate varies somewhat depending on the material, and it usually decreases with 

approximately 
3 . 

Since atomic scattering factors and also δ and β are calculated by summing the 

responses of the individual atoms, the optical constants of compounds can be calculated 

by the addition of the optical constants of all individual elements weighted with their 

respective atom density, which is a useful simplification.  

The atomic scattering factors along with complex refractive indices have been 

calculated and compiled by Henke et al. for all elements from hydrogen to uranium ( Z 

from 1 to 92) and for the 0.01-40 nm wavelength range; the data can be downloaded 

from the web database developed by the Center for X-Ray Optics at LBNL [16]. 

 

1.3 EUV multilayer optics 

 

The short wavelength reflectance at normal incidence at any single material does not 

exceed a few percent, which is too small for the construction of high performance 

layered optics. However, the effect of constructive, in-phase, interference of waves 

reflected from many interfaces provides a possibility to make a highly reflective mirror. 

In its simplest realization such mirror is composed of a pair of materials. These two 

materials form bi-layers of equal thickness and stacked in a periodic 2D structure, as 

shown in Fig. 1.1. To obtain constructive interference, all reflected waves at the 

interfaces should be added in phase. Such multilayer mirrors were first proposed by E. 

Spiller for applications in EUV and soft X-ray astronomy [17].  

The main factor limiting the performance of multilayer mirrors at short wavelengths 

is the intrinsic absorbance of materials. But still tens of percent reflectance can be 

achieved at a given wavelength by a proper selection of materials and thicknesses of the 

layers constituting the mirror. For example our XUV Optics group at MESA+ at Twente 

holds a world record normal incidence reflectivity of 70.3 % at 13.5 nm [18] and 64.3 % 

at 6.7 nm [19]. As a general rule for the material selection it is stated that the most 

favorable pair of materials should have maximum possible difference in refractive 
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indices, i.e.  1 2max   , and minimum possible absorption, i.e. 1min   and 2min  . A 

good summary list of useful material pairs for EUV and soft X-ray multilayer mirrors 

can be found in the book of E. Spiller ‘Soft X-ray optics’ [5]. Figure 1.2 depicts the 

calculated and experimental reflectivity values of several of the most promising 

multilayer mirrors in the 2-20 nm wavelength range. This characterizes the current state 

of the art in the synthesis technology of normal-incidence short-wavelength multilayer 

mirrors. Among the plotted ML coatings, the Mo/Si and Mo/Be mirrors provide the 

largest reflectance values (≈ 70%) at normal incidence achieved for short-wavelength 

optics [20].  

 
Fig. 1.1 Schematic representation of the constructive interference in a multilayer 

structure 

 
Fig. 1.2 Calculated (lines with symbols) and experimental (stars) reflectivity values of 

the most promising normal-incidence multilayer mirrors 
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For a given pair of materials of the multilayer mirror, the bi-layer thickness, 

corresponding to a maximum reflectance at a desired λ and angle of incidence is given 

by Bragg’s law: 

 

2 cosdn m          (1.4) 

 

where d is the period thickness, θ is the angle referred to the normal, n represents an 

average refractive index through the period and m stands for the reflection order. 

Multilayer mirrors typically operate in the first reflection order, however few exceptions 

exist [7]. Despite the fact that Bragg’s law was formulated to describe X-ray diffraction 

patterns, it also governs the reflection from multilayers by replacing the crystal 

diffraction planes with layer interfaces. In theory for 1m   and transparent materials, 

the maximum reflectance is obtained when the period thickness is shared 50-50 by the 

two constituent materials. The presence of absorption influences the optimum film 

thicknesses in a multilayer system. For absorbing materials, the maximum reflectance is 

obtained by reducing the thickness of the material having higher absorption (

 1 2max ,  ) below / 2d , in order to increase the wave penetration in the multilayer; 

this thickness reduction is supplemented by the second material having a lower 

absorption, but the overall period thickness is still governed by Bragg’s law. Vinogradov 

and Zeldovich analytically derived an equation allowing to calculate the optimal layer 

thicknesses for an multilayer with an infinite number of layers [21]: 

 

   tan opt opt      ,       (1.5) 

 

where  

 

H

H L

x

x x
 


,        (1.6) 

 /L L H H L Ln k n k n k   .      (1.7) 

 

In the equations above the H index indicates the higher absorption material while the L 

index refers to the lower absorption material. 

 

1.4 Fabrication of multilayer optics 
 

Traditionally there are four methods to deposit reflecting multilayers for the XUV 

wavelength range, each having specific advantages and disadvantages. These methods 

are electron beam evaporation [18], magnetron sputtering [22], ion beam sputtering [23] 

and pulsed laser deposition [24]. It is noted that both e-beam and magnetron methods 

have yielded identical reflectivity results after optimization of test systems [18]. An 

overview of these techniques is given in [25]. 
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The research described in this thesis was done using the Advanced Development Coater 

(ADC) in the Industrial Focus Group XUV Optics of Twente’s MESA+ Institute for 

Nanotechnology. The coater was designed for the development of EUV and soft X-ray 

multilayer optics [18, 26] and has two deposition techniques available: electron beam 

evaporation and magnetron sputtering. As shown in Figure 1.3, the setup is equipped 

with four magnetrons and six e-beam evaporators for layer deposition. The magnetrons 

operate in DC mode and in RF mode. The hot cathode Kauffman ion gun can be used for 

ion treatment of deposited layers. Quartz crystal microbalances are used for layer 

thickness control during the deposition. The ADC is equipped with two gas inlets per 

magnetron and two gas inlets via the Kauffman ion gun, allowing some flexibility during 

the depositions. To avoid contamination of the layers the base pressure in the coater 

chamber needs to be kept below 10
-8

 mbar. 

 

 
Fig. 1.3 The scheme of the ADC deposition setup used to fabricate the different film 

systems described in this thesis. 

 

Most of the multilayer mirrors for reflectivity or structural characterization were 

deposited by a modified [26] DC magnetron sputtering technique using Ar or Kr as a 

sputter gas. The typical pressure during the sputtering process was in the order of 10
-4
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mbar. The main difference from conventional magnetron sputtering and our setup is the 

distance between the magnetrons and the substrate. In our setup magnetrons are placed 

further from the substrate than the common distance of 10-15 cm. In this setup the 

energy of the atoms arriving at the substrate can be reduced by increasing the pressure 

inside the deposition chamber. Practically, magnetron deposition was preferred over e-

beam evaporation for technical reasons (user availability and deposition time). During 

magnetron deposition the layer thickness could be adjusted by calibration of the 

deposition rates at constant operational conditions. 

 

1.5 Applications of EUV multilayer optics 

 

Nowadays short wavelength multilayer optics have numerous applications. 

Significant progress in the production of ultra smooth curved substrates and progress in 

precisely controlled techniques for multilayer deposition on such substrates enabled the 

application of multilayer optics for various imaging systems, e.g. telescopes and 

microscopes 

One of such applications is EUV astronomy that makes use of telescopes operating in 

the short wavelength range [27]. Such telescopes, comprising EUV multilayer, optics are 

bi-functional by definition – its optical systems are designed to provide space imaging 

with a certain spatial resolution, while its optical surfaces coated with EUV-reflecting 

multilayers [28] provides wavelength-dispersive properties with a certain spectral 

resolution. Thus EUV telescopes operate as instruments for imaging spectroscopy.  

EUV astronomic observations contribute to astrophysics of the universe in general 

due to access to spectroscopic features of helium, which is the second most cosmically 

abundant element. EUV astronomy also plays an important role in solar physics. Besides 

the fundamental interest solar observations with EUV telescopes are of great practical 

significance since such investigations enables understanding of processes of energy 

bursts in the solar corona. State of the art EUV telescopes allow real time solar 

observations with high spatial and temporal resolution. Such observations provide 

spectral information about emissions lines of various multiply charged ions, making it a 

powerful method for studying the structure and dynamics of plasma formations in solar 

corona. In this case, spatial resolution is the key link to the solution to several basic 

problems of solar physics, in particular, the mechanism of solar corona heating, or the 

cause of triggers of solar flares and plasma ejections.  

Another application of EUV and SXR multilayer optics is in microscopy, where 

optics are needed to collimate the radiation of a light source onto a sample, at much 

shorter wavelengths then the visible range [29, 30]. The most obvious advantage here is 

a higher resolution than for visible light and UV, due to the smaller wavelength of X-

rays. This follows from Rayleigh’s resolution criterion, 

 

1R k
NA


 ,         (1.7) 
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where R is the lateral resolution, 1k  is constant determined by the applied design of the 

optical system, e.g. microscope objective, and NA is the numerical aperture of the optical 

system. In addition to high resolution, short wavelength microscopy is advantageous 

with respect to conventional optical microscopy due to its elemental sensitivity: multiple 

absorption edges of various elements are situated in the EUV and SXR [31]. This makes 

the basis of EUV photoemission microscopy which analyzes emission of photoelectrons 

with high spatial resolution. The measured spectrum of photoelectrons provides 

information about elemental composition and chemical bonding of elements at the 

studied surface. 

A separate large subsection of the short wavelength microscopy is microscopy in the 

so-called ‘water window’ for bio-inspired research [8,9]. The ‘water window’ is the 

wavelength range situated in between photo-absorption edges corresponding to the K 

electron shells of oxygen (K = 2.4 nm) and carbon (K = 4.4 nm). In this spectral range 

water is transparent enough to study biological samples with a thickness of several 

micrometers, while organic substances are opaque due to strong absorption of carbon 

below its photoabsorption edge, thus providing high optical contrast between these two 

materials. 

Currently, the largest application area for the imaging EUV optics is the next 

generation photolithography [14, 32]. Photolithography is used in semiconductor 

industry for the manufacturing of integrated circuits (IC). During the last 30 years 

progress in semiconductor industry was enabled by gradual miniaturization of elemental 

components of ICs. For the lithographic process this demands a continuous improvement 

of optical resolution which determines the minimal printable feature size. According to 

the Rayleigh criterion this can be achieved using methods increasing the numerical 

aperture of the projection optics (NA) or by reducing the wavelength of the light used. 

Since the 1980s lithography has shifted from visible light generated by mercury vapor 

lamps to deep ultraviolet light from argon fluoride excimer lasers operating at 193 nm 

[14]. Lithography utilizing EUV light, which is referred to as EUV lithography (EUVL), 

is considered the next step in this trend. 

While the range of EUV wavelengths is broad, state of the art EUVL systems are 

designed to operate at the wavelength of 13.5 nm. The spectral region around 13.5 nm 

has been chosen mainly due to the availability of high-reflectance optics. The most 

promising multilayer optics for 13.5 nm radiation is based on Mo/Si multilayer coatings 

that demonstrate up to 70% measured peak reflectivity. The most promising source 

technology is based on the emission of tin plasmas generated by high power laser 

radiation onto liquid tin targets [33]. Utilization of tin as a working material provides 

strong emission at the target wavelength due to strong emission lines of several 

overlapping transitions in Sn
10+

 – Sn
14+

 ions [33].  

EUVL is now expected to be introduced for IC manufacturing in a single exposure 

mode with minimal printable feature sizes below 20 nm. Optical systems of the first 

generation EUV equipment are designed with relatively small numerical apertures, 

0.33NA  . EUV equipment with 0.5NA   is expected to produce patterns with feature 
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sizes down to 8 nm. Smaller features would require either further wavelength reduction 

or the implementation of double exposure regimes. For shorter wavelengths a shift to the 

range just above the photoabsorption K-edge of boron (K ≈ 6.6 nm) is explored [34]. 

The opportunity of such wavelength reduction is likely to boost also spin-off 

applications of short wavelength techniques. 

 

1.6 Tailoring optical response of EUV multilayer optics 

 

Various applications of EUV optics demand high productivity or ‘lithography system 

throughput’ in a particular wavelength range while simultaneously requiring suppression 

of radiation outside this range. Such parasitic radiation can for instance lead to image 

distortions in imaging applications, or poor signal-noise ratios in spectroscopy. For that 

reason such applications require an introduction of spectral filters in EUV optical 

systems. The requirements imposed on spectral filters may vary greatly from application 

to application. 

For instance, EUV telescopes used for the solar imaging require strong suppression 

of the high-intensity background radiation of the sun, primarily in the visible and near 

infrared spectral regions. Spectral filters designed for EUV telescopes are required to 

suppress long-wavelength radiation by up to 10 orders of magnitude and to maintain 

sufficiently high throughput (tens of percent) at the working wavelength [35]. 

Furthermore, such filters must be able to withstand enormous mechanical loads 

(vibrational and acoustic loads, especially during rocket takeoff) and endure long-term 

thermal loads induced by the sun radiation.  

An obvious need for radiation with high “spectral purity” can also be found in EUV 

lithography [36]. Lithography is always assumed to utilize radiation with high level of 

monochromaticity. Particularly, the exposition process in EUV lithography uses 

radiation within a narrow band around the central wavelength of 13.5 nm, which is 

usually referred to as in-band radiation. However plasma-based EUV sources, the most 

attractive for lithographic applications, emit radiation in a much broader spectral range, 

from soft X-rays and up to near infrared [33]. Furthermore, laser-driven sources also 

produce a significant amount of scattered laser radiation, which originates due to 

reflection of laser radiation by the surface of electron critical density in plasma [33]. In 

radiation sources for EUVL this is typically mid-infrared radiation of 10.6 m 

wavelength as generated by CO2 lasers.  

Mo/Si optics for lithographic applications provide high throughput for in-band 

radiation due to high reflectance values, achieving 70% at 13.5 nm, of a single, 

optimized multilayer coating. However, EUV optimized multilayer coatings efficiently 

reflect radiation from deep ultraviolet (100-300 nm) to infrared as well (see Fig. 1.4). As 

a result some spectral components of the undesired long-wavelength radiation generated 

by plasma sources and the scattered laser radiation may effectively propagate together 

with the useful 13.5 nm radiation through the entire optical train of the lithographic 

equipment. It was previously shown that the undesired deep ultraviolet radiation 

reaching the wafer stage, affects the patterning process since EUV photoresist materials 
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are also sensitive to such radiation [37]. Scattered infrared radiation may result in 

excessive heat loads on the projection optics, which results in pattern distortions at the 

exposure stage.  

 

 
Fig. 1.4 Calculated reflectance of a 50 bilayers Mo/Si multilayer coating of 6.9 nm 

periodicity and a Mo ratio of 0.4 [38]. 

 

Analogously, a necessity for high spectral purity comes from plasma-based sources 

for short-wavelength microscopy and sources for high harmonic generation. Such 

sources also use high power laser radiation as the plasma driver. The scattered laser 

radiation can be the main parasitic spectral component here as well [39]. 

Various methods for the mitigation of such spectral components are developed for 

EUV optical systems demanding high spectral selectivity. Freestanding thin films are 

likely the most obvious solution for filtering applications [40, 41]. These can be mesh-

supported or even unsupported multilayers with an overall thickness below 100 nm and 

lateral size of few tens cm. Such filters are able to suppress radiation in a broad spectral 

range – from ultraviolet to infrared. More specialized freestanding spectral filters based 

on metal grid structures with high geometrical transparency were designed to mitigate 

near infrared background radiation in optical systems for space applications [42] and to 

mitigate scattered CO2 laser radiation in laser-driven EUV sources for lithography [43, 

44]. EUV transmittance of freestanding filters can reach values of up to 70% [44].  

Freestanding filters do meet the requirements of microscopy and high harmonic 

generation [39, 45]. For other applications, radiation induced heat loads on freestanding 

large-area filters are considered to be the most critical issue for its application. However 

progress particularly in the foil filter development has resulted in the prolonged thermal 

stability what made them suitable for space applications. For lithography systems where 

such filters are supposed to operate in the vicinity of hot plasma region its application is 

still questionable.  
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As another alternative solution multilayer optics having a more selective spectral 

response is considered for the applications described above. This could ideally replace a 

standard element in the optical train of the EUV imaging system. An additional 

advantage of integrating a spectral filter into the reflective optics is the relative ease of 

thermal management since it can be cooled straightforwardly. Multilayers with 

antireflective layers, as well as multilayer-grating based solutions have been proposed 

[38, 46-54]. In order to reduce DUV reflection van Herpen and van de Kruijs et al. 

proposed the application of a single layer antireflection coating on top the EUV optical 

elements, in their case Mo/Si multilayer mirrors for 13.5 nm radiation [46]. They showed 

that in order to maintain high EUV reflectance of the Mo/Si multilayer mirror, it is 

essential to maximize the optical transparency of the antireflection layer for EUV 

radiation, by minimizing its thickness and using materials that are relatively transparent 

to EUV radiation. Van Herpen and van de Kruijs [46] this way initiated a new class of 

multilayered optics, combining AR and HR properties for different wavelength bands. 

