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Summary
A major challenge in the soft x-ray (SXR) and eXtreme UltraViolet (XUV)
spectral ranges is the ability to manipulate the incident radiation using optical elements. By patterning conventional multilayer mirrors with nanoscale
structures, novel optical elements with a variety of optical properties can be
obtained. In this work, the design, fabrication and characterization of Lamellar
Multilayer Gratings (LMG) was investigated. Such LMGs are a particular form
of the general class of Bragg-Fresnel optics which combine Fresnel optics with
Bragg reﬂection to provide unique dispersive and focusing optics. In particular, LMGs can be used to improve the spectral resolution of x-ray ﬂuorescence
techniques.
A Coupled Waves Approach (CWA) was derived to simulate the optical performance, in terms of resolution and reﬂectivity, of LMGs. This CWA allowed
to study the physical principles behind LMGs and resulted in the identiﬁcation of an optimal LMG operating regime. In this regime, the incident beam
is reﬂected in a single diﬀraction order and is hence referred to as the singleorder regime. Such single-order LMGs were fabricated using UV-NanoImprint
Lithography and Bosch Deep Reactive Ion Etching, a process chosen to enable rapid practical development. Single-order operation was experimentally
demonstrated and showed an improvement in spectral resolution of a factor of
3.8 with regard to conventional multilayer mirrors. Singe-order excitation of
higher diﬀraction orders was also measured and analyzed.
Single-order operation often requires multilayer stacks and grating structures that cannot be fabricated with suﬃcient accuracy using current technologies. As this invalidates the semi-inﬁnite multilayer approximation, we
investigated the optical performance of LMGs with ﬁnite multilayer stacks.
We determined the ratio between the absorber thickness and bi-layer period of
the multilayer stack can be used to further tailor LMG optical performance to
maximize bandwidth reduction or minimize peak reﬂectivity loss. We also investigated various degradation processes that could limit the lifetime of LMGs,
which is important for the applicability of such elements. Oxidation of tungsten and silicon as well as changes to the sidewall composition were clearly seen.
However, SXR reﬂectivity remained stable to within measurement accuracy for
an extended storage period of 18 months in a 1 atm air environment. The possibility of applying a capping layer on LMG structures to reduce degradation
was also studied.

Samenvatting
Een grote uitdaging in het zachte röntgen (SXR) en eXtreme UltraViolet
(XUV) golﬂengte gebied is de mogelijkheid om deze straling te manipuleren
door middel van optische elementen. Door conventionele multilaag spiegels te
structureren kunnen nieuwe optische elementen gemaakt worden met een grote
verscheidenheid in het optisch gedrag. In dit werk is het ontwerp, fabricage
en karakterisatie van de zogenoemde Lamellaire Multilaag Tralies (LMG) onderzocht. Zulke LMGs zijn een speciﬁeke vorm van Bragg-Fresnel elementen
die Fresnel optica combineert met Bragg reﬂectie om zo unieke dispersieve en
focuserende eigenschappen te verkrijgen. In het bijzonder kunnen deze LMGs
worden gebruikt om de spectrale resolutie van röntgen ﬂuoresentie technieken
te verbeteren.
Een theorie genaamd Gekoppelde Golven Aanpak (CWA) is afgeleid om het
optisch gedrag, in termen van resolutie en reﬂectiviteit, van LMGs te kunnen
simuleren. Deze CWA maakt het mogelijk om de optica van LMG elementen
te bestuderen. Optimaal LMG gedrag wordt bereikt in het enkelvoudige-orde
regime, waarin de inkomende röntgenbundel slechts één diﬀractie orde exciteert. Deze enkelvoudige-orde LMGs zijn vervolgens gefabriceerd met UVNanoImprint Lithograﬁe en Bosch Deep Reactive Ion Etching. Hiermee is de
werking in het enkelvoudige orde voor het eerst experimenteel aangetoond. Dit
leidde tot een verbetering in spectrale resolutie met een factor 3.8 in vergelijking met conventionele multilaagspiegels. Het gebruik van hogere orders is ook
bestudeerd en geanalyseerd.
Het enkelvoudige-orde regime vergt multilagen en tralie structuren die niet
met de huidige technieken voldoende accuraat gemaakt kunnen worden. De
semi-oneindige multilaag benadering is daardoor niet altijd geldig en wij hebben
daarom het optisch gedrag van LMGs met een eindige multilaag bestudeerd.
Uit deze analyse hebben wij bepaald dat de verhouding tussen de dikte van de
absorberende component en de bi-laag periode van de multilaag gebruikt kan
worden om LMG optisch gedrag verder te optimaliseren voor kleine tralie structuren. Tot slot hebben wij degradatieprocessen onderzocht die de levensduur
van LMGs zouden kunnen verminderen. Hoewel er duidelijke veranderingen
in de compositie van de zijlaag en oxidatie is waargenomen, bleef de SXR reﬂectie stabiel binnen de meetnauwkeurigheid gedurende een opslagperiode van
18 maanden in een 1 atm lucht omgeving. Het gebruik van een beschermende
afdeklaag op LMGs tegen degradatie is ook onderzocht.
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1