For IR suppression the approach proposed by van Herpen is not applicable since this 

requires micrometer-scale AR layers resulting in near zero EUV reflection. As a possible 

alternative Soer et al. proposed to use EUV multilayers composed of IR transparent 

materials integrated as the top part in IR antireflection structures [47]. For 13.5 nm 

optics this requires replacement of standard Mo/Si multilayer by B4C/Si or C/Si 

multilayer [47, 50]. For 6.x nm optics this requires replacement of La/B multilayer by 

LaN/B multilayer [55]. Various combinations of multilayer structures with blazed 

gratings and rectangular phase gratings were considered and demonstrated [38, 48, 52, 

53]. 

 

1.7 Heat loads on multilayer optics 
 

The rapid development of high power EUV and SXR radiation sources creates new 

challenges for optics related to the radiation induced damage [56-59]. Radiation sources 

like free electron lasers produce ultrashort pulses of very high intensity which may 

induce radiation damage in optical coatings even after a single pulse [60, 61]. Plasma-

based sources of short-wavelength radiation operating in the regime of high average 

power, e.g. EUV sources that may induce gradual degradation of optical coatings due to 

the high heat loads, although this mechanism is only recently addressed. This is of great 

relevance for optical coatings of EUV telescopes for solar imaging [57]. During its 

operation in space, EUV telescopes may experience heat loads caused by the background 

(visible and infrared) radiation from the sun.  

Intense or prolonged radiation induced heat loads might result in structural changes 

in multilayer optics [56, 62]. These could be changes in stress, crystallization, compound 

formation at interfaces, interdiffusion of atoms at interfaces, or void elimination. For 

instance, for Mo/Si multilayers it was shown that the growth of molybdenum silicide 

compound at interfaces at high heat load is the main mechanism of degradation [56]. To 

study the variety of possible structural changes in multilayers, destructive and non 

destructive techniques with depth resolution down to sub-Ångstrom levels are typically 
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applied. An example of a non destructive technique with sub-Ångstrom in-depth 

resolution is grazing incidence X-ray reflectometry (GIXR), which was used in-situ 

during thermal annealing to characterize multilayer period changes as a function of 

annealing time and temperature [63]. Wide angle X-ray diffraction (WAXRD) and high 

resolution transmission electron microscopy (HRTEM) were used ex-situ to determine 

changes in layer composition and crystallinity and specifically changes in crystallite 

sizes [63]. X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy 

(AES) sputter depth profiling was used to probe relative changes in atomic 

concentrations due to intermixing at the interfaces. 

While significant efforts were spent to study such structural changes, much less 

attention has been given to the studies of mechanisms of heat transport in EUV 

multilayers [64, 65]. Considering that many experiments demonstrated that damage can 

occur in these materials due to long-term/high-temperature radiation exposure, a detailed 

understanding of their thermal properties is required at this time. However, nanoscale 

thermal transport effects in multilayer structures complicate this task. Interface scattering 

within the mirror structure significantly reduces the mean free path of the thermal energy 

carriers [65]. This reduces the film thermal conductivity below what one can expect from 

considering the bulk thermal properties of the materials in the multilayer. Further, 

interface scattering affects the cross-plane mean free path considerably more than in-

plane, which can result in a very significant thermal conductivity anisotropy [65]. These 

effects can strongly affect the performance of multilayer optics in applications 

accompanied with heat loads and are therefore studied in this thesis.  

 

1.8 Outline 

 

The advanced nature of EUV optics, as currently demanded by various imaging 

applications, creates many challenges on optics performance of the multilayer system 

itself. These challenges stem from the complex imaging process using a short 

wavelength, the high numerical aperture of the optics with a broad variation of the 

incident angle across the optics surfaces, the occurrence of high heat loads that distort 

the picometer-adjustment levels of the optics, or the presence of parasitic light outside 

the narrow EUV band actually used for imaging. Each of these cases triggers the need 

for fundamental studies on the multilayer system itself and is the subject of study here. 

The primary goal of this thesis is to address both the optical as well as the thin film 

growth aspects needed to optimize or modify the spectral response of multilayer optics 

for short wavelength radiation. 

At the core of this thesis is the development of hybrid optical elements with 

increased spectral selectivity for SXR and EUV imaging systems. These are multilayer 

mirrors combining high reflection in a particular working wavelength range and strongly 

suppressed reflection outside this range. An obvious need for high spectral selectivity 

can be found in applications of plasma-based sources of short wavelength radiation, e.g. 

in EUV lithography and soft X-ray microscopy as described above. 
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In chapters 2-4 different designs of hybrid multilayer structures, combining EUV 

reflective properties with spectral-selective suppression of reflectance for IR radiation, 

have been proposed and studied. In both designs, EUV reflection is achieved by 

inserting B4C/Si multilayer Bragg reflectors into the structures. In chapter 2 an EUV 

reflecting B4C/Si multilayer was used as the top part of a Fabri-Perot etalon structure 

with high loss factor. The etalon provides strong IR suppression due to highly absorbing 

thin metal film placed in a resonant configuration of the electromagnetic field. To 

validate the working principle of the designed structures, test structures have been 

deposited using dc magnetron sputtering. Molybdenum has been chosen as a material for 

the metal layers in the etalon. Parameters of the structures were optimized for achieving 

high reflection at around 13.5 nm and strong suppression at around 10.6 m. The 

measured EUV peak reflectance was 44%. Optimal thickness of Mo absorbing layer was 

found to be approximately 3 nm, which resulted in a 1000x IR suppression factor, easily 

meeting the application goal.  

In chapter 3, a B4C/Si multilayer was used both as EUV reflector and as an effective 

phase shift layer in a two-layer, IR-antireflective (AR) structure. The AR coating uses 

the principle of destructive interference in order to minimize reflection for a specific 

wavelength. Underneath the B4C/Si multilayer, a thin Mo layer is used for the matching 

of amplitudes of IR waves reflected from the layer interfaces rather than achieving total 

IR absorption as used in chapter 2. In addition, varying the thickness of the top structure 

(the number of B4C/Si periods) allows one to tune the phase shift between waves 

reflected from the interfaces to 180°, resulting in a near-zero intensity of the total 

reflected wave. A 45% EUV peak reflectance at 13.5 nm and 250x IR suppression factor 

at 10.6 m were demonstrated experimentally with test structures fabricated according to 

the proposed design. 

In chapter 5 hybrid multilayer grating structures are studied in application for 

construction of EUV optical elements with increased spectral selectivity. This hybrid 

mirror acts as an efficient Bragg reflector for extreme ultraviolet (EUV) radiation at a 

given wavelength while simultaneously providing spectrally selective suppression of the 

specular reflectance for unwanted longer-wavelength radiation due to a grating phase-

shift resonance. The test structures, designed to suppress infrared (IR) radiation, were 

fabricated by masked deposition of a Si grating substrate followed by coating of the 

grating with a Mo/Si multilayer. By way of proof of principle, such hybrid systems have 

been fabricated, suppressing 10 μm light at 70× suppression rate, while still showing 

61% reflectance at the wavelength of 13.5 nm. This filtering principle can be used for a 

variety of applications that are based on utilization of broadband radiation sources. 

This thesis also addresses the topic of heat conduction in nano-scale multilayer 

structures. Chapter 6 describes the studies of heat conduction phenomena in periodic 

Mo/Si multilayer structures with individual layer thicknesses below 10 nm. Such film 

thickness scale is smaller than the typical mean free path values of heat carriers in bulk 

materials, which results in strong anisotropy of heat conduction in-plane and cross-plane 

in multilayer structures. The frequency-domain thermoreflectance technique is applied to 

characterize the thermal conductivity tensor of periodic Mo/Si multilayers. While the 
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mechanisms of the cross-plane heat conduction were studied before, they were not 

applied so far to in-plane heat conduction in multilayer systems: this is studied in detail 

in Chapter 6. To analyze the relative contribution of electron transport to in-plane heat 

conduction, sheet-resistance measurements and the Wiedemann-Franz law are applied. 

Results of measurements for Mo/Si multilayers with varied layer thicknesses indicate a 

large anisotropy between in and cross plane geometries and a dependence of the net in-

plane thermal conductivity on the microstructure of the Mo layers. 

Part of the research efforts within this thesis were spent on the search and evaluation 

of new materials which could enable production of high reflectance optics for new 

wavelengths different from the 13.5 and 6.7 nm range. In chapter 7 the prospects of 

application of phosphorus-based compounds in extreme ultraviolet multilayer optics are 

evaluated. Boron phosphide (BP) is suggested to be used as a spacer material in 

reflective multilayer optics operating just above the L-photoabsorption edge of P ( ≈ 

9.2 nm). Mo, Ag, Ru, Rh, and Pd is considered for applications as reflector materials. 

Our calculations demonstrate that the Pd/BP material combination suggests the highest 

reflectivity values, exceeding 70% within the 9.2 – 10.0 nm spectral range. We also 

discuss the potential of fabrication of BP-based multilayer structures for optical 

applications in the extreme ultraviolet range. 
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Chapter 2  

Phosphorus-based compounds for EUV multilayer 

optics materials 

 

 
 
 
Abstract 
 
We have evaluated the prospects of phosphorus-based compounds in extreme ultraviolet 

multilayer optics. Boron phosphide (BP) is suggested to be used as a spacer material in 

reflective multilayer optics operating just above the L-photoabsorption edge of P ( ≈ 9.2 

nm). Mo, Ag, Ru, Rh, and Pd were considered for applications as reflector materials. 

Our calculations for multilayer structures with perfect interfaces demonstrate that the 

Pd/BP material combination suggests the highest reflectivity values, exceeding 70% 

within the 9.2 – 10.0 nm spectral range. We also discuss the potential of fabrication of 

BP-based multilayer structures for optical applications in the extreme ultraviolet range. 
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2.1 Introduction 
 

Multilayer interference mirrors are the key optical elements enabling numerous 

research studies in the soft x-ray and extreme ultraviolet wavelength ranges. These are 

the basis for applications in optical imaging systems, e.g. for short wavelength 

microscopy, astronomy, optical beamline systems for synchrotron and free-electron laser 

radiation, high-harmonics generating sources [1-3], etc. Multilayer mirrors make use of 

the constructive interference of waves reflected from their multiple interfaces. In most 

cases, multilayers are composed of two alternating materials. Parameters of a multilayer 

structure can be optimized to achieve a required angular or spectral response of a 

designed mirror. Tuning geometrical parameters of the layered structures, like layer 

thicknesses, provides high flexibility for angular and spectral shaping [3]. However, the 

most fundamental issue in designing multilayer mirrors is the proper choice of materials. 

As a general optical criterion for the material selection it is stated that the most favorable 

pair of materials should have maximum possible difference in refractive indices and 

minimum possible absorption [2]. The material with the lower absorbance is usually 

referred to as spacer, and the other material is referred to as reflector or absorber. 

Besides the criteria dealing with optical properties of materials there are a few others 

which are of no less importance – proper materials are required to have (a) good layer 

growth properties, i.e. to form continuous and smooth layers when deposited, (b) low 

miscibility due to interdiffusion and compound formation at interfaces, (c) low chemical 

reactivity with standard ambient gas species, (d) minimal health hazard, and (e) low cost. 

The choice of spacer and reflector materials is typically conducted by analyzing the 

absorption spectra of various materials. In this respect spectral features such as 

absorption edges of elements corresponding to ionization potentials from K, L, M, ... 

electron shells are of interest [3]. Just above (wavelength-wise) an absorption edge of an 

element its extinction coefficient can be small enough and its refractive index can be 

close to unity, so this element can be used as a spacer. The important examples of such 

materials that have been applied as spacers to the moment are the elements of the 2nd 

period of the periodic table: beryllium (Be), boron (B) and carbon (C) that are used as 

spacers just above their K absorption edges; elements of the 3rd and 4th period: 

magnesium (Mg), aluminum (Al), silicon (Si), scandium (Sc) and titanium (Ti) that are 

used just above their L2,3 absorption edges; elements of the 5th period: strontium (Sr) and 

yttrium (Y) that are used just above their M4,5 absorption edges. When moving along 

each period (increasing atomic number) spectral position of the interesting absorption 

edge shifts towards the shorter wavelength.  The application of different spacers allows 

to cover different parts of the shortwavelength spectrum. 

In this chapter we considered elements from the 3rd period of the periodic table that 

to the best of our knowledge have not been previously explored for EUV applications. 

We mainly focus on the properties of phosphorus-based multilayer mirrors operating at 

around the L2,3 absorption edge of phosphorus (P). Reflective optics operating at around 

the photo absorption edge of P is of interest for several applications, including extreme 

ultraviolet astronomy [4-7]  and high-harmonic generation [8-9]. Here we theoretically 
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examine reflective properties of planar multilayer structures with BP spacer and different 

reflector materials that suggest high reflectivity values. Our calculations show that 

Pd/BP material combination suggests the highest reflectivity values, exceeding 70% 

within 9.2 – 10.0 nm spectral range. We also show that BP-based multilayer structures 

suggest higher reflectivity values than Y-based and B-based multilayer structures 

suggesting maximal reflectivity below 70%. Finally, we discuss the possibility of 

fabrication of BP-based multilayer structures and stress that the recent progress in simple 

and cost-effective production of BP material [10] makes its applications in EUV optics 

feasible. 

 

2.2 Material selection 
 

In this section we considered elements from the 3rd period of the periodic table that 

to the best of our knowledge have not been previously explored for EUV applications. 

These could be phosphorus (P) and sulfur (S) having L2,3 absorption edges situated in 

between the K absorption edge of B and M absorption edge of Sr (see Fig. 2.1). Below 

we focus only on P. As for S, our calculations revealed that stable compounds of S result 

in maximum predicted reflectivity similar to that of multilayers with B applied as spacer 

[11]. 

 

 
Fig. 2.1 Spectral positions of photoabsorption edges of different materials.  Black dashed 

lines – materials that were previously used in multilayer mirrors for shortwavelength 

radiation; Red solid lines – materials that are considered in this paper. 

 

The direct application of the solid allotropes of P in multilayer structures is unlikely 

because of its high reactivity – phosphorus forms solid compounds (phosphides) with 

nearly all the elements in the Periodic Table [12]. Also the deposition of pure P 

nanolayers with the conventional thin film deposition techniques like magnetron 

sputtering or electron beam evaporation might be challenging. At least this has not been 

tested so far to the best of our knowledge. For that reason instead of pure phosphorus 

some stable P-based compounds should be considered for applications in multilayer 

structures. This is in spite of the fact that in this situation the increased chemical stability 

is achieved at the expense of the optical performance. Compounds of P with any material 
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have higher absorbance for EUV radiation than that of pure phosphorus in the 

wavelength range where the application of P is favorable. Hence the elements to form 

compounds with P should be chosen using the two following  criteria: 1) high chemical 

stability of the resulting compound; 2) optical constants of the resulting compound close 

to those of pure P. The analysis of the CXRO database of the optical constants [13] 

indicates that the most promising candidates are boron (B), yttrium (Y) and strontium 

(Sr). Obviously phosphorus-reach compounds are still the most attractive – these are BP, 

YP and Sr3P2. However the two latter compounds are decomposed by water with the 

release of phosphine (PH3), which is a flammable and toxic gas. Hence they do not meet 

the criterion of stability. For that reason we exclude YP and Sr3P2 from the consideration 

and focus on BP. BP is a stable covalent compound with relatively low enthalpy of 

formation (Hform ≈ – 100 kJ mol–1) [12]. Low intrinsic absorption of boron in the 

wavelength range of interest and low density of BP (2.9 g·cm–3) results in optical 

properties suitable for the applications in reflective multilayer structures as discussed 

below. 

 

2.3 Layer design 
 

We used the transfer matrix formalism to calculate spectral properties of multilayer 

structures [14]. All the calculations were performed with the assumptions of zero 

interface roughness and sharp interfaces between adjacent layers, i.e. the intermixing of 

materials is neglected. Optical constants, refractive index n and extinction coefficient k, 

for the considered materials were calculated using the tabulated atomic scattering factors 

from the CXRO database. Only periodic multilayer structures are considered here. All 

calculations were performed for normal incidence irradiation of the multilayer structures. 

Since the applications of EUV optics requires high-reflective mirrors we characterize 

the considered here multilayer structures by the value of the maximal achievable 

reflectivity at a given wavelength. In order to calculate maximum achievable reflectivity 

for a periodic multilayer structure we applied local optimization technique based on the 

Powell's algorithm that is implemented in SciPy library for scientific calculations in 

Python language [15]. For a periodic multilayer structure composed of selected materials 

and a fixed number of periods the optimization procedure is based on the variation of the 

thicknesses of elementary layers constituting the period. The value of maximal 

reflectivity increases with number of periods, but due to attenuation of electromagnetic 

wave inside the multilayer structure the number of periods, Neff, that effectively 

contribute to the constructive interference is limited. Fig. 2.2 exemplifies the calculated 

dependence of the maximal reflectivity for Pd/BP multilayer structure at the wavelength 

of 9.5 nm versus the number of periods. The calculations show that for Pd/BP multilayer 

Neff ≈ 100 at 9.5 nm. But this value can be larger (depending on the target wavelength) 

for the other considered below material combinations. For that reason in the calculations 

of maximal reflectivity spectra we set the number of periods to 200 in order to ensure the 

reflectivity at a given wavelength reaches its saturation. 
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Fig. 2.2. Calculated maximum achievable reflectivity at the wavelength of 9.5 nm for 

Pd/BP multilayer structure versus the number of periods. Calculated in the assumption of 

zero interface roughness. 

 

For a multilayer structure with parameters optimized for the maximal reflectance at 

a given wavelength an important characteristics is reflectivity spectrum and the 

bandwidth of the reflectivity peak. Fig. 2.3 exemplifies the calculated EUV reflectivity 

spectrum for a Pd/BP multilayer structure with parameters optimized for maximal 

reflectance at the wavelength of 9.5 nm. We define here and discuss below the 

bandwidth of the reflectivity peak as its full width at the half of maximum (FWHM) as 

shown in Fig. 2.2. 

 

 
Fig. 2.3. Calculated reflectivity spectrum for Pd/BP multilayer structure consisting of 

100 periods. Peak reflectivity is optimized for 9.5 nm wavelength. The gray dotted arrow 

indicates the bandwidth of the reflection peak. 
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2.4 Results of calculations 

 

The application of BP as a spacer material in EUV reflective multilayer optics 

requires selection of proper reflector materials.  The analysis of the database of the 

optical constants indicates that Tc, Ru, Rh, Pd and Ag provides high optical contrasts 

with respect to BP while their absorbance is relatively low. We exclude Tc from the 

consideration because of its radioactivity. But we also added Mo for the consideration 

since it is widely used as a reflector material in multilayer optics operating in the spectral 

range of our interest [5-7, 16]. For that reason in the calculations we considered Mo/BP, 

Ru/BP, Rh/BP, Ag/BP, and Pd/BP periodic multilayer structures. The number of periods 

was set to 200 for each structure. Fig. 2.4a compares the calculated spectral dependence 

of maximum achievable reflectivity for these structures. The calculations show that 

Ru/BP, Rh/BP, Ag/BP, and Pd/BP structures provide reflectivity values exceeding 70% 

for the wavelengths just above the photoabsorption edge of P, unlike Mo/BP structures 

with maximum reflectivity just below 70%. The highest reflectivity values are predicted 

for Pd/BP multilayer structures up to around 9.9 nm. The reflectivity reaches 77.3% at 

the wavelength of 9.2 nm.  For longer wavelengths Rh/BP structures suggest the highest 

reflectivity from around 10 nm up to around 11.3 nm where it becomes inferior to Ru/BP 

structures. Fig. 2.4b compares spectral dependencies of the reflection peak bandwidths 

corresponding to the multilayers in Fig. 2.4a. From Fig. 2.4b it is seen that Pd/BP 

multilayer structures suggest the highest reflection peak bandwidth values above the 

photoabsorption edge of P. 

 

 
Fig. 2.4. (a) - Calculated maximum achievable reflectivity for multilayer structures with 

BP spacer and various reflector materials. Each point corresponds to one distinct 

structure with 200 periods. Thicknesses of the layers constituting the period are 

optimized to achieve maximum reflectance. (b) – Calculated peak bandwidths 

corresponding to the multilayers in (a). 

 

We compare BP with Y and B that can be alternatively considered for the application 

as spacer materials at the considered spectral range [5,16]. Fig. 2.5a compares the 
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calculated spectral dependencies of maximum achievable reflectivity for Pd/BP, Pd/Y 

and Pd/B periodic multilayer structures. The number of periods was set to 200 for each 

structure. It is seen that the calculations predict reflectivity of Pd/BP structures to be 

higher than that of Pd/Y in around 9.2-11.2 nm range, where Y-based multilayers are 

typically used [4,5]. The same is valid for all other abovementioned reflector materials. 

Fig. 2.5b shows that Pd/BP multilayer structures also provide higher reflection peak 

bandwidth values than Pd/Y and Pd/B structures. Thus BP can be considered as the most 

promising spacer material for the production of high-reflective multilayer optics 

operating at around the photoabsorption edge of P. 

 

 
Fig. 2.5. (a) - Calculated maximum achievable reflectivity for Pd/BP, Pd/Y and Pd/B 

multilayer structures. Each point corresponds to one distinct structure with 200 periods. 

Thicknesses of the layers constituting the period are optimized to achieve maximum 

reflectance. (b) – Calculated peak bandwidths corresponding to the multilayers in (a). 

 

As shown by Larruquert [17] for the multilayer structures containing absorbing 

materials, the total reflection can be increased by introducing sub-quarter wavelength 

thick interlayers into the period structure. Our calculations showed that using three- or 

four-component multilayer structures could be beneficial for the BP-based systems. 

Extra materials can be introduced both at the reflector-on-spacer interfaces, e.g. Pd-on-

BP, and at the spacer-on-reflector interfaces, e.g. BP-on-Pd.” Below we consider some 

examples of both cases for tree-component structures. But in practice for the maximum 

gain one would need to combine and use extra materials at both interfaces. The material 

selection was performed by analyzing the CXRO database of the optical constants and 

using the emperical material selection rules derived by Larruquert [17]. For the reflector-

on-spacer interfaces we have found that the introduction of molybdenum nitride (MoN) 

provides up to 1% reflectivity gain for Mo/BP multilayers above the absorption edge of 

P. The other possible candidates as the third material, like e.g. RuN, PdN, RhN could be 

considered to work with Ru, Pd, Rh reflectors correspondingly. But because of a lack of 

published data about their properties we were not able to evaluate their potential. For the 

spacer-on-reflector interfaces we have found that the introduction of B, B4C, C and Y 

provides gains in reflectivity for all the considered spacers. Our calculations indicate that 



33 
 

among the three materials the introduction of B layers provides the highest reflectivity 

gain for all multilayer structures considered; the introduction of C layers provides the 

lowest reflectivity gain. For the Pd/BP system, the introduction of the third material at 

the BP-on-Pd interface results in the smallest reflectivity gain as compared to the other 

systems considered, yet its total reflectivity value is the highest of all. Fig. 2.6a compares 

the maximum achievable reflectivity for Pd/BP multilayer structures with and without B 

interlayers at the BP-on-Pd. It is seen that above 9.2 nm the introduction of B layers 

provides some reflectivity increase, Rmax = 0.8-2%, depending on the wavelength. Fig. 

2.6b shows the optimal layer thicknesses of multilayer structures corresponding to Fig. 

2.6a. From Fig. 2.6b it is seen that above 9.2 nm wavelength the optimal B thickness is 

within 0.7-1 nm range. Note that the state-of-art deposition technologies allow to use ≈ 

0.3 nm thick interlayers [18,19], hence the calculated optimal B thickness values are 

feasible for real applications.  In Fig. 2.6b it is also seen that below 9.2 nm B will better 

operate as the spacer material, with BP being efficient as a sub-quarter wavelength thick 

layer. Finally, only some examples of possible candidates for extra materials to be used 

as reflectivity enhancing interlayers have been considered here. More extensive research 

is needed to find the best candidates, which is out of scope of this work. 

 

 
Fig. 2.6. (a) – Calculated maximum achievable reflectivity for Pd/BP multilayer 

structures with and without B interlayers at the spacer-on-reflector interfaces. Each point 

corresponds to one distinct structure with 200 periods. Thicknesses of the layers 

constituting the period are optimized to achieve maximum reflectance. (b) – Calculated 

optimal layer thicknesses of multilayer structures with B interlayers corresponding to the 

structure with B interlayers in (a). 

 

2.5 Discussion 
 

The presented above results of calculations indicate that BP can be considered as a 

competitive spacer material to Sr and Y that were previously considered as spacers for 

multilayer mirrors operating at around 9 nm wavelength [4-7]. However vast application 

of Sr-based mirrors is unlikely since they were demonstrated to deteriorate within a few 

hours when exposed to air due to interaction with the ambient gases [4], For Y-based 
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mirrors interaction with ambient gases is less critical but it is still the case - oxidation of 

yttrium causes significant discrepancy between the measured reflectivity values for the 

manufactured structures and the theoretical predictions [4]. 

The presented above calculation results show that BP-based, e.g. Pd/BP, multilayer 

structures have a potential for applications in production of high-reflective EUV optics 

operating above the photoabsorption edge of P. Fig. 2.7 shows maximum reflectivity 

spectrum for Pd/BP material combination together with other material combinations 

(La/B, Mo/Si and Mo/Be) suggesting high reflectivity values at different spectral ranges. 

It is seen that BP-based multilayer structures could partially bridge the spectral gap 

between B-based and Be-based high-reflectivity mirrors as presented in Fig. 7 that 

makes the former attractive for the further studies. 

 

 
Fig. 2.7. Calculated maximum achievable reflectivity for Pd/BP, La/B, Mo/Si and 

Mo/Be multilayer structures. Each point corresponds to one distinct structure with 200 

periods. Thicknesses of the layers constituting the period are optimized to achieve 

maximum reflectance. 

 

All the presented above results are based on the calculations where we assumed 

perfect interfaces in multilayer structures. However, when fabricating real structures 

interface imperfections limit optical performance of multilayer optics. To understand an 

impact of interface roughness on the mirror reflectivity it is required to study 

morphology of the experimentally grown multilayer structures as it was done for Mo/Si 

optics [18]. Another issue is to study diffusion of multilayer components at interfaces 

and compound formation processes that are also crucial for the optical performance. Our 

preliminary analysis of thermochemical data indicates that BP is more stable (in terms of 

formation enthalpies) than the phosphides of the considered above reflector materials 

that may form at the interfaces (see Table 2.1). 
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Table 2.1. Formation enthalpies for various compounds that are considered here. Data is 

taken from references [12,20]. 

 

Compound Formation enthalpy (kJ/mol) 

BP -100 

PdP -54 

RhP -55 

AgP -7 

RuP -53 

MoP -96 

PdB -29 

RhB -31 

AgB 15 

RuB -31 

MoB -48 

PdC 5 

RhC 0 

AgC 33 

RuC -4 

MoC -38 

 

Introducing B, C or B4C as sub-quarter wavelength thick interlayers at the spacer-

on-reflector interfaces showed  gains in reflectivity. We note here that these materials are 

also potentially able to add further benefits to the structures acting as diffusion barrier 

layers.  This is connected to the fact that B and C are less reactive with the considered 

reflector materials than P (see Table 1). Therefore depositing interlayers of these 

materials is expected to both increase reflectance and result in thinner interfaces. 

The potential of practical application of P-based multilayer mirrors is primarily 

determined by the possibilities of their fabrication, i.e. by the possibilities of the 

controlled deposition of nanometer-scale BP layers. Thin films of phosphide materials 

are usually fabricated using deposition techniques that implies heating of the substrate 

receiving material up to a few hundred degrees; these can be chemical vapor deposition 

or molecular beam epitaxy [21-24]. For instance, BP coatings are produced by chemical 

vapor deposition at substrate temperatures above 600ºC [21]. However, such deposition 

techniques are mostly not compatible with the growth conditions for multilayer 

structures with individual layer thicknesses in the nanometer scale, since heating of the 

deposited structures activates the processes of diffusion and compound formation at the 

interfaces and, consequently, damages the deposited structures. For that reason physical 

vapor deposition techniques, such as magnetron sputtering or electron beam evaporation, 

are required. A possible way is to use co-evaporation techniques, which was proven to 

work for BP deposition [25]. Alternatively, the deposition of BP films by reactive 

magnetron sputtering using boron target in PH3/Ar sputtering medium can be applied 

[26]. This can also be done using magnetron sputtering of B target in combination with 
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ion treatment of the growing layers during its deposition using an ion gun. However 

these two deposition techniques imply utilization of the toxic and flammable gas PH3 

that poses strong limitations on its applications. Alternatively, magnetron sputtering can 

be done using phosphide targets like it is done for gallium phosphide infrared 

antireflective coatings [27]. For the latter approach the availability of BP sputtering 

targets is the most critical issue. Until very recent the lack of relatively simple and cost-

effective methods of BP production was the main limitation for the use of BP while this 

is also of interest for many other applications including thermoelectricity, neutron 

detectors, light emitting diodes and laser diodes, and ultra-durable antireflection coatings 

[28-30]. The standardly used techniques [31-34] of BP production have several 

disadvantages: the use of toxic and aggressive reagents, rather complicated technical 

implementation, high labor intensity and time consumption. In 2013 Mukhanov et al. 

proposed a new simple and rapid technique for the production of BP submicron powders 

using readily available and cheap reagents according to the reaction of boron phosphate 

reduction with magnesium [10]. We assume this technique of BP production should 

enable the availability of BP sputtering targets that are required for the fabrication of BP-

based multilayer coatings. 

 

2.6 Conclusions 

 

We have evaluated the prospects of phosphorus compounds in extreme ultraviolet 

multilayer optics optimized for wavelengths above the absorption edge of P 

corresponding to photoionization from the L2,3 electron shell. By analyzing the optical 

constants of different compounds of P and their chemical stability we concluded that BP 

is the most promising for the application in multilayer optics as a spacer material. For the 

promising reflector materials Mo, Ag, Ru, Rh, and Pd were selected. Optical 

performance of BP-based multilayer mirrors was evaluated theoretically using the 

transfer matrix approach for the calculation of multilayer reflection. Our calculations 

show that Pd in combination with BP suggests the highest reflectivity values as 

compared to the other considered reflector materials. The predicted maximum 

reflectivity for Pd/BP multilayer mirrors reaches 77.3% at a wavelength of 9.2 nm. We 

have also considered three-component multilayer mirrors and found that introduction of 

B, B4C, C or Y thin interlayers at the spacer-on-reflector interface provides gains in 

reflectivity for all the considered reflectors. Finally the potential of fabrication of BP-

based multilayer optics have been discussed. 
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Chapter 3  

Infrared suppression by hybrid EUV multilayer – 

IR etalon structures  

 

 
 
 
Abstract 
 

We have developed a multilayer mirror for extreme ultraviolet (EUV) radiation (13.5 

nm) which has near-zero reflectance for IR line radiation (10.6 m). The EUV reflecting 

multilayer is based on alternating B4C and Si layers. Substantial transparency of these 

materials with respect to the infrared radiation allowed integrating the multilayer coating 

in a resonant quarter-wave structure for 10.6 m. Samples were manufactured using 

magnetron sputtering deposition technique and demonstrated suppression of the infrared 

radiation by up to 3 orders of magnitude. The EUV peak reflectance amounts 45% at 

13.5 nm, with a bandwidth at FWHM being 0.284 nm. Therefore such a mirror could 

replace conventional multilayer mirrors to suppress undesired spectral components in 

monochromatic imaging applications, including EUV photolithography. 
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3.1 Introduction 

Many optical applications demand high reflectivity in a particular wavelength range 

while simultaneously requiring suppression of radiation outside the prime range. Such 

parasitic radiation can for instance lead to image distortions in imaging applications, or 

poor signal-noise ratios in spectroscopy. A most obvious need for radiation with high 

’spectral purity’ can be found in Extreme UV photolithography. In order to fulfill 

demands of high productivity, EUVL requires high power EUV radiation sources. A 

promising technology for such sources is based on the emission of dense tin plasmas 

produced by pulsed CO2 laser radiation [1]. However, such plasmas also emit so-called 

out-of-band radiation [1], and they also scatter a significant portion of the incident laser 

radiation. The latter forms the major part of the out-of-band radiation of laser-produced 

plasma (LPP) sources [1]. Since most optical elements in the EUV collecting and 

imaging train have a high reflection coefficient for IR radiation due to the presence of a 

refractory metal in the multilayered mirrors, IR radiation will propagate along with EUV 

and reach the wafer, which may lead to various imaging distortions. In order to avoid 

heating of optical elements and wafers, a 100–1000× suppression of laser radiation 

might be generally required. 

Different types of spectral purity filters have been proposed for this goal: foil filters 

[2, 3], grid filters [4, 5], reflective grating-like optics [6] and antireflection-based (AR) 

EUV optics [7]. The latter solution is especially attractive because it enables integration 

of an infrared antireflection coating with an existing EUV reflecting mirror. This avoids 

additional elements in the optical system. Furthermore the heat load on the AR coating 

integrated with an existing EUV mirror can be effectively mitigated by cooling the 

mirror substrate, unlike the free-standing filters such as foils and grids that rely on heat 

removal through thermal radiation. Finally the production of the AR based optics might 

be more straightforward than integration of multilayer coatings with grating 

topographies.  