Introduction
1.1

Motivation

The ability to identify and quantify chemical elements in products is very important to ensure, for instance, that steel and concrete are of suﬃcient quality
to be used for construction and that there are no toxic contaminants in our food
or drinks. One of the earliest methods used to identify elements is the ﬂame
test in which a sample is positioned in a hot, transparent ﬂame. The heat from
the ﬂame breaks chemical bonds to create free atoms and also excites these
atoms into excited electronic states. When these atoms return to the ground
state, they emit light at characteristic wavelengths. For example, calcium will
produce a yellow-red colored ﬂame whereas copper produces a green ﬂame and
lead results in a bluish-white ﬂame. However, the range of detectable elements
is small and the sample is burned during the measurement [1].
A major improvement in chemical element identiﬁcation was achieved after
the discovery of x-rays. Henry Moseley determined in 1914 that there was
a relationship between the atomic number Z of elements and the energy of
ﬂuorescent x-rays emitted after an element was irradiated by high energy xrays [2, 3]. Elements could now be uniquely and non-destructively identiﬁed by
analyzing the ﬂuorescent x-ray spectrum, which is the basic principle of x-ray
ﬂuorescence spectroscopy as described in more detail in section 1.3.1.
To analyze the ﬂuorescence spectrum, an optical element is required that
separates x-rays with diﬀerent energies. Such elements are typically natural
crystals or ML mirrors which work based on the well-known principle of Bragg
diﬀraction as discussed in more detail in section 1.2.1. The energy of ﬂuorescent
x-rays depend on the diﬀerence in binding energies of the electron orbitals for
each speciﬁc element. Due to their electronic conﬁguration, lighter elements
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can be identiﬁed best in the soft x-ray (SXR) spectral range, i.e. at energies
between roughly 100 and 1500 eV. Unfortunately, the spectral resolution of
ML mirrors in this regime is inherently limited by absorption of the ﬂuorescent
x-rays that need to be analyzed [4–7]. Although the natural line widths of
ﬂuorescent x-rays are typically E/ΔE ≈ 1000 [8], closely spaced lines could
often not be distinguished due to the limited resolution of the analyzing optical
element.
The spectral resolution of ML mirrors can be improved by fabricating a
grating into the ML stack, resulting in a so-called Lamellar Multilayer Grating
(LMG). Although this concept has long been known [9–12], the implementation
of LMGs has been hampered by two main challenges. The ﬁrst was limitations
of previous simulation methods, which provided limited insights in LMG operating principles and could only be used for idealized LMG structures. The
second main challenge was the lack of a reproducible LMG fabrication method
with accurate dimension control that is suitable for grating periods well below
1 μm and can be used to economically pattern large area’s (tens of mm2 ).
The usability of LMGs has been signiﬁcantly improved by the simulation
and fabrication method that will be presented in this thesis. We derived a Coupled Waves Analysis (CWA) method which can be used to simulate reﬂection
and diﬀraction from LMGs and circumvents the aforementioned limitations.
This CWA also resulted in improved understanding of LMG working principles
and was used to identify an optimal operating regime. In this regime, the incident beam excites only a single diﬀraction order and is hence referred to as
the single-order regime. We also developed a novel fabrication process based
on UV-NanoImprint Lithography and Bosch Deep Reactive Ion Etching, which
provided reproducible and cost-eﬀective fabrication of single-order operating
LMGs with grating periods down to 200 nm. With our LMGs, we achieved
spectral resolutions E/ΔE of up to 330 as compared to previously reported
values of 70 [13] for conventional ML mirrors.
Although we focused on LMGs, this study can be considered as a pilot
case study for other optical elements that can be fabricated using the process
presented in this thesis and that also combine Bragg reﬂection and diﬀraction.

1.2

X-ray optics

LMGs are a speciﬁc type of optical element in the general class of Bragg-Fresnel
optics in which Bragg reﬂection by a ML mirror is combined with a diﬀractive
optical element. In this section, we ﬁrst examine the reﬂection from ML mirrors
and discuss the basic principles of diﬀraction in some more detail.

1.2.1

Multilayer mirrors

A multilayer (ML) mirror consists of a stack of at least two diﬀerent materials
that provide multiple reﬂecting surfaces. One of the materials is generally
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high-Z (high δ, red layer in ﬁgure 1.1) to provide a layer for reﬂection, whereas
the other is a low-Z material (low δ, green layer in ﬁgure 1.1) to provide
spacing between the high-Z layers. At the interfaces from the low to high-Z
material, external reﬂection occurs. By carefully selecting the layer thickness,
all reﬂected beams add up in phase when the bi-layer period d of each period
(the combination of a low and high-Z layer) satisﬁes the well-known Bragg
condition [14, 15]:
jλ = 2d sin(Θ),
(1.1)
in which j is the Bragg order, λ is the incident wavelength and Θ is the grazing
incidence angle. Although this Bragg condition is suﬃciently accurate for most
purposes, it does not consider diﬀerences in path length in the ML itself. This
is included in the corrected Bragg condition giving higher accuracy [16, 17]:

4δ̄d2
jλ = 2d sin(Θ) 1 − 2 2 ,
j λ


(1.2)

in which δ̄ is a density proﬁle averaged value of δ for a bi-layer pair.

Figure 1.1: An incident beam with wavelength λ and incident angle Θ
is reﬂected at the interfaces of the multilayer mirror. If the
angle, wavelength, and bi-layer period d fulﬁll the Bragg condition (1.1) constructive interference occurs. The penetration
depth of the incident beam determines the bandwidth as the
bandwidth scales with 1/Nef f .

The Bragg condition also reveals that multilayer mirrors are wavelength
dispersive elements, i.e. each wavelength is only reﬂected at a speciﬁc angle
for every Bragg order. Constructive interference can only occur within a certain bandwidth ΔΘ depending on the number of bi-layers (Nef f ) eﬀectively
contributing to the reﬂection. The spectral resolution of a ML mirror, deﬁned
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as λ/Δλ, scales with Nef f [18, 19]. However, absorption in the SXR is actually relatively high and maximum SXR path lengths through materials are
in the order of only a few μm. This limits Nef f , resulting in typical spectral
resolutions around 50-100 [13].
Besides the spectral resolution, the peak reﬂectivity is also of great importance when characterizing a ML mirror to provide as much intensity in
the reﬂected beam as possible. The peak reﬂectivity of a ML depends on
the wavelength, materials and parameters such as the absorber-thickness-tobi-layer-period ratio γ. As the wavelength is generally known, the choice of
ML materials and parameters should be adapted to the wavelength, or wavelength range, of interest.
The choice of materials for a ML mirror is mainly determined by the complex refractive index (n = 1 − δ + iβ), although deposition and stability issues should also be considered. For optimal reﬂection, a large contrast in δ
between spacer and absorber is required with minimal absorption (low β) in
both materials. Suitable material combinations can be selected based on the
optical properties using a β against δ plot for the wavelength of interest, as
shown for 1.25 nm in ﬁgure 1.2a. From this ﬁgure, it can easily be seen that
silicon is an excellent candidate as low-Z material. The optimal high-Z material can then be chosen by maximizing the modulation-over-absorption
√ratio
Λ = Re|A − S |/Im(A ), where  is the dielectric constant given by n =  [4].
This is demonstrated in ﬁgure 1.2b for the SXR energy of 1 keV and assuming
silicon to be the spacer layer. Considering not only the Λ-ratio, but also deposition and chemical properties of the various elements, tungsten was determined
to be the best absorber candidate for the SXR energy around 1 keV.
Having characterized the optical performance, in terms of bandwidth and
peak reﬂectivity, of ML mirrors and determined appropriate ML materials, we
next discuss the basic principle of diﬀraction.

1.2.2

Diﬀractive optics

Diﬀraction is the property of waves to spread, upon propagation, also in the
transverse direction. This is most notable when a wave encounters an obstacle,
such as opaque or phase shifting materials. An example in every day life is the
rainbow pattern often seen on CDs or DVDs, which is caused by their closely
spaced tracks acting as a diﬀraction grating.
Diﬀraction patterns can be described using the Huygens-Fresnel principle [20–22]. This principle assumes that every disturbance of an incident wave
results in point sources emitting secondary spherical waves and that the diﬀraction pattern can then be determined by examining the interference of these secondary waves. By fabricating a structure with optical disturbances at speciﬁc
locations, various diﬀraction patterns can thus be obtained. Two commonly
used diﬀractive structures are gratings and zoneplates [14].
Constructive interference from a grating is achieved for angles at which
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(a) β against δ plot of the complex refractive index (n = 1−δ+iβ)
for various elements.

(b) The modulation-over-absorption ratio Λ can be used to determine
the optimal absorber material. Here, silicon was assumed to be the
spacer material and unfavorable elements due to optical, chemical
or deposition reasons were removed with respect to ﬁgure 1.2a.

Figure 1.2: Absorber material choice at the incident wavelength λ of
1.25 nm (E =1 keV) and assuming silicon to be the spacer
material.
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the optical path length diﬀerence for waves coming from two neighboring lines
equals an integer times the wavelength, leading to the grating equation:
mλ = D(cos Θ0 − cos Φm ),

(1.3)

where m is the diﬀraction order, D is the grating period and Φ is the exiting
angle of the diﬀracted beam. For a diﬀraction order to exist, constructive
interference should not only occur between waves emitted from neighboring
lines, but also from all waves emitted from within a single line. The variation
in irradiance I due to the interference from the single lines is described by
Fraunhofer diﬀraction [14]:
I(Θ) = I(0) sinc ((kb/2) sin Θ)2 ,

(1.4)

where k = 2π/λ and b is the line width. From this equation, angles of destructive interference from a single grating line can be determined to occur
at [14]:
(1.5)
M λ = b sin ΘM ,
where M indicates the diﬀraction order from a single line. The total diﬀraction
pattern then equals product of the grating and single-slit interference patterns.

Figure 1.3: Optical image of a zoneplate for the EUV (13.5 nm) spectral
region with a focal length of 18.5 cm that was imprinted with
UV-NIL. The zoneplate has a total diameter of 250 μm and
consists of 781 zones with a central zone diameter of 9 μm
and an outer zone width of 80 nm.

A more dedicated diﬀractive structure is the Fresnel zoneplate. Zoneplates
make use of diﬀraction to focus light, unlike lenses which are based on refraction. Zoneplates consist of alternating transparent and opaque zones of
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increasing radius and decreasing width around a central opaque zone. As a
result, the exiting angle for constructive interference from each zone is slightly
diﬀerent, which gives zoneplates a focusing eﬀect. The resolution of a zoneplate is determined by the width Δr of the outermost zone and is given by
1.22 · Δrouter [14, 16].

1.2.3

Lamellar Multilayer Gratings

In this thesis the combination of a ML mirror with a grating structure, a socalled Lamellar Multilayer Grating (LMG), was investigated. As previously
mentioned, the spectral resolution of ML mirrors in the SXR region is determined by Nef f and is inherently limited due to absorption [4]. The eﬀective
density, i.e. the lateral average, of each individual bi-layer can be reduced by
fabricating a grating structure into a ML mirror as schematically shown in ﬁgure 1.4. This reduction in eﬀective density also reduces absorption per bi-layer
and, hence, allows the SXR radiation to penetrate deeper into the multilayer
stack. As a result, Nef f is increased and the spectral and angular resolution of
the ML mirror is improved.
Although the eﬀective density can also be reduced using other structures,
such as random holes, gratings have various practical beneﬁts. Most importantly, gratings allow for control of the diﬀraction as they are periodic elements
that are well-deﬁned by the grating period D and the lamel width ΓD. Such
parameters can easily be varied and compared between various samples, which
is also important for fabrication, simulation and measurement purposes.

Figure 1.4: Schematic of an LMG, where the ML is deﬁned as in ﬁgure 1.1
and the grating structure is deﬁned by the grating period D
and the lamel width ΓD.
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1.3

Applications

The main application of LMGs is x-ray ﬂuorescence spectroscopy. However,
the general class of Bragg-Fresnel optics can be used in a much wider range
of potential applications, such as x-ray imaging in microscopes, synchrotron
beamlines and astronomy. The patterning of ML mirrors can also be used in
EUV lithography to separate EUV and infrared radiation. These applications
are brieﬂy discussed below.