High opacity of pure materials at 13.5 nm prohibits construction of antireflection 

coating on top of standard Mo/Si multilayer structure. Substitution of Mo in EUV 

reflecting coatings by an IR transparent material allows utilizing the multilayer as a part 

of IR antireflection coating. Diamond-like carbon (DLC) and boron carbide (B4C) are 

the examples of appropriate materials due to their transparency with respect to IR 

radiation and possibility of 13.5 nm reflective coatings formation [7, 8]. In ref [7] it is 

demonstrated the laser radiation at 10.6 m can be suppressed by a factor of 23 by 

applying an IR transparent DLC/Si multilayer coating on top of the antireflection layer. 

However, in that design IR radiation passes through the optical element, and a special 

arrangement is needed to suppress reflectivity of this radiation by the materials present 

behind the optics and manage its proper absorption. In this chapter we present an 

alternative solution providing strong suppression of IR reflection, with the radiation not 

being transmitted but absorbed by the antireflection coating. 

 
3.2 Multilayer design 
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The proposed design uses a principle of a resonant absorber as depicted in Fig. 3.1a. 

Such systems are widely used in microbolometric and pyroelectric cameras and thermal 

detectors [9]. The absorber is based on a quarter-wave resonator, or a Fabry-Perot etalon 

with a high loss factor. This system provides high absorbance due to the large dielectric 

permittivity of the absorbing film in combination with a large electric field; a reflector 

(thick metal film) provides an antinode of the electric field at the position of the thin 

absorber film (Fig. 3.1b). In general, the absorption efficiency of a thin metallic film is 

governed by its optical constants and thickness. Optimal thickness for a given 

wavelength is dependent on the optical constants of the material of the film. By 

analyzing the Fresnel coefficients for the structure shown in Fig. 3.1a., one can find that 

the structure resonantly absorbs radiation with wavelength  when the thickness of the 

gap is a multiple of G/ 4 n , where Gn  corresponds to the refractive index of the gap 

layer. In addition, the thickness h of the thin film, corresponding to the total absorption, 

is connected with its complex refractive index n+i k  by [10] 

 

/(4 ) h nk         (3.1) 

 

Formulae (3.1) is obtained in assumption that the reflector is made of a perfect electric 

conductor. 

 

 
 

Fig. 3.1. A) Sketch of a resonant absorber; B) Field distribution in the resonant absorber; 

I – incident wave, R – reflected wave; C) design I, and D) design II for the EUV coating 

integrated with the resonant absorbing structure.  
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The IR transparent EUV reflecting multilayer coating can be integrated on top of the 

IR absorbing structure (Fig. 3.1c, design I) and also it can substitute (partially or 

entirely) the gap layer in the resonator (Fig. 3.1d, design II). However, introducing the 

multilayer stack changes the optimal gap thickness for both designs. Also, in case of 

design II the EUV reflectivity is very sensitive to the material and the thickness of the 

top metal layer. The range of EUV transparent metals is in practice restricted to Mo, Ru, 

Nb and Zr. The thickness of the layer should be limited to several nanometers to avoid a 

large impact on EUV reflectivity. For a Mo film, assuming bulk optical constants, 

formula (1) gives h = 1.4 nm at  = 10.6 m which meets the demand of limited impact 

on the EUV reflectivity. For the EUV reflecting multilayer coating we used a B4C/Si 

multilayer system.  

The optical response of the described structures was modeled using the the software 

package IMD [11]. The modeling deals only with the thicknesses of the layers and their 

refractive indices. Interdiffusion on the interfaces has not been taken into consideration. 

Each layer was considered as a uniform layer with bulk optical constants of the 

appropriate material. Values of the B4C/Si coating period, p, and ratio of single B4C 

layer thickness to period, , were optimized for a maximum reflectance at 13.5 nm and 

resulted in p = 6.85
 
nm and . It was found that about 80 periods of B4C/Si are 

required in order to achieve the saturation of EUV reflectivity for the coating. Using 

these parameters and assuming zero roughness at interfaces, a theoretical peak 

reflectance of about 56% is found at the wavelength of 13.5 nm. The full structure, i.e. 

the EUV multilayer coating of 60 periods with optimal p and  integrated with thin 

absorber layer, gap layer and reflector layer of thicknesses h, L, and H, was modeled in 

order to maximize suppression of 10.6 m radiation. Mo and Si were chosen as materials 

for the metal film (absorber, reflector) and gap layer, respectively. Si also was chosen as 

a substrate material. The thickness of the reflector, H, was minimized because deposition 

of thick layers is generally accompanied by development of large surface roughness. The 

minimal thickness of H is restricted by the skin-depth value for Mo at 10.6 m, i.e. the 

reflector layer should not transmit more than 1% of the IR radiation. The skin-depth 

value can be estimated as / 2  k , yielding  ≈ 28 nm. In the simulations and further 

experiments we have used H = 30 nm. Results of calculations show that the values of 

465 nm (design 1) and 450 nm (design 2) correspond to a gap thickness which is optimal 

for suppression of IR reflectivity at 10.6 m. 

 
3.3 Experimental 
 

In order to validate the ability of the proposed structures to filter IR radiation, several 

structures were deposited using the design I (Fig 3.1C). All samples were deposited onto 

super-polished Si substrates using DC magnetron sputtering. The Si sputter target for 

deposition was chosen to be low-doped (1 Ω·cm). To smoothen roughness developed 

during the deposition, the thick absorbing Si layer, the ~465 nm gap coating, was 

deposited in steps of 50 nm, with intermediate steps of surface smoothening by low 
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energy Kr ion bombardment using principles described in [12]. The absorbing Mo layer 

was separated from the Si gap layer by means of a 2 nm B4C diffusion barrier layer to 

prevent molybdenum silicide formation [13]. B4C and Si were used as reflective and 

spacer layer in a 60 period EUV reflective coating. The layer composition of the 

deposited multilayers was characterized by hard (0.15604 nm) x-ray grazing incidence 

reflectometry. Analysis of the measured x-ray spectra was performed using the software 

package IMD. These simulations showed that the surface roughness of the gap layer did 

not exceed 0.5 nm, which is sufficiently low to obtain high-reflectance of the B4C/Si 

multilayer. 

 

3.4 Results and discussion 

 

IR measurements were performed using a Bruker IFS 66v/S FTIR spectrometer. 

Reflection spectra were taken in a vacuum sample stage, using optical beam 

configuration resulting in a 4 cm
-1

 resolution. A pyroelectric detector was used in order 

to provide a large dynamic range for reflectivity measurements. Fig. 3.2 shows measured 

IR reflectance of samples with different thickness of the absorber layer. The graph shows 

that the optimal thickness of the Mo layer was about 3 nm, which provides suppression 

of reflectance by up to 3 orders of magnitude over that observed on a  conventional 

Mo/Si coating (Fig. 3.2) [14]. 

 

 
 

Fig. 3.2. IR reflectance spectra; black lines – B4C/Si multilayer integrated with AR 

coating with different thicknesses of the absorbing layer; red line – conventional Mo/Si 

multilayer. 

 

EUV reflectometry of the samples was performed at the soft x-ray beam line at the 

Physikalisch-Technische Bundesanstalt (PTB) in Berlin. Fig. 3.3 shows the measured 

EUV reflectance, together with IMD model simulations. The measured spectrum is 
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characterized by a maximum value of 44% and a full width at half maximum of 0.284 

nm (2% around 13.5 nm). IMD simulations revealed that the discrepancy between 

theoretical and experimental peak values could be explained by introducing 0.8 nm 

effective interface layers into the model simulations. This suggests significant interface 

intermixing or compound formation at each interface of the B4C/Si multilayer. 

 

 
 

Fig. 3.3. Comparison of calculated (dashed line) and measured (solid line) spectra of 

EUV reflection of the B4C/Si multilayer integrated with AR coating. 

 
3.5 Conclusions 

 

In conclusion, we have developed a multilayer mirror for EUV radiation at 13.5 nm 

with near-zero reflectance for IR radiation at 10.6 m wavelength. This selective 

reflectivity is achieved by the integration of an EUV reflecting B4C/Si multilayer coating 

with an IR resonant quarter wave, absorbing structure. The measured spectral 

characteristics show up to 3 orders of magnitude reduction of the IR reflectivity, while 

retaining a high EUV reflectivity, demonstrating the use of the structure as a dual 

function, spectrally selective element. 
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Chapter 4  

Infrared antireflective filtering for extreme 

ultraviolet multilayer Bragg reflectors  

 
 

 
 
 
Abstract 
 

An extreme ultraviolet multilayer mirror with an integrated spectral filter for the IR 

range is presented and experimentally evaluated. The system consists of an IR-

transparent B4C/Si multilayer stack which is used both as EUV-reflective coating and as 

a phase shift layer of the resonant IR antireflective (AR) coating. The AR coating is 

optimized in our particular case to suppress CO2 laser radiation at a wavelength of 

10.6 μm, and a suppression of more than two orders of magnitude is demonstrated. The 

method allows high suppression over a large angular acceptance range, relevant for 

application in lithography systems. 
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4.1 Introduction 

Plasma-based extreme ultraviolet (EUV) sources emit radiation in a wide spectral 

range (from EUV up to IR), while applications such as solar EUV imaging or EUV 

lithography (EUVL) often require almost monochromatic radiation. EUV-reflecting 

multilayer optics typically possess high spectral selectivity in their working range [1], 

but for the suppression of long-wavelength radiation, development of spectrally 

selective, or so-called spectral purity, filters is highly demanded. Particularly, this issue 

is relevant to laser-produced plasma sources of EUV radiation, which are of great 

interest for lithographic applications [2, 3]. Utilization of such sources requires strong 

suppression of all undesired out-of-band radiation, in particular suppression of the 

scattered driver-laser radiation (typically 10.6 μm radiation of CO2 laser) [3]. Different 

solutions have been proposed for spectral filtering [4-16], with particular emphasis on 

solutions that combine EUV-reflection with IR or DUV (deep ultra violet) suppression 

properties in a single device [10-16]. A short comparison of different spectral filtering 

approaches is given in [13]. In this chapter we present an alternative design of a 

reflective EUV multilayer with enhanced spectral purity in the IR range. 

 

4.2 Multilayer design 

 

In the proposed design, depicted in Fig. 1, an IR-transparent periodic B4C∕Si 

multilayer stack is used simultaneously as an EUV reflector [17], and as an IR active 

element in the form of an antireflective (AR) coating. The AR coating uses the principle 

of destructive interference in order to minimize reflection for a specific wavelength. 

Since individual layer thicknesses in the B4C∕Si stack are of nanometer scale, much 

smaller than the IR radiation wavelength, and their refractive indices have rather similar 

values, the stack is effectively perceived by the incident IR wave as a uniform medium. 

For this reason, the intensity of the wave reflected by the entire structure is governed by 

the interference of the waves reflected from multilayer surface (R1) and from the 

multilayer/metal interface (R2). Since the reflection coefficient of a metal film can be 

changed by varying its thickness, it is possible to tune the R2 wave amplitude such that it 

will be equal to the R1 wave amplitude. In addition, varying the thickness of the top 

structure (the number of B4C∕Si periods) allows to one tune the phase shift between R1 

and R2 to 180°, resulting in a near-zero intensity of the total reflected wave R. The role 

of the substrate is also of key importance hereby choosing its material it is possible to 

achieve total absorption of the incident wave in the structure. While Si is highly 

transparent to 10.6 μm radiation, SiC is an example of an IR absorbing substrate material 

that also has excellent thermal properties, relevant for applications that employ EUV 

collector optics at high thermal loads [18]. 

The optical response of the structure depicted in Fig 1 was simulated using the 

recurrent matrix method [19]. The layered model deals only with the thicknesses of the 

layers and their refractive indices, interdiffusion on the interfaces has not been taken into 

consideration for the sake of simplicity. Each layer was considered as a uniform layer 



49 
 

with values of the materials optical constants. The refractive indices at 10.6 μm 

wavelength, as used in the simulations, can be found in [20-22]. 

 

 
 

Fig. 4.1. Sketch of the hybrid EUV multilayer mirror – IR antireflective coating. 

 

In the simulations we have considered structures with a varying number of B4C∕Si 

periods. The period of the B4C∕Si multilayer and the ratio Γ = (B4C layer 

thickness)∕(period thickness) were fixed at 6.85 nm and 0.4, respectively. We have 

chosen Mo as a material for the metal layer in the mirror as the generally used material 

for EUVL multilayer optics. The Mo layer thickness was varied, with a value of 10 nm 

found as being optimal for 10.6 μm radiation suppression. Infinitely thick substrates of 

Si and SiC were considered. The calculated reflection (R), absorption (A), and 

transmission (T =1-R-A – energy fraction which is not absorbed by a substrate) at 10.6 

μm wavelength is depicted in Fig. 2 for structures with both Si and SiC substrates. One 

can see that near-zero reflection can be achieved in both cases. However, the structures 

with a Si substrate transmit a considerable amount of radiation (≈30%), while the 

structures with a SiC substrate provides almost 100% absorption. In the case of finite-

thick Si substrate, reflection of IR radiation from the backside of the substrate causes 

additional interference and, thereby, oscillations of parameters of the structure with 

substrate thickness.  

The design presented here does not require deposition of additional thick AR single-

material layers (~500 nm) as present in alternative designs [12, 13]. For this reason, 

manufacturing of the current design does not require additional smoothening procedures 

[23] that would be needed to fulfill low-roughness requirements for EUV reflecting 

coatings. It is also noteworthy that in the current design, the number of B4C∕Si periods 

required for 10.6 μm suppression (~100 periods) is sufficient for the saturation of the 

EUV reflectance. This ensures maximum EUV reflectance (theoretically 56% at 13.5 nm 

for B4C∕Si multilayer), in strong contrast to the trade-off between the EUV reflectance 

and the IR suppression that was inherent to previous design [12]. 
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Fig. 4.2. Calculated dependence of the optical response of the mirror at 10.6 μm 

wavelength on the number of B4C∕Si periods for the case of infinitely thick Si (a) and 

SiC (b) substrates. Mo layer thickness is 10 nm. The reflection (R), transmission 

(determined as T = 1-R-A), and absorption (A) coefficients are plotted as solid lines, 

dashed lines, and dashed-dotted lines, respectively. All simulations are performed for 

normal incidence. 

 

Applications of multilayer Bragg reflectors generally require coatings to exhibit 

optical responses at varying angles of incidence. For the design proposed here, this 

means that AR behavior could be required for a range of incident angles. Fig. 4.3 shows 

the calculated angular dependence of reflectance at 10.6 μm for a structure with a Si 

substrate, 10 nm Mo layer, and 103 periods of B4C∕Si (which was found to be optimal 

from simulations). Calculations were performed using unpolarized light. One can see 

that the structure provides deep suppression (R < 1% for θ < 35°) of 10.6 μm radiation in 

a wide range of angles. 

 

 
Fig. 4.2. Calculated reflectance at 10.6 m wavelength as a function of the angle of 

incidence 
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4.3 Experimental 
 

In order to validate the ability of the proposed structures to filter IR radiation, several 

identical structures were deposited. All samples were deposited onto superpolished Si 

substrates using DC magnetron sputtering. Backside of the substrates was unpolished 

and had micrometer scaled roughness in order to suppress interference with wave 

reflected from the back side of the substrate. The period of the B4C∕Si multilayer and the 

ratio Γ were aimed at 6.85 nm and 0.4, respectively. Mo layer thickness was aimed at 10 

nm. Number of periods was set to 103. Calibrated sputter deposition rates and quartz 

crystals were used for layer thickness control. 

 
4.4 Results and discussion 
 

EUV reflectometry of the samples was performed at the soft x-ray beam line of the 

Physikalisch-Technische Bundesanstalt (PTB) in Berlin. A maximum EUV reflectance 

of 45% at a center wavelength of 13.5 nm was obtained. Interface intermixing or 

compound formation with 0.8 nm interlayer thickness could cause such discrepancy with 

the theoretical reflectance (56%) according to our simulations of EUV and x-ray 

reflectometry results. Interlayer thickness can be reduced by applying low temperature 

deposition techniques [24] that provide a potential for the following optimization of 

EUV reflectivity. 

 

 
Fig. 4.4. Measured IR reflectance and transmittance as a function of wavenumber for the 

sample with 10 nm Mo layer and 103 periods of B4C/Si multilayer.  

 

IR reflection and transmission spectra of these samples were measured in vacuum 

using a Bruker IFS 66 v∕S Fourier-transform IR spectrometer with a pyroelectric 

detector. The measurements were performed in a vacuum sample stage, using an optical 
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beam configuration with an angle of incidence of 11°. The spectra were recorded with a 

resolution of 4 cm
−1

 and in each case 64 spectra were averaged. Figure 4.4 shows the 

measured IR transmittance and reflectance of a sample. Reflectance has a minimum 

(0.42%) at 960.87 cm
−1

 wavenumber (10.4 μm). The absolute value of the reflectance 

minimum can be made lower by further tuning the Mo layer thickness by about 1 nm. 