1.3.1

X-ray ﬂuorescence spectroscopy

X-ray ﬂuorescence spectroscopy (XRF) is a technique that is used to determine
the presence and concentration of elements in a sample. This identiﬁcation is
achieved by measuring characteristic x-rays emitted from inner shell electron
transitions. Hard x-rays with energies up to tens of keV are used to knock
out inner shell electrons from atom’s in the sample. The resulting vacancy is
(primarily) ﬁlled by electrons from the next higher shell. This results in an
energy loss for the electron, which is released as a secondary, or ﬂuorescent,
x-ray photon. As the energy of this ﬂuorescent photon is determined by the
diﬀerence in binding energies of the electron shells, the emitted photons have
very characteristic energies that depend on the speciﬁc atom and typically have
narrow natural widths of E/ΔE ≈ 1000 [8]. The energy range to be analyzed is
thus determined by the atomic properties and speciﬁcally lighter elements emit
many characteristic x-rays in the SXR spectral range due to their electronic
conﬁguration [23].

Figure 1.5: Schematic overview of an x-ray ﬂuorescence (XRF) setup.
Characteristic transition soft x-rays from a sample are excited
using hard x-rays and analyzed using a Bragg structure.

As schematically shown in ﬁgure 1.5, XRF uses an x-ray tube to produce a
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primary beam of high energy hard x-rays that irradiates a sample to knock out
the inner shell electrons. The resulting emitted ﬂuorescent radiation is then
analyzed using a wavelength dispersive Bragg structure, typically a natural
crystal or ML mirror, and an x-ray detector. ML mirrors used in the soft
x-ray spectral range generally can achieve spectral resolutions in the order of
50-100 [13]. However, various elements and isotopes have closely spaced shell
emission lines that require spectral resolutions of at least a few hundred to be
resolved [24]. As discussed in section 1.2.3, LMGs can provide such improved
spectral resolution and can therefore be highly beneﬁcial for the identiﬁcation
of elements in XRF.

1.3.2

X-ray imaging

Another possible application for the general class of Bragg-Fresnel optics are xray microscopes. Such microscopes are devices comparable to standard visible
light microscopes, except for the wavelength at which they are operated. They
use various optical elements to focus light from a source onto a sample and then
image that sample onto a detector. The major advantage of using x-rays can
be seen in Rayleigh’s resolution criterion, which states the minimum feature
size (Δx) that one can still distinguish is given by [25]:
Δx =

0.610λ
NA

(1.6)

where N A is the numerical aperture of the optical system. The factor 0.610
originates from the principal properties of a perfect lens [14] and is often replaced by an empirical constant for complex optical systems. From this equation, it can be seen that by reducing the wavelength, one can signiﬁcantly
improve the resolution.
Unfortunately, Rayleigh’s criterion is not the only relevant factor in imaging.
For instance, a certain amount of optical contrast between diﬀerent parts of the
sample is also required as well as suﬃcient transmission through the sample. A
very important example is the so-called water window between the oxygen and
carbon absorption edges (λ = 2.4 - 4.4 nm), in which biological samples can be
imaged very well [26]. In this region, the penetration depth of SXR through
water is about 10 μm, which is just enough to transmit through a complete
cell. Using x-ray microscopes, high-resolution images of complete and (at the
moment of exposure) living cells can be obtained. Although other techniques,
such as electron microscopy, can also produce very high resolution images, they
require the cell to be cut into small slices and therefore loose information with
respect to the actual working of a living cell.
Comparable optical elements to those used in soft x-ray microscopes [27–30]
are also used in hard x-ray imaging at synchrotron beamlines [31–35] and in
various astronomy applications [36–38]. These applications can thus all beneﬁt
from the possibility to pattern ML mirrors with diﬀractive structures to obtain
Bragg-Fresnel optics.
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EUV lithography

A ﬁnal important application where patterning of ML mirrors may be of interest is EUV lithography (EUVL). EUVL is an emerging technology to produce denser computer memory and faster processor chips. To achieve this,
the critical dimensions of the transistors in these chips need to be as small as
possible. These critical dimensions are again determined by the Rayleigh criterion (Eq. (1.6)), resulting in a continuous search for lithography techniques
at shorter wavelengths to create smaller transistors. For this, the EUV wavelength of choice is 13.5 nm, which has been selected because of its proximity to
the Si−L absorption edge. This allows for the use of ML mirrors with silicon
spacers and high reﬂectivities. Indeed, Mo/Si ML mirrors have a theoretical reﬂectivity of 74 % and a value of 70.5 % has already been experimentally
demonstrated [39]. Although this reﬂectivity is already very close to the theoretical maximum, up to eleven optical elements are used in the EUV imaging
system resulting in a very low overall transmission of < 3 %.
In the last years, several EUVL systems have been shipped to various test
facilities and producers. However, these devices are mainly used to test the
production process as these machines are not yet economically feasible due to
the limited throughput. A major challenge for improving the throughput is the
limited power available from current EUV sources. Most promising is a source
that uses a CO2 -laser to heat and ionize tin droplets that subsequently emit
EUV. Unfortunately, this means the EUV needs to be collected and separated
from the 10.6 μm infrared radiation (IR) coming form the CO2 -laser.
A possible solution to this challenge is to fabricate optical elements for
the 10.6 μm radiation into ML mirrors for the EUV range. For example, the
10.6 μm radiation can be separated from the EUV by covering the collimator
ellipsoid with a Fresnel zone reﬂector as shown in ﬁgure 1.6 [40]. The 10.6 μm
radiation is then focused at a diﬀerent position, i.e. not at the intermediate
focus, as compared to the EUV and be considerably attenuated by the exit
aperture at the intermediate focus. In principle, the 10.6 μm radiation can
actually be re-used by designing the setup such that the focus coincides with
the plasma. The focused CO2 radiation is then also used to heat the plasma
which can signiﬁcantly improve the eﬃciency of the source [40]. The principles
of IR suppression with limited EUV reﬂection loss was recently demonstrated
using a phase-shift grating [41].