The mismatch in the position of the spectral minimum is due to the mismatch in the total 

thickness of B4C∕Si stack by about 20 nm that can be tuned by the number of periods. 

Both deviations from the calculations are due to uncertainties in the used optical 

constants of the materials. Also it is seen that the measured transmittance value is lower 

than the calculated value (Fig. 4.2). That is explained by the radiation scattering on the 

rough back surface of the sample. 

The IR suppression design presented here results in complete absorption of incident 

10.6 μm radiation when an absorbing substrate is used, potentially generating heat load 

issues. Absorption of all of the 10 kW laser radiation in the EUV collector optics and 

related cooling issues are considered in detail in [18]. It was also shown that the mirror’s 

temperature can be precisely controlled by using the system of ducts with cooling liquid 

inside the mirror’s substrate. 

 
4.5 Conclusions 

 

We have devised and demonstrated a new hybrid EUV-reflecting–IR-antireflecting 

multilayer mirror, which can be applied as a spectral filtering system in EUV 

applications. The design of the AR coating, based on a 10 nm Mo layer, and an EUV 

reflecting and IR transparent B4C∕Si multilayer, is significantly simpler than 

alternatively proposed designs and requires no thick AR layers that may lead to 

roughness induced EUV performance loss issues. The design has no inherent trade-off 

between EUV reflectance and IR suppression, maximizing EUV performance. First 

experimental data show IR suppression by more than a factor of 150 at a wavelength of 

10.6 μm, with an EUV reflectance of 45%. 
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Chapter 5  

Infrared diffractive filtering for extreme ultraviolet 

multilayer Bragg reflectors 

 

 
 
 
Abstract 
 
We report on the development of a hybrid mirror realized by integrating an EUV-

reflecting multilayer coating with a lamellar grating substrate. This hybrid mirror acts as 

an efficient Bragg reflector for extreme ultraviolet (EUV) radiation at a given 

wavelength while simultaneously providing spectral-selective suppression of the 

specular reflectance for unwanted longer-wavelength radiation due to the grating phase-

shift resonance.  The test structures, designed to suppress infrared (IR) radiation, were 

fabricated by masked deposition of a Si grating substrate followed by coating of the 

grating with a Mo/Si multilayer. To give the proof of principle, we developed such a 

hybrid mirror for the specific case of reflecting 13.5 nm radiation while suppressing 10 

μm light, resulting in 61% reflectance at the wavelength of 13.5 nm together with the 

70× suppression rate of the specular reflection at the wavelength of 10 μm, but the 

considered filtering principle can be used for a variety of applications that are based on 

utilization of broadband radiation sources. 
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5.1 Introduction 
 

The use of diffractive optical elements plays an important role in advanced optical 

systems that are based on the utilization of radiation emitted by broadband sources. 

Various spectral-selective diffractive elements are applied either for spectral analysis or 

for spectral filtering. In the past 20 years various combinations of grating structures with 

multilayer Bragg-reflector coatings were intensively explored as optical elements with 

improved spectral characteristics specifically for the EUV and soft X-ray ranges of the 

electromagnetic spectrum [1-7]. Particularly, such multilayer gratings are attractive for 

optical applications that require high reflection for radiation in the EUV wavelength 

range and simultaneously demand suppression of radiation outside this prime range. A 

most obvious need for radiation with high “spectral purity” can be found in extreme 

ultraviolet lithography (EUVL) [8]. In order to fulfill demands of high productivity, 

EUVL requires high power radiation sources of EUV. A promising technology for such 

sources is based on the emission from dense tin plasmas produced by pulsed CO2 laser 

radiation with 10.6 m wavelength [9-12]. These plasmas emit, apart from useful in-

band EUV (13.5±0.1 nm) light, also unwanted, so called out-of-band (OoB) radiation, 

e.g. longer/shorter wavelength EUV, ultraviolet, visible and scattered infrared light from 

the laser [11-12].  All sorts of OoB radiation are efficiently reflected by the mirrors in 

the optical system. To prevent problems such as mirror heating, wafer heating, resist 

flare and imaging contrast loss, strong mitigation of OoB radiation is highly demanded.  

Along with a variety of different types of spectral purity filters [13-20], multilayer 

grating designs have been proposed earlier for suppression of OoB radiation in [6,7]. 

These designs use a filtering principle based on the diffractive deflection of OoB 

radiation from the direction of EUV beam propagation. For instance, van den Boogaard 

et al. showed the potential of achieving full spectral separation of EUV and IR radiation 

by application of a Mo/Si multilayer coated blazed grating [6]. However fabrication of 

such blazed multilayer grating possessing high EUV reflectance requires an application 

grating substrate with roughness adequate for deposition of Mo/Si coating [21], which is 

still a big technical challenge. Suppression of ultraviolet OoB radiation has been 

demonstrated recently along with high EUV reflection efficiency with a diffractive filter 

based on Mo/Si multilayer integrated in rectangular-groove grating [7].  

In this chapter we focus on the further development of a diffractive optical element to 

suppress the IR radiation using a rectangular grating rather than a blazed grating. 

Rigorous calculations of the optical response of metallic rectangular grating were used in 

order to determine optimal geometrical parameters of such a diffractive filter. 

Furthermore, we applied an alternative manufacturing procedure allowing a significant 

reduction of the grating period with respect to the previously reported method [7] thus 

improving the angular separation of “useful” and “parasitic” radiation. 
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5.2 Working principle 
 

The design of the diffractive EUV filter is given schematically in Fig. 5.1. This 

hybrid structure consists of the rectangular-groove grating with an EUV-reflecting 

multilayer coating deposited on top. Mo/Si coating is intended to be used because of its 

high reflectance at the 13.5 nm wavelength. High lateral electrical conductivity of the 

Mo/Si coating causes efficient reflection of IR radiation from the multilayer. The lateral 

periodicity of the structure results in diffraction of the reflected radiation: besides the 

specularly reflected radiation, additional intensity is observed in the diffraction maxima 

at off specular angles. These diffraction angles are determined by the grating equation: 

 

 sin sin p m  
        (5.1) 

 

where p is the grating period, λ is the wavelength of incident radiation, θ is the angle of 

incidence, m is an integer representing the m
th

 diffraction order, and ϑ is the diffraction 

angle corresponding to the m
th

 order. As can be calculated with Eq. (5.1) characteristic 

values of the diffraction angles corresponding to 13.5 nm and 10.6 μm wavelength’s 

values differ by about three orders of magnitude. Therefore, when reflecting from the 

described diffraction filter the diffracted IR radiation will be significantly deflected from 

the direction of propagation of the reflected EUV radiation. Only the specularly reflected 

beam of IR radiation, corresponding to the 0
th

 diffraction order, remains undeflected. By 

tuning the geometrical parameters of the grating (p, d, h) the 0
th

 order can be suppressed 

for the IR light. 

 
Fig. 1. Schematic design of EUV filtering system based on the rectangular multilayer 

grating. Colors: grey – grating substrate; blue/yellow – Mo/Si multilayer deposited on 

top; red arrows – IR radiation; violet arrows – EUV radiation. 
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The 0
th
 order suppression principle can be clearly demonstrated when considering the 

optical response of the grating structure within the scalar theory of diffraction. Consider 

a 2-dimensional infinite rectangular-groove grating illuminated with a normal-incident 

plane wave with wavelength . The grating is characterized by its period p, width d and 

depth h of the grooves. Analogous to the situation of a transmission grating, which is 

given in Ref. [22], one can derive the following expression for the n
th

 order diffraction 

efficiency (the ratio of diffracted intensity to incident intensity): 

 

   
2

sinc sinc    n totR R n A n  ,     (5.2) 

 

where Rtot is the total reflected intensity,  = d/p and A is the phase shift factor 

 

4
exp i 1





 
  

 

h
A .        (5.3) 

 

For the particular case of the 0
th

 order Eq. (1) results in 

 

 0
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1 2 1 1 cos





   
        

   
tot

h
R R .      (5.4) 

 

From Eq. (5.4) it is seen that 0
th

 order intensity becomes zero only when  = 0.5 and h = 

/4+m/2, where m = 0,1,2,… When the 0
th

 order reflection is suppressed, the total 

reflected radiation is distributed between the remaining diffraction orders: the off-

specularly reflected waves. Note that for the specific case of  = 0.5 Eq. 2 results in zero 

intensity of even diffraction orders as well. The main part, about 80%, of the intensity of 

the reflected light is distributed between the 1
st
 and the -1

st
 diffraction orders (see Fig. 

5.2).  The actual value of the diffraction angle of these most intense diffraction orders is 

determined by the value of the grating period, as can be seen in Eq. (5.1). The choice of 

the period is discussed in the following section. Here we conclude that the smallest 

resonant groove depth h = /4 is the most convenient for filtering applications from the 

practical point of view. 
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Fig. 5.2 Calculated (Eq. (5.2)) diffraction efficiencies of the first three diffraction orders 

as function of the h/  ratio for the case  = 0.5. 

 

5.3 Design calculations 
 

In this paragraph we present the results of rigorous calculations of the plane wave 

reflection from a metallic rectangular grating representing the above described 

diffraction filter. These calculations allow to accurately estimate the suppression rate of 

the specular reflectance in the infrared range. We also discuss illumination of the grating 

structure with finite size source in order to evaluate the impact of a limited spatial 

coherence on IR and EUV diffraction. Based on the results of these calculations we 

estimate the range of grating period values providing the required more than 100× 

suppression of the reflectance at 10.6 μm wavelength. 

The calculations were performed by using the approach described in Ref. [23]. The 

perfect-conductor (PC) approximation works well for the long-wavelength infrared 

range for calculations of the electromagnetic wave reflection from metal gratings [24]. 

This perfect-conductor approximation also allows to consider reflection from the grating 

as a function of the dimensionless parameters p/ and h/ that is convenient for scaling 

procedures. All calculations were performed for both TE and TM polarization states of 

the incident plane wave, but the results below are presented in terms of half-sum for TE 

and TM reflectance, R = 0.5(R
TE

 + R
TM

), in order to simulate reflection of unpolarized 

light which is relevant for our applications. 

First we consider the illumination of rectangular PC grating with a normal incident 

wave with wavelength . Grating parameters h and  are fixed at  /4 and 0.5 

respectively, while the p/ ratio is varied in order to determine the optimal range of 

period values. Fig. 5.3 shows the dependence of the 0
th

 order reflectance (R0) on the ratio 
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p/One can see periodical modulation of reflectance as a function of p/, which is 

mainly due to energy redistribution between waveguide modes in the groove cavities. 

However, the average reflectance gradually decreases with increasing of p/. When the 

ratio p/ passes the value of 5.1, specular reflectance does not exceed 1%, thus meeting 

the requirement for the applications. 

 
Fig. 5.3: The calculated 0th order reflectance (R0) from a perfectly conducting 

rectangular grating as a function of p/ for the case of h = /4 and  = 0.5. 

 

 
Fig. 5.4: The calculated 0

th
 order reflectance (R0) from a perfectly conducting rectangular 

grating as a function of θ. Grating parameters h and  are fixed at /4 and 0.5 

respectively, p/ ratio is varied. 
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However, practical applications require suppression of the reflectance not only for 

normal incidence, but within a finite range of angles. For the oblique incidence we 

calculated R0 as a function of the angle of incidence (θ) for a set of the p/ ratio values 

(see Fig. 5.4). From Fig. 5.4 one can see that specular reflectance can be suppressed 

more than 100 times for the angles up to 20°. 

Note that the above given calculated results correspond to the case of an infinite 

grating with plane wave illumination. While in practice limited spatial and temporal 

coherence of the radiation source will affect diffraction from the considered grating 

structure. Obviously, a finite coherence size of the illumination spot on the grating will 

abridge the number of orders involved in the diffraction pattern. The resulting 

redistribution of the reflected intensity between the limited number of diffraction orders 

will determine the suppression efficiency of the IR specular reflectance. The 

characteristic coherence length in the illumination spot can be estimated via the relation 

for the radius of spatial coherence 

 


  z

b
,         (5.5) 

 

where b stands for the characteristic radiation source size and z is the distance between 

the grating and the source. For the scattered CO2 laser radiation in LPP sources the 

plasma volume can be considered as a secondary source of IR radiation with a 

characteristic source size b = 100-300 m [25]. Fig. 5.5 (on left) shows how the 

coherence radius at 10.6 m wavelength, IR , varies with the distance z within the 

length-scale relevant to the typical sizes of EUV source-collector systems [26].  

 

 
Fig. 5.5. Calculated dependencies of the coherence radius on the distance z between 

grating and source. 
IR  - coherence radius for 10.6 m wavelength, 

EUV - for 13.5 nm 

wavelength. 
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We have also used Eq. (5.5) for the estimation of the coherence radius values at 13.5 nm 

wavelength, EUV , in order to evaluate the impact of the source size on the diffraction of 

EUV radiation (Fig. 5.5, on right). It is seen from Fig. 5.5 that the IR  values are in the 

centimeter range while EUV  is in the order of tens of micrometers. 

Now based on the calculations it is possible to outline the range of the geometrical 

parameters of the grating structure which would be suitable for the application purposes. 

As it was stated above the step-height h determines via the h = /4 requirement the 

resonant wavelength of the specular reflectance suppression in the long-wavelength 

range (IR in our particular case). The p/ ratio governs the intensity of the specular 

reflectance R0 at the resonance, i.e. the suppression of the 0
th

 order intensity improves 

with the increase of the p/ ratio. At the same time the angular deviation of the ±1
st
 

orders of diffraction (which are the most intense) from the 0
th

 order decreases as 

 p/arcsin  . In practice, diffraction angles should be large enough to provide deflection 

of the ±1
st
 orders from the radiation acceptance aperture of a particular EUV optical 

system. At the same time the IR / p  ratio should be maximized to guarantee near-zero 

specular reflection at the given wavelength. These are the main limiting factors for the 

p/ ratio. In practice, the choice of the p/ ratio in the filter design will be a trade-off 

between the suppression of the specularly reflected wave intensity and the angular 

separation of the off-specularly diffracted waves. In our particular case of the 10.6 m 

wavelength, p ~ 100 m provides a satisfactory angular separation ( ≈ 5.7°) and a 

predicted suppression of the specular reflectance by more than two orders of magnitude 

for θ values up to 20º (see Fig. 5.4). Period values in this range are 2 orders of magnitude 

smaller than the IR coherence length scale (Fig. 5.5) thus providing efficient diffraction. 

Furthermore, the relatively small EUV coherence length (Fig. 5.5) destroys the EUV 

diffraction pattern preventing possible EUV diffraction losses when p ~ 100 m. 

 

5.4 Experimental 

 

5.4.1 Fabrication method 

 

In this section, we describe the fabrication of the considered above EUV 

reflecting/IR-suppressing multilayer grating structures. We used a lift-off contact 

lithography process, as schematically shown in Fig. 6, to fabricate a silicon substrate 

with a lamellar grating design on top of which a ML was deposited. First, a silicon wafer 

is spincoated with a layer of UV-sensitive lift-off photoresist of 3m thick, which is 

slightly thicker than the aimed step height of h = /4. This resist is pre-baked at 95ºC for 

2 mins and subsequently exposed with UV light while in contact with a mask consisting 

of a 50 m half-pitch grating. The period value of the resist mask, 100 m, was chosen 

from the above described theoretical considerations. The substrate was then allowed to 

stabilize at room temperature for 10 mins. After stabilization, a reversal step consisting 

of a bake at 120ºC for 2 mins and a UV flood exposure was performed. This reversal 
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step gives rise to a trapezoidal mask profile, which is required for the resist strip 

chemicals to easily access the resist in the lift-off step [27]. The resist was then 

developed, where the area's initially protected by the mask, i.e. not exposed to UV light 

in the first exposure step, were removed from the substrate. 

After the preparation of the lift-off resist, a Si spacer layer was deposited (step 3 of 

Fig. 5.4). Magnetron sputtering deposition was employed, enabling layer growth with 

sub-nanometer roughness levels over the thickness of the spacer layer. This is a critical 

requirement in order to obtain high EUV reflectance from the Mo/Si multilayer 

deposited onto the spacer layer [28]. The experimental geometry and working pressure 

(≈10
-3

 mbar)  resulted in local angle of incidence variations of the deposited atoms at the 

sample up to 10° from normal. In order to obtain a sharp projection of the mask structure 

into the deposited layer under these conditions, i.e. to prevent half-shadow regions, the 

mask thickness should be much smaller than the mask apertures. In the presented 

experiments the thickness/aperture ratio was 3/50. 