1.4

Thesis outline

In chapter 2, we present the experimental setups used throughout this thesis.
Here, we ﬁrst discuss the setups used to optically characterize our Lamellar
Multilayer Gratings. Next, the setups used to characterize the results of LMG
fabrication are presented.
We then discuss the Coupled Waves Analysis (CWA) derived to theoret-
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Figure 1.6: Schematic of separation of CO2 (λ = 10.6 μm) and EUV (λ =
13.5 nm) radiation for EUV lithography. The collimator reﬂects and focuses the 13.5 nm radiation at the intermediate
focus, whereas the 10.6 μm radiation is focused at a diﬀerent
position by a zoneplate structure fabricated in the collimator [40].

ically describe LMGs in chapter 3. Compared to previously used simulation
methods, this CWA signiﬁcantly reduces computation time and improves physical understanding of LMGs. Based on this CWA, we derived conditions for
optimal LMG reﬂection, the so-called single-order operation. In this regime,
the incident beam excites only a single diﬀraction order and, hence, is not
aﬀected by diﬀraction losses.
Single-order operating LMGs require sub-micron grating periods with lamel
widths in the order of 100 nm. In chapter 4 we describe accurate and robust
LMG fabrication in W/Si ML mirrors using UV-NanoImprint Lithography and
Bosch Deep Reactive Ion Etching (DRIE). Criteria for acceptable values of fabrication artifacts, such as the typical sidewall scalloping due to the Bosch DRIE
process, were determined based on a theoretical analysis. The ML structure
itself was used to successfully fabricate LMGs that fulﬁlled these criteria. A
Transmission Electron Microscope image of an LMG fabricated using our process can be seen in ﬁgure 1.7a.
SXR reﬂection measurements where then performed on the LMG structures
fabricated using this Bosch DRIE process, as is presented in chapter 5. These
measurements include the ﬁrst demonstration of single-order LMG operation,
clearly showing the reduced bandwidth together with increased peak reﬂectivity
that can be achieved in this regime. The measurements were in good agreement
with our theoretical calculations, showing a good understanding of the main
underlying physical properties. The use of higher diﬀraction orders in singleorder LMG operation was also examined, now also allowing the use of higher
diﬀraction orders to be considered for practical applications.
From the reﬂectivity measurements, we determined that the accuracy of
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(a)

(b)

Figure 1.7: Transmission Electron Microscope image of a fabricated LMG
structure. (a) A general overview of an LMG with a grating
period of 300 nm and a lamel width of 75 nm fabricated in
a 400 bi-layer W/Si ML mirror. (b) Zoomed image of the
top of a lamel, showing the exposed sides of the ML where
enhanced degradation by surface eﬀects or internal ML structure changes can occur.

the ML deposition was limiting the achieved bandwidth and peak reﬂectivity
for our LMGs. In chapter 6 we therefore investigated the optical performance
of LMGs considering various practical limitations. In particular, the optical
eﬀect of insuﬃcient layers to fully reﬂect the incident beam was determined
based on a comparison of LMG optical performance simulations assuming a
semi-inﬁnite and ﬁnite ML stack. From this analysis, parameters that can
be used to tailor peak reﬂectivity and bandwidth for LMGs with ﬁnite ML
stacks were determined. An experimental demonstration of the tailoring of
LMG optical performance was achieved by measuring the reﬂectivity of various
LMGs fabricated in two diﬀerent W/Si ML mirrors.
The lifetime of LMG structures is of importance to their usability in practical applications. As can be seen in ﬁgure 1.7b, the fabrication process directly
exposes the ML structure to degradation processes and also signiﬁcantly increases the surface area between the ML and vacuum where such processes can
occur. We therefore investigated degradation eﬀects due to fabrication and a
23 month storage in a 1 atm air environment as discussed in chapter 7. Degradation processes were separated in surface phenomena, such as sidewall contamination, and internal changes to the ML structure due to thermal annealing
and oxygen diﬀusion. The stability of SXR reﬂectivity was also investigated for
the duration of the storage period. A preliminary study into the use of capping
layers to protect patterned MLs was also performed.
Finally, conclusions on ML patterning for the fabrication of Bragg-Fresnel
optics for the SXR and XUV wavelengths are discussed in chapter 8.

2

Experimental
2.1

Introduction

The investigation presented in this thesis required characterization of optical
performance, in terms of bandwidth and peak reﬂectivity, and of the multilayer (ML) structure of Lamellar Multilayer Gratings (LMG). These characterizations were mainly performed using soft and hard x-ray reﬂectometry as
presented in section 2.2. The fabrication of LMGs required the patterning of
sub-micron period gratings in W/Si multilayer (ML) mirrors. Various aspects
of the fabrication process were analyzed using proﬁle measurement, imaging
and spectroscopic techniques as discussed in section 2.3.

2.2

Optical performance and multilayer structure characterization

Soft and hard x-ray reﬂectometry was used to analyze LMG optical performance and ML structure. Although both techniques work using similar principles, diﬀerent information was obtained. Soft x-ray (SXR) reﬂectometry was
used to characterize LMG optical performance, in terms of bandwidth and peak
reﬂectivity, and hard x-ray (HXR) reﬂectometry was used to analyze the ML
structure.

2.2.1

Soft x-ray reﬂectometry

A soft x-ray (SXR) reﬂectometer is schematically shown in ﬁgure 2.1 and is
in principle the same as the analysis part of the XRF setup of ﬁgure 1.5. To
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accurately characterize LMG optical performance, a reﬂectometer is required
that does not aﬀect the measured reﬂectivity curves. For instance, the spectral
bandwidth of the incident beam should be well below the spectral selectivity
of our LMG structures to ensure the measured bandwidth is fully determined
by the LMG structure. The absolute value of the peak reﬂectivity should also
be measured, requiring a well-calibrated incident beam intensity and detector
sensitivity. The alignment in both spatial and angular coordinates is also very
important to ensure correct positioning of the beam on the sample and accurate
determination of the angular peak position.

Figure 2.1: Schematic of a Θ − 2Θ goniometric setup as used in SXR
reﬂectometry.

The SXR reﬂectivity measurements presented in this work were performed
at the SX-700 reﬂectometer of the Physikalisch-Technischen Bundesanstalt
(PTB) beamline at BESSYII. The incident beam is produced from the Bremsstrahlung spectrum of a bending magnet in the electron storage ring. A plane
grating monochromator is then used to select photons with a speciﬁc energy.
This reﬂectometer achieves an energy precision below 0.1 eV, resulting in a
spectral selectivity at 1 keV of 10000, which is well above the expected spectral
selectivities of a few hundred for our LMG structures. The peak reﬂectivity
can be measured with an accuracy of 0.2 %. Absorption in the beamline and
measurement chamber are minimized by using base pressures in the 10−8 mbar
region. Incidence angles can be varied between 0.8 and 90 ◦ with a position
accuracy of ≤ 3μm and angular accuracy ≤ 0.001 ◦. The divergence of the
incident beam is 1 mm/8 m ∼ 0.2 mrad (0.007 ◦) and the detector has an
acceptance angle of 4.5 mm/0.550 m ∼ 10 mrad (0.47 ◦ ) [34, 42–45].

2.2.2

Grazing incidence x-ray reﬂectometry

Grazing incidence x-ray reﬂectometry (GIXR) works on the same principle as
SXR reﬂectometry and is mainly used to characterize the ML structure. In
GIXR the reﬂection of hard x-rays, usually at the Cu−Kα energy of 8 keV
(λ = 0.15 nm), is measured for small incidence angles (0 − 10 ◦ ).

2.3 LMG structure characterization
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From these measurements, the bi-layer period can be determined from the
peak positions using the√corrected Bragg condition (eq. (1.2)). Below the critical angle Θc given by ≈ 2δ̄ the incident beam eﬀectively only ‘sees’ the average
material density of the top few nm, allowing for an accurate determination of
the ML layer material composition [46, 47]. More information about the layered structure, such as roughness and compound formation can be obtained
from simulations as derived in this work (see chapter 3) or software packages
like IMD [48].
GIXR measurements can also be performed in-situ, for instance during annealing tests. A reference GIXR spectrum is measured and the substrate is
then heated to the desired temperature via a hotplate in an air environment.
This hotplate is capable of reaching temperatures between 25 and 900 ◦ C with
a 0.5 ◦ C accuracy. The change in ML bi-layer period was determined by comparing the angular positions of Bragg peaks with the reference positions. An
accurate determination is achieved by considering relative shifts, measuring the
same Bragg orders during annealing as for the reference and using both low
and high Bragg orders [17].

2.3

LMG structure characterization

Various aspects of LMG fabrication were analyzed using height measurement,
imaging and spectroscopic techniques. Height measurements were used to compare etching of a W/Si ML mirror and were performed using a stylus proﬁlometer as presented in section 2.3.1. Electron imaging techniques, discussed
in sections 2.3.2 and 2.3.3, were used to optimize the fabrication process and
determine the spatial distribution of elements in LMGs. Finally, x-ray photoelectron spectroscopy was used to analyze the composition of the sidewﬂs after
LMG fabrication as discussed in section 2.3.4.

2.3.1

Stylus proﬁlometry

When performing etch experiments, a Dektak stylus proﬁlometer was used as
a ﬁrst means of determining etch results. This technique works by moving a
stylus with a tip radius of approximately 2.5 μm over the sample surface and
measuring height diﬀerences as function of position. The horizontal resolution is determined by various parameters of which the scan speed and height
range are the most important. In the used setup, the resolution was 0.1 % of
the measurement range and could reach approximately 6 nm under optimal
conditions [49].

2.3.2

Scanning electron microscopy

Etch results, in particular of nanostructures, were mostly characterized using a
Scanning Electron Microscope (SEM). In a SEM, an electron beam is typically
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produced via thermionic emission from an electron gun ﬁtted with a tungsten
ﬁlament cathode and has an energy ranging from 0.2 keV to several tens of
keV. This beam is then focused using condenser lenses to a spot size of about
0.4 to 5 nm. The beam is then scanned over the surface of the sample in a
raster pattern, where these primary electrons interact with the sample. Both
scattered and secondary electrons can be used for imaging [50]. In this thesis, a
LEO 1550 high-resolution SEM was used to image fabricated LMG structures.
Samples were placed under a 70 ◦ tilt, meaning the height of the structure in
the image is underestimated by 7 %.

(a)

(b)

Figure 2.2: SEM images of two LMG structures etched into a 1000 nm
W/Si ML structure with (a) a grating period of 800 nm and
a lamel width of 200 nm and (b) a grating period of 200 nm
and a lamel width of 60 nm.