After silicon deposition, the actual lift-off is performed by stripping the remaining 

resist from the substrate using ultrasonic baths of acetone and IPA. The initial silicon 

substrate and the deposited silicon structures thus form a grating pattern defined by the 

mask. Finally, on top of this silicon grating structure, a high reflecting multilayer was 

deposited using electron beam evaporation in combination with ion beam smoothing 

[21]. 

 

 
Fig. 5.6. Step by step process description of the lift-off UV contact lithography 

procedure. 
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The fabricated PsR structures were characterized with atomic force microscopy. The 

average step height of the grating was measured to be 2.35 ± 0.05 m corresponding to 

9.4 m wavelength of the zero-order suppression spectral minimum. In spite of the 

mismatch with the targeted 10.6 m wavelength this test multilayer grating structure can 

be used for the validation of the filtering principle. 

 

5.4.2 Spectral characterization of samples 

 

EUV reflectometry of the samples was performed at the EUV beam line of the 

Physikalisch-Technische Bundesanstalt (PTB) in Berlin. The measurements were 

performed at the angle of 1.5° from normal incidence and with a detector aperture of 

0.5°. 

Infrared reflection spectra of the sample were recorded with a Bruker Vertex 70v 

Fourier-transform infrared (FTIR) spectrometer. The measurements were performed in 

the 400 – 2000 cm
-1

 spectral range. A pyroelectric detector was used in order to provide 

a broad dynamic range (four orders of magnitude) in the measurements. The spectra 

were recorded with a resolution of 4 cm
-1

 and in each case 64 spectra were averaged. An 

aluminium mirror was used as the reference sample for the reflectivity measurement. 

Accurate measurements of the specular reflectance (0
th

 order diffraction efficiency) 

from the grating structure are complicated due to relatively small diffraction angle ( ≈ 

5.7°) at the wavelength of interest. Typical numerical apertures of mirrors in 

commercially available reflection accessories for the used spectrometer exceeds this 

diffraction angle value resulting in collection of undesired off-specularly reflected 

radiation. Note that in our measurements we separated the off-specular from specular 

signal by decreasing the aperture of the mirrors with slit diaphragms oriented 

perpendicularly to the plane of diffraction. 

 

5.5 Results and discussion 
 

The results of the EUV reflectance measurements are shown in Fig. 5.7. The peak 

reflectance of a reference Mo/Si multilayer on a polished substrate, co-deposited during 

multilayer deposition on the Si grating substrate, is 69 %. The reflectance of a Mo/Si 

multilayer deposited on the spacer layer outside the masked area, is 68 %, the 1% 

reduction of the reflectance probably caused by roughness of the spacer layer. However, 

61% has been measured on the final multilayer grating samples, representing a loss of 7 

%.  The influence of structural imperfections of the multilayer are considered the major 

cause of the reflectance loss. Edge rounding effects lead to non perfect periodicity of the 

multilayer near the edges of the grating facets. The width of this distorted area scales 

with the thickness/aperture ratio of the deposition contact mask, and with the angular 

anisotropy of the deposition flux [29]. Therefore the EUV reflectance loss could be 

minimized by employing lower mask thickness/aperture ratios, but in practice this 

requires increased pitch lengths [7]. Alternatively, further optimization of the deposition 

anisotropy by collimated deposition techniques is considered promising [30]. 
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Fig. 5.7: Blue curve – the measured EUV reflectance of the multilayer grating fabricated 

using a line pattern with a pitch of 100 m. Grey curve – the measured EUV reflectance 

of the reference Mo/Si multilayer on a super-polished Si substrate, co-deposited during 

multilayer deposition onto Si grating. 

 

 
Fig. 5.8: FT-IR reflectance measurements for the multilayer grating fabricated using a 

line pattern with a pitch of 100 m. 

 

Fig. 5.8 shows reflectance spectra of the sample measured with the FT-IR 

spectrometer. According to a polynomial fit of the measured data the spectral position of 

the reflectance minimum corresponds to 1030 cm
-1

 wavenumber (9.7 m wavelength). 
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The absolute value of the zero-order reflectance at the minimum is 1.4% corresponding 

to 71 times suppression of the IR light. The 9.7 m wavelength value allows to estimate 

the grating groove depth as 2.43 m via the h = /4 criterion, which is close to the AFM 

measured h value of 2.35 ± 0.05 m. 

The measured minimum reflectance value of Rmin = 1.4% exceeds our theoretical 

expectations of R0 = 0.3% for the p/ ≈ 10 ratio (Fig. 3), which limits the suppression 

rate of the 0
th

 order intensity. We suggest that the discrepancy is caused by our 

measurement method. The calculations are made for the case of the infinite-size grating 

illuminated with a monochrome plane wave, which has infinite spatial coherence length 

by definition. Illumination of the grating structure in the FTIR spectrometer with the 

finite spatial coherency radiation limits the number of periods of the grating that 

interfere destructively and, consequently, results in the reduction of the interference 

contrast. For our measurement scheme this has led to the increase of Rmin. The 

application of diaphragms for angular filtering required in our specific case also results 

in the reduction of the illumination spot size and consequently reduction of the number 

of the grating periods involved in the formation of the diffraction pattern. In the case of 

illumination of the described diffractive filter with the scattered CO2 laser radiation in 

EUV sources we expect the suppression rate of the 0
th

 order reflectance to be closer to 

our theoretical estimations due to the larger coherence length. If stronger suppression is 

needed, a possible way to meet this requirement is to increase the period of the structure. 

 

5.6 Conclusions 

 

We have developed a special combination of a high-reflectance multilayer mirror for 

EUV radiation and a lamellar grating substrate that provides spectrally selective 

suppression of longer-wavelength radiation. This suppression of the long-wavelength 

specular reflectance occurs due to quarter-wavelength phase-shift resonance. It is not 

affecting the high reflectance of the multilayer structure for EUV light. This system 

allows for example the suppression of unwanted radiation from laser plasma-based EUV 

and soft X-ray sources, having an undesired component of scattered IR laser radiation. 

Such spectral filtering is of high importance for emerging lithographic applications, high 

harmonic generation systems and water window microscopy. 

A test mirror has been fabricated using a contact mask deposition of the grating 

substrate followed by the deposition of a Mo/Si multilayer designed for normal 

incidence reflectance at = 13.5 nm. The grating has been optimized for mid-IR 

suppression. A factor of 70 reduction has been experimentally demonstrated at 9.7 m 

wavelength together with 61% EUV peak reflectance at 13.5 nm wavelength at near 

normal incidence. 
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Chapter 6  

Multilayer mirror with enhanced spectral selectivity 

for the next generation extreme ultraviolet 

lithography 
 

 
 
 
Abstract 
 

We have demonstrated a hybrid extreme ultraviolet (EUV) multilayer mirror for 6.x nm 

radiation that provides selective suppression for infrared (IR) radiation. The mirror 

consists of an IR-transparent LaN/B multilayer stack which is used as EUV-reflective 

coating and antireflective (AR) coating to suppress IR. The AR coating can be optimized 

to suppress CO2 laser radiation at the wavelength of 10.6 m, which is of interest for 

application in next-generation EUV lithography systems. 
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6.1 Introduction 

Extreme ultraviolet lithography (EUVL) based on 13.5 nm wavelength imaging is 

expected to be introduced for manufacturing of integrated circuits with printed feature 

sizes down to 8nm [1]. To obtain feature sizes below 8 nm, it is expected that the 

lithographic process will require a shorter wavelength and currently the 6.6–6.9 nm 

wavelength range is considered promising [1]. Successful introduction of 6.x nm 

lithography, which is also referred to as beyond EUV (BEUV) lithography, to high-

volume manufacturing requires highly reflective optics and a powerful source of 

radiation in the given spectral range. Multilayer Bragg reflectors based on alternating La 

and B thin films have been extensively investigated as the basis of high-reflective optical 

coatings for 6.x nm radiation [2-8]. A candidate technology for the generation of 6.x nm 

radiation is based on the emission of a dense Gd or Tb plasma excited by pulsed laser 

radiation—a laser-produced plasma (LPP) [9-12]. CO2 lasers (wavelength  = 10.6 m) 

provide a high conversion efficiency of laser radiation power to 6.x nm emission within 

the useful optics transmission bandwidth [12]. However, one of the main challenges in 

practical application of LPP sources is the suppression of the scattered laser radiation 

which produces excessive heat loads on the optics in lithographic machines [13]. 

In recent years, a considerable amount of effort has been put in the development of 

spectral-filtering systems for 13.5 nm optics, with particular emphasis on solutions that 

combine EUV reflection with infrared (IR) suppression properties in a single device, 

eliminating the need for introducing additional optical elements into the light path [14-

20]. Examples of such systems are multilayer mirrors comprising antireflective (AR) 

layers [14-16] as well as combined multilayer grating structures [17-20]. An additional 

advantage of integrating IR filtering into the reflective optics is the relative ease of 

thermal management, in contrast to IR transmission filters based on free-standing grids 

or foils which have serious issues with cooling [21-23]. In this chapter, we present a 

hybrid multilayer mirror that provides high reflection just above the boron K absorption 

edge ( = 6.6 nm) together with near-zero reflection for IR radiation at a specific 

wavelength. 

 

6.2 Multilayer design 

 

The coating design is schematically shown in Fig. 6.1. The top periodic multilayer 

stack acts as a Bragg reflector for EUV radiation and at the same time it forms together 

with an additional phase-shift layer below an IR AR coating. Although currently Bragg 

reflector multilayers for 6.x nm are proposed using La as reflector layers, the design for 

IR anti-reflection requires near IR-transparent materials to be used in the top multilayer. 

For this reason, we use semiconducting LaN instead of metallic La in the top multilayer 

stack. As the spacer material in the EUV-reflecting multilayer both B and B4C can be 

used; in our particular case, we use B which potentially provides higher EUV reflectivity 

[5]. Theoretical calculations indicate that the replacement of La with LaN reflector 

layers results in minor, less than 1%, reflectivity losses [5]. However, LaN/B multilayers 
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possess significantly higher chemical stability at the interfaces, which can result in 

reducing the interdiffusion zones observed in La/B and therefore even gaining in EUV 

reflectivity [24]. Parameters of the EUV reflecting multilayer stack (LaN and B layer 

thicknesses and total number of periods) are tuned to achieve high EUV reflectivity at a 

given wavelength. In the IR range the LaN/B multilayer, with individual layer 

thicknesses between ≈ 1.5 and 1.8 nm being a small fraction of the micrometer-scale IR 

wavelength, is effectively perceived by the incident waves as a homogeneous medium. 

Hence, IR reflectance from the entire structure is governed by the interference of the 

waves reflected from the top surface (R1), the interface between the top multilayer and 

the phase-shift layer (R2), and the interface between the phase-shift layer and the 

substrate (R3). With the overall thickness of the LaN/B multilayer being fixed by the 

design for optimal EUV reflectivity, the thickness of the phase-shift layer has to be tuned 

to achieve destructive interference at  = 10.6 m in order to minimize reflectivity at 

that wavelength.  

 

 
Fig. 6.1. Design of an IR antireflection coating with integrated LaN/B multilayer Bragg 

reflector for  = 6.x nm radiation. 

 

The proposed design provides a certain freedom in choice of material for the phase-shift 

layer, including amorphous Si, Ge, SiO2 that are compatible with ultra smooth growing 

conditions required for EUV applications. In this particular study, we have chosen SiO2 

due to the commercial availability of ultra smooth SiO2 coatings. For the substrate, a 

material should be chosen which provides high reflection at the bottom interface in order 

to compensate high reflection from the top surface caused by the large value of the 

effective refractive index of LaN/B multilayer at  = 10.6 m. For that reason, we 

propose using SiC as the substrate material, which provides high optical contrast at  = 

10.6 m with materials like Si and SiO2 used for the phase-shift layer. Due to its 

outstanding thermal and mechanical properties as well as low weight, SiC is already a 

proven substrate material for EUV optics [25]. 
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The reflectivity at  = 10.6 m was calculated using the IMD software package [26]. 

The layered model accounts for the thicknesses of the layers and their optical constants. 

The top LaN/B multilayer stack was approximated as a uniform effective media. The 

effective optical constants of the LaN/B multilayer were determined from spectroscopic 

IR ellipsometry. The obtained value of the complex index of refraction at  = 10.6 m is 

n = 3.8 + 0.4i. The refractive indices for the other materials used in the calculations can 

be found in [27]. 

In the simulations, we considered multilayer coatings with the varied number of 

LaN/B periods (NP) and the varied SiO2 layer thickness. Fig. 6.2 shows the calculated 

reflection (R) at 10.6 m wavelength as a function of SiO2 layer thickness for different 

NP values. Each reflection curve in Fig. 6.2 has a pronounced minimum corresponding 

to the maximum destructive interference at 10.6 m wavelength. The absolute value of 

the reflection minimum (Rmin) increases together with NP value. Peak EUV reflectance 

from LaN/B multilayer also increases with increasing NP and saturates at around NP = 

200 [6]. Hence, if the proposed solution is applied only for one mirror in an optical 

system then the choice of the number of LaN/B periods in the multilayer coating should 

be a compromise between the EUV reflection and IR suppression. Alternatively, if the 

solution is applied for two mirrors or more, then coatings with NP = 200 can be used that 

would theoretically provide a factor of 120 suppression of the IR throughput. 

 

 
Fig. 6.2. Calculated mirror reflection at  = 10.6 m as a function of the thickness of the 

SiO2 layer and the number of LaN/B periods. 
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7.2 Experimental 
 

In order to validate the ability of the proposed design to suppress IR radiation and 

simultaneously reflect EUV radiation, we aimed at one of the described above designs 

that theoretically provides a factor of 50 IR suppression (NP = 100) with one structure. 

We used super polished crystalline hexagonal a-SiC substrates with (0001) surface 

orientation. The SiC substrates were coated (by Gooch & Housego LLC) with a fused 

silica (SiO2) additional phase shifting layer of a predetermined thickness. The SiC and 

SiO2-coated SiC substrates were characterized with a Bruker Dimension Edge atomic 

force microscope (AFM). The measured AFM high spatial frequency roughness is 

characterized here with surface RMS values of 0.10 nm and 0.23 nm for SiC and SiO2-

coated SiC substrates, respectively. The measured thickness of the SiO2 layer was 2040 

± 10 nm. By using the measured thickness, we calculated the optimal thickness of the 

top LaN/B coating to be 334 ± 6 nm (approximately 97 LaN/B bilayers with a 3.45 nm 

period) to achieve the minimum reflectance at 10.6 m wavelength. The LaN/B 

multilayer was then deposited using DC magnetron sputtering as described in [6]. Both 

the SiO2-coated SiC substrates and the bare SiC substrates without SiO2 layer were used 

in this deposition in order to compare the effect of the substrate roughness on EUV 

reflectance. 

 
6.3 Results and discussion 
 

EUV reflectometry of the samples was performed at the EUV beam line of the 

Physikalisch-Technische Bundesanstalt (PTB) in Berlin. The measurements were 

performed at an angle of 1.5º off normal incidence. Fig. 6.3 shows the measured EUV 

reflectance spectra. Peak reflectance values were measured to be 28.2% and 25.2% for 

LaN/B multilayers deposited directly onto a SiC substrate and onto a SiC substrate with 

a SiO2 spacer layer, respectively. The observed 3% loss of the EUV peak reflectance for 

the SiO2 coated SiC substrate is attributed to the increased roughness that was observed 

after the SiO2-coating. 

Infrared reflectance spectra of the sample were recorded with a Bruker IFS 66 v/S 

Fourier-transform infrared (FTIR) spectrometer. The measurements were performed in 

vacuum. A pyroelectric detector was used in order to provide a broad dynamic range 

(four orders of magnitude) in the measurements. The spectra were recorded with a 

resolution of 4cm
-1

 and in each case 64 spectra were averaged. A gold mirror was used 

as a reference sample for the reflectance measurements. Fig. 6.4 shows the measured IR 

reflectance spectrum of the sample comprising the SiO2-coated SiC substrate and the 

LaN/B multilayer stack on top of it. The measured reflectance has a minimum Rmin = 

2.1% at 10.5 m wavelength is consistent with the calculated reflectivity. The observed 

0.1 m discrepancy in the spectral position of the IR reflectance minimum is due to the 

phase mismatch attributed to uncertainties in the used optical constants of the materials 
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and can be fine tuned by correcting the SiO2 layer thickness or number of periods of the 

LaN/B multilayer stack. 

 

 
Fig. 6.3.  Measured EUV reflectance spectra for 97x(LaN/B) multilayers on the bare SiC 

substrate (open circles) and on the SiO2-coated SiC substrate (filled circles). 

 

 
Fig. 6.4. Measured IR reflectance spectrum for 97x(LaN/B) multilayers on the SiO2-

coated SiC substrate. 
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Note that the described above structure was only used to validate ability of the 

proposed design in general. For practical applications functionality of the structure can 

be improved. According to the calculations Rmin value, which is determined by the 

destructive interference of R1, R2, and R3 waves, is sensitive to the attenuation of R2 and 

R3 in the layers of the AR coating. So Rmin can be further decreased by decreasing 

extinction coefficient (k) of the phase-shift layer material that can be achieved by tuning 

stoichiometry of silicon oxide used for the phase-shift layer. Another way to improve the 

mirror performance is by using a phase-shift layer with k = 0, such as Si. Based on the 

calculations, Si phase-shift layer would allow to achieve Rmin = 0.2% (a factor of 500 IR 

suppression) with the full-stack LaN/B multilayer (NP = 200). State of the art EUV peak 

reflectivity of 64.1% for LaN/B multilayer with NP = 220 has been recently reported by 

Kuznetsov et al. together with the outlook for further structural optimization [7]. Thus, 

there is a strong potential for fabrication of single optical element providing high EUV 

reflection together with strong IR suppression. 

 

6.4 Conclusions 

 

In conclusion, we have demonstrated functionality of a multilayer mirror design 

which provides high reflection for EUV radiation with a wavelength just above the 

boron K absorption edge and simultaneously provides a selective suppression for IR 

radiation. The mirror design is based on LaN/B multilayer Bragg reflector for 6.x nm 

radiation, which is integrated as the top part of a two-layer IR antireflective coating. 

Theoretically, a factor of 500 suppression of IR radiation can be achieved without a 

compromise for EUV reflectivity. The low IR reflectance and full compatibility with the 

EUV optics make this mirror a promising spectral purity filter for the suppression of 

source-induced IR radiation in the next generation EUV lithography tools. 
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Chapter 7  

Anisotropy of heat conduction in Mo/Si multilayers 

 

 
 
 
Abstract 
 

This paper reports on the studies of anisotropic heat conduction phenomena in Mo/Si 

multilayers with individual layer thicknesses selected to be smaller than the mean free 

path of heat carriers. We applied the frequency-domain thermoreflectance technique to 

characterize the thermal conductivity tensor. While the mechanisms of the cross-plane 

heat conduction were studied in detail previously, here we focus on the in-plane heat 

conduction. To analyze the relative contribution of electron transport to the in-plane heat 

conduction we applied sheet-resistance measurements. Results of Mo/Si multilayers with 

variable thickness of the Mo layers indicate that the net in-plane thermal conductivity 

depends on the microstructure of the Mo layers. 
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7.1 Introduction 

An important class of nanostructured materials for various applications are multilayer 

structures, composed of stacked thin films of nanometer thickness. Heat conduction in 

such ‘multilayers’ attracted recent interest due to the pronounced film-size effects and 

effects of scattering of heat carriers at interfaces on the overall thermal properties of such 

structures. For instance, the low cross-plane thermal conductivity in dielectric-dielectric 

or metal-dielectric multilayers is attractive for such applications as thermal insulation 

and thermo-electrics [1-3]. On the other hand, low cross-plane thermal conductivity of 

multilayer structures used as optical coatings for various applications can adversely 

affect its performance . This is especially critical for applications of extreme ultraviolet 

and soft X-ray multilayer mirrors, which are typically composed of nanometer-scale thin 

layers, i.e. layers thinner than typical mean free path of heat carriers in bulk materials [4-

5]. Thermal transport in metal-metal multilayers is also a significant issue for the 

fundamental studies [6] and for a number of applications including heat-assisted 

magnetic recording [7], spintronics [8], and magnetic sensors [9]. 

The layered structure of such materials induces an anisotropy of its transport 

properties, including heat conduction [10]. This is especially relevant for metal/dielectric 

or metal/semiconductor multilayers where transport of electrons across interfaces is 

strongly suppressed and thus its contribution to the net transport of heat can be low, but 

the in-plane heat transport can be dominated by electrons. As a result, in terms of the 

heat transport periodic multilayer structures can be treated as an uniaxial effective 

medium with distinctly different cross-plane and in-plane thermal conductivities. Most 

of the previous studies were focused on the cross-plane heat conduction mechanisms in 

metal/dielectric multilayer structures [3, 10-18]. At the same time studies of the in-plane 

heat conduction and the anisotropy of heat conduction were reported only by Li et al [10, 

12]. However the in-plane thermal properties were measured in this work only for one 

multilayer structure. Furthermore the main focus of their work was again on the 

understanding of mechanisms determining the cross-plane heat conduction. 

In this paper we report on the studies of anisotropic thermal properties of periodic 

Mo/Si multilayer structures with varied thickness of Mo layers in the nanometer range. 

Both cross-plane and in-plane thermal conductivity were measured. However here we 

focus more on the interpretation of the in-plane thermal conductance. The thermal 

measurements were performed with a different technique, using the frequency domain 

thermoreflectance (FDTR) [19-20]. Additionally we analyzed the in-plane electrical 

conductivity of the multilayers and this way estimated the electron contribution to the in-

plane thermal conductivity. 

 

7.2 Experimental 
 

The multilayers were grown on superpolished fused silica substrates using dc 

magnetron sputtering in a turbomolecular pumped high vacuum deposition system with a 

base pressure of 10
-8

 mbar. The depositions were performed using Kr as the sputtering 
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gas. The targets were sputtered in a constant power mode. The substrate holder was 

rotated to enable uniform deposition. The deposition of Mo and Si rates were calibrated 

using the deposition of single Mo and Si layers. The thicknesses of the layers during 

deposition were controlled by time. The actual layer thicknesses of the deposited 

structures were measured by hard X-ray grazing incidence reflectometry. 

Parameters of Mo/Si studied multilayers are listed in Table 7.1. The thickness of Si 

layers was fixed and the thickness of Mo layers was varied. That allowed to vary the 

metal fraction and thus allowed to change the net in-plane and cross-plane transport 

properties. Note that the overall thickness of the studied samples, i.e. (number of 

periods)×(Si thickness + Mo thickness) remained fixed. 

Electrical conductivity of the described multilayer structures was measured by the 

four-point collinear probe method [21] using a "Cascade Microtech"® probe head with a 

probe spacing of 1.25 mm and a Keithley 2400 source meter. The probe tip radius was 

chosen to be 17.5 um to ensure small point electrical contacts. The mean value for each 

sample was found by averaging 20 measurement results. 

 

Table 7.1. Parameters of the studied multilayer samples and their measured values of 

electrical conductivity. 

Sample Number of 

periods 

Si layer (nm) Mo layer 

(nm) 
  10

6
 

-1
m

-1
 

Mo2/Si4 160 4 ± 0.04 2 ± 0.02 0.312 ± 0.005 

Mo4/Si4 120 4 ± 0.04 4 ± 0.04 1.043 ± 0.044 

Mo6/Si4 96 4 ± 0.04 6 ± 0.06 1.898 ± 0.040 

 

Fig. 7.1 shows the used experimental setup for FDTR measurements which is based 

on two TEM00 free space continuous-wave lasers. A detailed description of the setup 

can be found in ref [20]. Here, we briefly describe the working principle. A digitally 

modulated pump laser (785 nm) is focused through a 10X microscope objective to a 

Gaussian spot that locally heats a sample, while an unmodulated probe laser beam (532 

nm) monitors the surface temperature through a proportional change in reflectivity. The 

focused pump and probe spot radii were determined to be 2.8 µm and 2.3 µm, 

respectively, by a knife-edge technique. A 50-100 nm thick metal layer that is usually 

referred to as transducer layer is coated on the sample to absorb the pump fluence and 

reflect the probe beam. The pump beam modulation frequency is typically varied from 

10 kHz to 50 MHz, which enables high sensitivity for anisotropic measurements [19]. A 

radio-frequency lock-in amplifier records the amplitude and phase response of the 

reflected probe beam. Unknown thermal properties of the sample are then extracted 

based on a nonlinear least squares routine, minimizing the error between the measured 

phase lag at each frequency and an analytical solution to the heat diffusion equation for a 

multilayer stack of materials. Our multilayer diffusion model calculates the frequency 

response of the surface temperature to the pump beam, and includes cross-plane and 

radial transport as well as the thermal boundary conductance (TBC) between each layer. 

An explicit expression of the model can be found in ref. [22]. 
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Figure 7.1. Schematic of our FDTR microscope. A digitally modulated pump laser heats 

the sample while a probe beam monitors the surface reflectivity. A balanced photo 

detector is used to improve the signal to noise ratio. 

 

Prior to the measurements of thermal conductivity, the samples were coated with a 

110 nm thick TiN film acting as the transducer layer. TiN was deposited using reactive 

magnetron sputtering of Ti in a mixture of Kr and N2. Two factors favored the choice of 

TiN as the transducer material. The first is the relatively low thermal conductivity of TiN 

as compared to those of standardly used transducers such as Au and Al. This enabled the 

increased heat accumulation in the Mo/Si multilayer structure and thus increased 

sensitivity for the in-plane measurements. Note that for the same reason we chose fused 

silica substrate instead of standardly used crystalline Si - its low thermal conductivity 

also enabled sensitivity for the in-plane measurements. The second factor is the large 

thermoreflectance /dR dT  of TiN [23], which results in an enhanced sensitivity for 

FDTR measurements. 

The configuration of the multilayer sample, shown in Fig. 7.2(a), includes three 

layers: TiN transducer, multilayer, and fused silica substrate. Each layer is modeled with 

five physical parameters: the volumetric heat capacity, pc , the cross-plane and in-

plane thermal conductivities, k  and ||k , the layer thickness, d, and the thermal boundary 

conductance (TBC) to the next layer, G. We acquired FDTR phase data on the samples 

from the lock-in amplifier and the cross-plane and in-plane thermal conductivities of the 
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multilayer, ,MLk   and ,||MLk , were obtained by performing a two-parameter fit of our 

thermal diffusion model to the phase data, after the properties of the other layers in the 

stack had been determined with additional measurements on reference samples. We used 

the bulk properties of the fused silica substrate from literature [24]. The volumetric heat 

capacity of the multilayer was used as the thickness weighted average of the bulk values 

of Si and Mo [24]. The volumetric heat capacity of TiN was also taken from literature 

[25]. Fig. 7.2(b) shows the measurement sensitivity, which is standardly determined as 

the partial derivative of the phase signal to a parameter in the model [19]. We have 

found from a scanning electron microscopy image of the cross section of the TiN film 

that TiN has a columnar structure that should have an effect on anisotropy of  thermal 

conductivity. 
,TiNk 

 and ,||TiNk  of the TiN film were then measured by FDTR on a 

TiN/fused silica reference sample and obtained to be 20.4 ± 1 W m
-1

K
-1

 and 11.7 ± 0.9 

W m
-1

K
-1

, respectively, with the standard deviation of multiple measurements as the 

error bar. Note that the decreased due to the columnar structure in-plane thermal 

conductivity of TiN provides higher sensitivity for the in-plane measurements for the 

underlying multilayer structure with respect to our expectation in the assumption of 

standard thermal properties of bulk TiN. For the top and bottom TBCs of the multilayer, 

Fig. 7.2(b) shows that our measurement is insensitive to the bottom interface, therefore, 

we did not measure but instead used a typical value of 100 MW m
-2

K
-1

 for a 

metal/dielectric interface as G2 [26]. The top interface G1 was determined by depositing 

the same TiN film on a ~500 nm a-Si/fused silica reference sample and measuring the 

TBC between TiN and a-Si by FDTR. G1 was then obtained to be 96 ± 26 MW m
-2

K
-1

. 

 

 
Figure 7.2. (a) Sample configuration for FDTR measurements. (b) Calculated phase 

sensitivity to the cross-plane and in-plane thermal conductivities of the multilayer, 

,MLk and 
||,MLk , the cross-plane and in-plane thermal conductivities of TiN, 

,TiNk  and 

||,TiNk , and the TBCs, G1 and G2. 
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7.3 Results and discussion 
 

In Fig. 7.3, we show typical FDTR phase data for the three TiN coated multilayer 

samples and their best fit to the model. To determine the measurement uncertainty for 

these samples, we used a Monte Carlo method to account for the uncertainty caused by 

the physical parameters in our thermal model [27], repeatedly fitting the data based on 

the distribution of model parameters to obtain the distribution of fitted values. Each 

parameter in our thermal model was assumed to have a normal distribution about its 

mean value with standard deviation obtained from separate FDTR measurements. The 

FDTR data fitting was performed for 10000 iterations. Within each iteration, our Matlab 

program randomly generates a value for every parameter based on their own 

distributions and performs the data fitting to the thermal model based on the parameters 

generated. The assembled histogram of the fitted values was then fitted to a normal 

distribution. We define the mean as the measured value and the standard deviation as the 

uncertainty. We also did five measurements on each sample at different locations and 

each phase data file was fitted for 2000 times using the Monte Carlo method. The total 

10000 values were combined to give the final measured value and uncertainty. This 

includes errors from both the experimental noise and physical properties. The cross-

plane and in-plane thermal conductivity values for the three samples are summarized in 

Table 7.2. 

 

 
Figure 7.3. FDTR measured phase signals and model best fit curves of the three TiN-

coated multilayer samples. 

  



85 
 

Table 7.2. Measured thermal conductivity values of Si/Mo multilayers. 

Sample k  (W m
-1 

K
-1

) ||k (W m
-1

 K
-1

) Anisotropy ratio 

|| /k k  

Mo2/Si4 0.75 ± 0.03 2.47 ± 0.14 3.3 

Mo4/Si4 1 ± 0.03 8.48 ± 0.18 8.5 

Mo6/Si4 1.3 ± 0.03 15.7 ± 0.24 12.1 

 

 
 

Figure 7.4. Blue dots – measured cross-plane thermal conductivity. Lines – fitting with 

the thermal resistor model by changing the Gint value of Mo/Si. 

 

In order to analyze the cross-plane heat conduction we applied a simplified thermal 

resistor model according to Eq. (7.1). Note that here and in the analysis of in-plane 

measurements we neglected the formation of silicides at interfaces. 

/

int

2Mo Si Mo Si

Mo Si

Mo Si

d d d d
R

k k k G


    ,      (7.1) 

where is the cross-plane thermal conductivity of the multilayer,  and  are the 

thermal conductivities of the Mo layer alone and the Si layer alone, respectively, dMo and 

dSi are the Mo and Si layer thicknesses, respectively, and Gint is the averaged thermal 

boundary conductance. In the analysis we used the value of  = 1.01 W m
-1

K
-1

 that 

was measured by FDTR for 500 nm amorphous Si on fused silica substrate, while for 

Mo we estimated its thermal conductivity using the measured in-plane thermal 

conductivity data in the assumption of isotropic thermal conductivity of Mo layers. Eq. 

(1) was used to fit the measured  data with Gint as the only free parameter, as shown 

k Mok Sik

Sik

k
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in Fig. 7.4. The best fit is achieved with MWm
-2

K
-1

, similar to previously 

reported values for metal–nonmetal interfaces [26]. From Fig. 7.4 it is seen that the 

simplified thermal resistor model correctly describes the measured dependence of  on 

the Mo layer thickness. This indicates the diffuse character of the cross-plane heat 

conduction, which is in good correspondence with previous studies [10]. 

In order to analyze the contribution of electrons to the in-plane heat conduction 

we applied the Wiedemann-Franz law to the measured electrical conductivities of the 

samples in order to estimate electron thermal conductivity ke,WF. In our calculations we 

used the corrected Lorenz factor for Mo according to Stojanovic et al. [28]. The 

calculated values for ke,WF are given in Fig. 7.5a together with the FDTR measured || 

values. As it is seen from Fig. 7.5a the calculated ke,WF values are lower than those 

measured with FDTR technique. And it is also seen that the discrepancy ( ) 

grows with the increase of the Mo thickness. The observed quantitative discrepancy 

between the measured  and  might be ascribed to the phonon contribution to the in-

plane heat conduction. In order to analyze this we estimated the in-plane contribution of 

the lattice thermal conductivity for Si/Mo multilayer structure via  

,      (7.2) 

where  and  are Si and Mo layer thicknesses, respectively,  and  are 

phonon thermal conductivities of Si and Mo, respectively. For Si we again used the 

measured thermal conductivity value of 1.01 W m
-1

 K
-1

 since phonons are the main heat 

carrier in Si. The phonon thermal conductivity of Mo can be estimated by 

,

1

3
p Mo Vk C v ,         (7.3) 

where CV is the volumetric phonon heat capacity estimated using the Debye 

approximation, v is the speed of sound, and  is the phonon mean free path in Mo. We 

used two different estimations for the phonon mean free path. In the first estimation, 

according to the minimum thermal conductivity theory [29], the  value was assigned to 

be equal to interatomic spacing in Mo, a ≈ 0.31 nm [24]. In the second estimation we 

used Matthiessen’s rule [29] to calculate  taking into account the thin film size effect 

via the following equation 

1 1 1

Bulk d 
  ,         (7.4) 

where Bulk is the bulk mean free path, and d is the film thickness. Here Bulk was 

calculated using the bulk phonon thermal conductivity of Mo extracted from the net 

int 550G 

k

FDTR ek k

||k
ek

, ,

Si Mo

p p Si p Mo

Si Mo Si Mo

d d
k k k

d d d d
 

 

Sid Mod ,p Sik ,p Mok
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thermal conductivity via the Wiedemann-Franz law. The first estimation is usually 

applied to amorphous thin films, while the second is more appropriate for poly-

crystalline thin films. Note that in the first estimation we neglect the influence of the Mo 

amorphisation on its heat capacity. These two approaches were used because previously 

we observed that in Mo/Si multilayers the microstructure of Mo films, i.e. the ratio 

between crystalline and amorphous phases, is dependent on its thickness [30]. Mo films 

of about 2 nm thickness and thinner are fully composed of the amorphous phase [30].  