2.3.3

Transmission electron microscopy

Transmission Electron Microscopy (TEM) is an electron microscopy technique
whereby a beam of high energy electrons is transmitted through a very thin
(≤ 100 nm) sample. The image is created from the interaction of the electron
beam with the sample. The transmitted electron beam is magniﬁed and focused
onto an imaging device, such as a CCD camera. Due to the very small de
Broglie wavelength of electrons, TEM’s can image details up to the level of
single columns of atoms [51].
In this work, we present TEM images made in bright ﬁeld and energyﬁltered (EF-TEM) operation, of which examples are shown in ﬁgure 2.3. Bright
ﬁeld imaging is the most common mode of operation, where the image contrast
is created from diﬀerences in electron transmission at various positions on the
sample. Area’s on the sample that are thicker or consist of a material with a
higher atomic number (high-Z) will appear darker then area’s that are thinner
or consist of lower-Z materials. The actual image is made from a projection of
the sample at the position of a detector, such as a CCD camera.
The spatial distribution of elements in the sample can be determined using

2.3 LMG structure characterization

17

the energy-ﬁltered operating mode. In this mode, the image is made using
electrons that have lost a speciﬁc amount of energy, due to various elastic and
inelastic scattering processes, when passing through the sample. In particular,
inner shell ionization is an inelastic scattering process which results in an element speciﬁc energy loss. Element sensitive imaging can then be achieved by
using a magnetic prism with an adjustable slit to only allow electrons with a
certain energy range to be used to create the image. To remove the background,
two images are recorded using electrons that are just below the absorption edge
and compared with an image using electrons at the maximum of the absorption
peak. As can be seen in ﬁgure 2.3b, where the presence of silicon and oxygen
are indicated by green and red, respectively, the position of various elements
can then be easily determined.

(a)

(b)

Figure 2.3: Examples of TEM images of the same structure in (a) bright
ﬁeld and (b) energy-ﬁltered operation. In the energy-ﬁltered
image, green indicates silicon (only on the right-hand side of
the image) and red indicates oxygen.

2.3.4

X-ray photoelectron spectroscopy

To determine the sidewall composition of LMGs, X-ray Photoelectron Spectroscopy (XPS) was used. XPS is a non-destructive technique that uses photoionization to determine the elemental composition and chemical state by precisely measuring the binding energies of elements in a sample. The binding
energies are element speciﬁc and depend on the exact electron conﬁguration,
thereby also allowing identiﬁcation of compounds based on shifts in the measured binding energies [52].
An XPS measurement is performed by irradiating a sample with a beam of
x-rays, in our case at the Al−Kα energy of 1486.6 eV, and then measuring the
kinetic energy of the emitted photo-electrons. The binding energy is determined
from the diﬀerence between the incident energy and the kinetic energy, which is
measured using a hemispherical analyzer and corrected for the work function of
the spectrometer. The photo-emitted electrons are quickly recaptured within
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either the sample or in air, meaning XPS requires ultra-high vacuum (UHV)
conditions. Furthermore, XPS can only be used to analyze the top few nm of a
sample as photo-emitted electrons from deeper in the same cannot escape the
sample [53].
A typical XPS spectrum thus shows the number of counted electrons plotted against the binding energy. The absolute energy calibration of an XPS
measurement is very important in order to determine the exact position of
characteristic lines from which elements or compounds (from shifts in binding energy) can be identiﬁed. The calibration is mostly done using commonly
present elements with well-known characteristic lines, such as aliphatic carbon
C1s with a characteristic line at an energy of 284.8 eV. Atomic concentrations
can be determined from the number of counted electrons and, hence, from the
peak area. However, the number of detected electrons for each element should
ﬁrst be divided by the empirically determined relative sensitivity factor (RSF)
of that element and subsequently be normalized over all detected elements.
As an example, a measured XPS spectrum of the W4f binding, which
consists of a double peak or doublet, of partly oxidized tungsten is shown in
ﬁgure 2.4. The measurement is ﬁtted using well known peaks with ﬁxed widths
and, as this is a doublet, ﬁxed relative intensity and relative shift between the
peaks within the doublet. The intensity of the doublet and positions of both
doublets is then ﬁtted to result in a minimum residual of the sum of both
doublets. In this measurement, a ﬁrst doublet is found at the binding energies
of 29 and 33 eV, indicating pure tungsten, and a second doublet is found at 35
and 38 eV, which is typical for oxidized tungsten. Based on the relative peak
area of the doublets, 70 % of the measured tungsten can be determined to be
oxidized.

Figure 2.4: Example of a measured XPS spectrum (W4f doublet) of
partly oxidized tungsten. In this example, 70 % of the measured tungsten can be concluded to be oxidized.
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Theory of
Lamellar Multilayer Gratings
3.1