 

Figure 7.5. A) Red – measured in-plane thermal conductivity (denoted as expk ) for the 

samples listed in Table 1; grey – electron contribution to the in-plane thermal 

conductivity estimated via the Wiedemann-Franz law  (denoted as ,e WFk ). B) Red – 

measured in-plane thermal conductivity; black – electron contribution to the in-plane 

thermal conductivity together with phonon contribution estimated via the minimum 

thermal conductivity limit in the assumption of amorphous Mo layers (denoted as 

, ,mine WF pk k ); blue - electron contribution to the in-plane thermal conductivity together 

with phonon contribution estimated using the Matthiessen’s rule in the assumption of 

crystalline Mo layers (denoted as , ,e WF p Mk k ). 

 

The net estimated thermal conductivity composed of the phonon contribution calculated 

using Eq. (7.2) and Eq. (7.3) and the electron contribution calculated using Wiedemann-

Franz law is also given in Fig. 7.5b. From Fig. 7.5b it is seen that for the Mo2/Si4 

multilayer structure the measured value of thermal conductivity matches the net k value 

of phonon contribution kp estimated via the minimum thermal conductivity limit. The kp 

value calculated using the Matthiessen’s rule overestimates the phonon contribution by 

about 1 W/m K. On the other hand, for the Mo6/Si4 multilayer the measured value of 

thermal conductivity matches the net k value of the phonon contribution estimated 

assuming crystalline Mo layers. In this case the minimum thermal conductivity limit 

underestimates the phonon contribution by 5 W/m-K. For the Mo4/Si4 multilayer 

structure the experimental value is closer to the net k value calculated using the 
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Matthiessen’s rule than to the value calculated using the alternative approach. The 

observed discrepancy of about 0.8 W/m-K can be explained here by e.g. a non-negligible 

fraction of amorphous material in the Mo layers. These considerations bring us to the 

conclusion that the microstructure of the thin film metal layers, i.e. the ratio between 

crystalline and amorphous phases, can strongly influence the lateral heat conduction in 

metal-dielectric and metal-semiconductor multilayers. Let us also note that the 

amorphisation effects can also influence the cross-plane thermal conductivity as it was 

shown for amorphous/cristalline Si multilayer structures [31]. But these effects are 

beyond the scope of this paper and required more detailed study. 

 

7.4 Conclusions 

 

We studied the anisotropic heat conduction in periodic nanoscale Mo/Si multilayered 

films using the pump-probe FDTR technique. The structures analyzed, each having a 

fixed thickness of the Si layers of 4 nm and a varied thickness of the Mo layers in the 2-6 

nm range, demonstrate a measured anisotropy ratio || /k k  ranging from 3.3 for 2 nm to 

12.1 for 6 nm layers. The variation of metal layer thickness has a significantly higher 

impact on the in-plane heat conduction than on the cross-plane heat conduction. This is 

so because the lateral electron transport along the metal layers contributes to the in-plane 

heat conduction proportionally to the thickness of metal layers, while the cross-plane 

transport for such multilayer structures is dominated by lattice vibrations and its 

scattering at interfaces. The measured in-plane thermal conductivity was in good 

agreement with calculations taking into account both electron and phonon thermal 

transport, using a phonon mean free path which depended on the Mo layer thickness. 

Based on the previously gained knowledge on Mo microstructure in Mo/Si multilayers, 

we suggest that the ratio between crystalline and amorphous phases in the metal layers 

affects the in-plane heat conduction. Namely, reducing the Mo layer thickness down to 2 

nm, the in-plane heat conduction decreases due to amorphization of the Mo layers. 

Finally, it was shown that FDTR technique can be used successfully for characterizing 

the thermal conductivity tensor of multilayer structures without complex sample 

preparation. 
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Chapter 8  

Valorization 

 

 

 

 

Optical science and technology during its development has intensively explored 

different parts of the electromagnetic spectrum. Each part of the spectrum is unique in 

terms of light interaction with mater. And the desire to understand the physical processes 

of such interaction over decades motivated scientists to conduct their research. 

Knowledge accumulated in many cases became the basis of technological progress. 

Numerous examples of valorization originated from the development of optical sciences. 

This can be easily exemplified with the development of X-ray technology since the 

moment of the discovery of X-rays. Nowadays X-rays form the basis of medical 

equipment for computer tomography, security equipment, etc. By exploring infrared 

range of the spectrum many useful applications were established such as optical 

communications, remote sensing, etc. Microwaves and radio waves also contribute to 

communication and sensing technologies and navigation systems that became very 

important nowadays. And of course optical technology employing visible light is the 

most obvious example providing an almost infinite list of useful applications that can be 

found in everyday life. But besides these well explored part of the spectrum there also 

few parts that were much less explored to the moment. The most important examples are 

terahertz, EUV and soft X-ray radiation. The delay in such studies was caused by the 

lack of either powerful radiation sources or high performance optics and highly sensitive 

detectors. But the large potential for applications of these sorts of electromagnetic 

radiation motivates intense research and development nowadays. 

Development of multilayered nanoscale interference structures enabled such 

important applications as optical microscopy with a lateral resolution reaching 10 nm, 

EUV solar imaging, EUV lithography, attosecond science, etc. Applications of EUV 

imaging optics in lithography possibly best fits the concept of valorization since this is 

the application which could make a strong impact to semiconductor industry 

representing a multibillion sector of the global market. But the importance of other 

applications should not be underestimated. For instance, EUV solar imaging that allows 

online monitoring of mass ejections from the sun may become one day a subject of vital 

importance for mankind.  

The research described in this thesis was inspired by the perspectives of application 

of EUV imaging optics in future lithographic equipment that is supposed to be used for 
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manufacturing of new generation integrated circuits. The research work was conducted 

within the framework of the industrial partnership program ‘Controlling photon and 

plasma induced processes at EUV optical surfaces (CP3E)’ initiated by FOM, Carl Zeiss 

SMT and ASML. The CP3E program was initiated to meet the need of continued 

research on various aspects of EUV optics performance. This PhD project was devoted 

to the development of methods for the modification of the spectral response of EUV 

optics. The topic covers the designing and the development hybrid multilayer structures 

for EUV optical components with improved spectral selectivity. This is required for the 

suppression of undesired spectral components of radiation originating from plasma-

based EUV sources in lithography equipment. The results of the research received great 

interest from our industrial partners in terms of its application in EUV lithography. As a 

result patents and other valorization opportunities followed from this research project.  

The potential of extreme EUV lithography to enable high-volume manufacturing of 

next generation integrated circuits depends strongly on the availability of EUV sources 

with sufficiently high power at the target wavelength of 13.5 nm. The most promising 

EUV source technology is based on tin plasma emitters driven by high-power pulsed 

CO2 laser radiation. These laser-produced plasma (LPP) sources produce parasitic ‘out-

of-band’ radiation; these represent a significant scientific and technological challenge 

and are addressed in this thesis. 

An attractive method for out-of-band suppression is to combine two functions in one 

optical element: high EUV reflection due to Bragg reflection resonance and 

antireflection for out-of-band. Such a system is mechanically stable and eliminates the 

need for additional optics components. Two designs of 13.5 nm reflecting multilayer 

mirrors with suppressed IR reflectance are developed in this thesis. The demonstrated 

EUV peak reflectance of B4C/Si-based multilayer mirrors so far reaches 45% at a target 

wavelength of 13.5 nm, adequate for application.  
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Chapter 9  

Summary 

 

 

 

 

The research described in this thesis is on thin film reflective multilayer optics for 

extreme ultraviolet (EUV) radiation. The research on multilayer optics deals with several 

aspects relevant to technical requirements posed by its applications. One of the main 

requirements is for high peak reflectance at the 13.5 nm operation wavelength. But there 

is an additional requirement to the optical performance – high spectral selectivity, which 

is needed for applications relying on quasi monochromatic use of the optics. Not less 

important is the optics lifetime. This thesis addresses all the aforementioned topics, 

though the main focus is on the development of multilayer optics with enhanced spectral 

selectivity. 

Multilayer interference mirrors for EUV radiation typically combine high peak 

reflectance with high spectral selectivity due to a relatively low bandwidth. For longer 

wavelengths, including ultraviolet, visible and infrared light, the multilayer structures 

demonstrate reflectance values comparable or even higher than the peak reflectance in 

the EUV range. For most applications however, any reflectivity outside the EUV band is 

undesirable. At the same time most of the shortwavelength radiation sources are 

naturally broadband, what implies the necessity for additional spectral filtering. Two 

classes of solutions providing high "spectral purity" have been developed within this 

research. First are the hybrid multilayer mirrors combining high-reflective properties for 

EUV with spectrally-selective suppression of reflectance for longer wavelength 

radiation. Such combination of optical properties has been achieved by integrating an 

EUV multilayer Bragg reflector into an antireflective coating for longer wavelength 

radiation. Second are multilayer grating structures which act as multilayer Bragg 

reflector at a given EUV wavelength while simultaneously providing diffractive 

deflection for unwanted longer wavelengths due to the grating phase-shift resonance. 

Both solutions have been optimized to suppress mid-infrared radiation at around 10.6 

m which is of direct relevance for EUV lithography. 

Understanding of mechanisms of multilayer optics degradation due to radiation-

induced heat load of the optics requires investigation of heat conduction regimes in the 

few nanometer-thick films of the multilayer structures. Such a scale is smaller than the 

typical mean free path of heat carriers in bulk materials, which results in strong 

anisotropy of heat conduction in-plane and cross-plane in multilayer structures. The 
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anisotropic heat conduction in Mo/Si multilayers, that are widely used in high heat load 

EUV optics, was studied using the pump-probe frequency-domain thermoreflectance 

(FDTR) technique. While the cross-plane heat conduction in nanoscale metal-dielectric 

mutilayers is governed by lattice vibrations, phonons and electrons significantly 

contribute to the in-plane heat conduction. To analyze the relative contribution of 

electron transport to the in-plane heat conduction, so-called sheet-resistance 

measurements and the Wiedemann-Franz law were applied. Results of these 

measurements for Mo/Si multilayers indicate a large, tenfold, anisotropy in and cross 

plane and a dependence of the in-plane conductivity on the microstructure of the metal 

layers. 

Further development of EUV multilayer optics and its applications could benefit 

from the investigation of new material combinations enabling fabrication of high-

reflectance optics for new wavelengths. With this motivation we have studied the 

prospects of phosphorus-based compounds as the spacer material in reflective multilayer 

optics operating at the L2,3 photo-absorption edge of phosphorus, i.e. above 9.2 nm. 

Different phosphorus compounds have been evaluated by analyzing their optical 

constants and chemical stability. As a result, boron monophosphide (BP) is suggested to 

be the most promising spacer material for the applications considered. Calculations 

indicate that Pd/BP multilayers may demonstrate a reflectance above 70% at around 9.2 

nm wavelength. High-reflectance Pd/BP multilayers could thus bridge the spectral gap 

between the Mo/Si and La/B optics.  
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Chapter 9D  

Samenvatting 

 

 

 

 

Het onderzoek zoals beschreven in dit proefschrift betreft reflecterende dunne 

multilaag optieken voor extreem ultraviolet straling. Het onderzoek aan multilaag 

optieken behandelt meerdere aspecten die allen relevant zijn voor de technise eisen voor 

de beoogde toepassingen. Een van de belangrijkste vereisten is een hoge piek reflectie 

waarde voor de golflengte van 13.5 nm. Daarnaast is een hoge spectrale selectiviteit ook 

gewenst daar vele toepassingen een quasi monochrome charakteristiek van de optieken 

verwachten en niet op de laatste plaats is de levensduur belangrijk. Dit proefschrift 

behandelt al deze onderwerpen in het onderzoek en de ontwikkeling van multilaag 

optieken met verbeterde spectrale selectiviteit. 

Multilaag interferentie spiegels voor EUV straling combineren normaal gesroken 

hoge piek reflectiviteit met hoge spectrale puriteit dankzij een relatief lage bandbreedte. 

Voor langere golflengten, inclusief ultraviolet, zichtbaar en infrarood licht, hebben de 

multilaag structuren een reflectie waarde die vergelijkbaar of zelfs hoger is dan bij EUV 

straling. Voor de meeste toepassingen is de reflectie van straling anders dan EUV niet 

gewenst. Tegelijkertijd produceren de meeste beschikbare bronnen breedband straling 

wat het filteren van ongewenste straling noodzakelijk maakt. Twee verschillende 

oplossingen die zorgen voor een hoge "spectrale puriteit" zijn ontwikkeld in dit werk. 

Hybride multilaag spiegels die sterk reflecterende eigenschappen hebben voor EUV met 

selectieve onderdrukking van langere golflengten. Deze combinatie van optische 

eigenschappen is bewerkstelligd door een EUV multilaag Bragg reflector the integreren 

in een antireflectieve coating voor straling met een langere golflengte. Het tweede type 

systeem bestaat uit een multilaag traliewerk dat zich gedraagt als een multilaag Bragg 

reflector voor een bepaalde EUV golflengte welke tegelijkertijd diffractieve deflectie 

veroorzaakt voor ongewenste langere golflengten door een phase verschuivende 

resonantie aan het traliewerk. Beide oplossingen zijn geoptimaliseerd om een golflengte 

van 10.6 micrometer in het mid-infrarood te onderdrukken wat direct relevant is voor 

EUV lithography. 

Het ontwikkelen van begrip betreffende de mechanismes achter de structurele 

degradatie van multilaag optieken door de door straling geinduceerde warmte vereist 

onderzoek naar de verscheidende warmte geleidings regimes in de nanometer dunnen 

lagen van de multilaag structuren. Deze dikteschaal is korter dan de typische vrije 
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padlengthe van hot-carriers in bulk materialen, wat zorgt voor een sterke anisotropie in 

de hittegeleiding in de laag zelf en in de richting van laag tot laag. De anisotrope 

hittegeleiding in Mo/Si multilagen, welke veelvuldig worden gebruikt in EUV optieken, 

is onderzocht met een techniek genaamd pump-probe frequentie-domein thermoreflectie 

(FDTR). Terwijl de hittegeleiding tussen lagen gedomineert wordt door kristalrooster 

vibraties, dragen phononen en electronen significant bij aan de hittegeleiding in de lagen 

zelf. Om de relatieve bijdrage van electronen transport aan de geleiding in de laag te 

analyseren zijn zogeheten sheet-resistance metingen uitgevoerd onder de wet van 

Wiedemann-Franz. Resultaten van deze metingen voor Mo/Si multilagen suggereren een 

grote anisotropie in de hittegeleiding van een factor tien tussen inter- en intralaag 

geleiding alsmede een afhankelijkheid in de interlaag conductiviteit van de 

microstructuur van de metale lagen. 

Verdere ontwikkeling van EUV multilaag optieken en de toepassingen daarvan 

kunnen profiteren van onderzoek naar nieuwe materiaal combinaties voor het fabriceren 

van hoog reflectieve optieken voor andere golflengten. Daartoe hebben we de 

vooruitzichten van multilagen gebaseerd op fosfor onderzocht, welke net boven de L2,3 

absorptie grens van fosfor bij 9.2 zullen opereren. Verscheidene fosfor-rijke materialen 

zijn geevalueerd op basis van hun optische eigenschappen en chemische stabiliteit. Boor 

monophosphide (BP) is de meest belovende kandidaat voor de beoogde toepassingen. 

Berekeningen indiceren dat Pd/BP multilaag spiegels een reflectie waarde van boven de 

70% zouden kunnen bereiken bij 9.2 nm. Hoog-reflectieve Pd/BP multilaag spiegels 

zouden een brug kunnen vormen in het extreem ultraviolet spectrum tussen Mo/Si en 

La/B optieken. 
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