Introduction

For the design of Lamellar Multilayer Gratings (LMGs) with optimal performance, in terms of bandwidth and peak reﬂectivity, an adequate theory for the
modeling of the diﬀraction and reﬂection of the incident soft x-ray (SXR) beam
is required. At present, several rigorous approaches such as modal theory or
integral method are used to simulate LMGs [54–57], in particular in the SXR
region [11, 12, 58–63]. However, the modal theory is poorly suited for LMGs
with non-rectangular groove shapes or for smooth interfaces between neighboring materials. Although the integral method described in ref. [57] overcomes
these problems, it is also stated that it does not suﬃce for the modeling of
gratings coated by hundreds of layers.
In the present chapter we describe the results of a novel LMG performance
analysis using a Coupled Waves Approach (CWA) that does not have the aforementioned limitations. The equations of this method are based on a general
expansion of the reﬂected ﬁeld in terms of diﬀerent order diﬀracted waves
and describe the changes in amplitude of various incident and reﬂected waves
through a system of coupled equations. This approach can be used for arbitrary lamellar shapes, arbitrary distributions of the dielectric constant in the
multilayer (ML) structure and without limitations on the grating period, lamel
width and number of bi-layers in the ML structure. The method is well suited
for the analysis of LMG performance in the SXR region as the diﬀracted peaks
are narrow in this region and therefore the number of diﬀraction orders that
overlap, and hence can inﬂuence each other, is limited. Note that CWA has
been used before successfully in SXR optics for calculations of sliced multilayer
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gratings, zone plates and holographic structures [57, 59, 64].
Using the CWA presented here, we derive that for small lamel widths LMGs
operate in a single-order regime in which there is no signiﬁcant overlap of the
0th diﬀraction order with higher orders. Only the 0th order then needs to
be considered when calculating LMG specular reﬂection, allowing a two-wave
approximation to be used. We show that the reﬂection of a SXR wave from an
LMG operating in this regime simply equals the reﬂection from a ML mirror
with a material density that is decreased with a factor equal to lamel-width-tograting-period ratio Γ. Sophisticated diﬀraction theories are thus not necessary
for the proper calculation of LMG performance in the single-order regime. In
contrast to what was stated in [12], we demonstrate that it is possible to derive
novel analytic design criteria for LMGs operating in the single-order regime.
We also show that the resolution of an LMG operating in single-order regime
is not limited by absorption, in contrast to the resolution of a conventional ML
mirror. A high resolution and high reﬂectivity have been shown to be mutually
exclusive for a ML mirror [4], whereas the resolution of an LMG is only limited
by technological factors and the peak reﬂectivity can still be as high as for a
conventional ML mirror.
In this chapter, we ﬁrst derive and study the CWA in section 3.2. We begin
with the derivation of basic equations in section 3.2.1, assuming an ideal lamel
proﬁle. More generalized equations that can be used to describe non-ideal lamel
shapes and include various sidewall eﬀects are stated next in section 3.2.2. In
sections 3.2.3 and 3.2.4, both a numerical and analytical solution to the basic CWA equations are presented. From the analytical solution, a generalized
Bragg condition is derived in section 3.2.5 and the validity of this CWA for
diﬀerent polarizations is investigated in section 3.2.7. Using the CWA results,
a single-order operating regime has been identiﬁed, which signiﬁcantly simpliﬁes simulations and provides optimal LMG optical performance for practical
applications. This operating regime is discussed in detail in section 3.3.

3.2
3.2.1

Coupled waves approach
Basic equations

In this section, we derive the basic equations of the Coupled Waves Approach
(CWA). We ﬁrst deﬁne the parameters of an LMG and its geometrical representation as shown in ﬁgure 3.1a. Here, an incident beam from the left (In),
under grazing angle Θ0 , is reﬂected from the multilayer and diﬀracted into
multiple orders (Out) by the grating structure. The multilayer is built up from
N bi-layers with thickness d. Each bi-layer consists of an absorber material
(A) with thickness γd and a spacer material (S) with thickness (1 − γ)d. The
grating structure of the LMG is deﬁned by the grating period D and lamel
width ΓD.
For simplicity, the basic equations assumed a rectangular lamel shape, al-
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(a)

(b)

Figure 3.1: (a) Schematic of SXR diﬀraction from an LMG. An incident
beam from the left (In), under grazing angle Θ0 , is reﬂected
from the multilayer and diﬀracted into multiple orders (Out)
by the grating structure. The multilayer is built up of N
bi-layers with thickness d. Each bi-layer consists of an absorber material (A) with thickness γd and a spacer material
(S) with thickness (1−γ)d. The grating structure of the LMG
is deﬁned by the grating period D and lamel width ΓD. (b)
Function U (x) describing the lamel proﬁle.

though the approach described below can be applied to any lamellar shape.
The Z-axis is deﬁned as directed into the depth of the substrate, L is the total thickness of the multilayer structure and the step-like periodic function U ,
shown in ﬁgure 3.1b, describes the lamellar proﬁle. The spatial distribution of
the dielectric constant is then written as follows:
 (x, z) = 1
 (x, z) = 1 − χ (z) U (x, Γ, D)

if
if

z<0
0≤z≤L

 (x, z) = sub

if

z>L

(3.1)

where the function χ(z) is the complex susceptibility, which varies with depth
in the multilayer structure. The susceptibility is proportional to the atomic
polarizability [65], which describes the induced dipole moment of a material
when an electric ﬁeld is applied. Compared to visible optics, our deﬁnition of
the dielectric constant  is 1 − χ to indicate  is generally below 1.
The function U can be expanded into the Fourier series:
U (x, Γ, D) =

+∞


Un e2iπnx/D

(3.2)

n=−∞

with U0 = Γ and Un=0 = sin(πnΓ)/(πn). Please note that eq. (3.2) diﬀers to
that used in refs. [5, 6] as the point x = 0 was now chosen to be in the center
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of the lamel instead of at the left side of the lamel. Shifting the coordinates of
the previous works by x = x − ΓD/2 yields the same coeﬃcients as used in
this work.
For brevity, we only considered reﬂection of s-polarized radiation incident
onto the LMG perpendicular to the lamels (i.e. in the plane of ﬁgure 3.1a)
and the eﬀect of interfacial roughness was neglected. The eﬀect of p-polarized
radiation is discussed in section 3.2.7. To analyze the diﬀraction pattern, the
2D-wave equation was solved:
∇2 E (x, z) + k 2  (x, z) E (x, z) = 0,

(3.3)

where the dielectric constant  is a periodic function of x and is described by
eqs. (3.1) and (3.2) and k is the wavenumber given by 2π/λ. The general
solution then has the following form (chapter 1 in ref [66]):

Un−m Fm (z)
(3.4)
Fn (z) + kn2 Fn (z) = k 2 χ(z)
m

where Fn represents the ﬁeld of the nth order diﬀraction wave. The boundary
conditions of this system signify that only plane waves from the vacuum are
incident onto the LMG at the grazing angle Θ0 :
Fn (0) + iκn Fn (0) = 2iκn δn,0 ; Fn (L) − iκ(s)
(3.5)
n Fn (L) = 0.


(s)
Here, κn = k 2 − qn2 and κn = k 2 sub − qn2 are the z-components of the
wave vectors for the nth diﬀraction order in vacuum and substrate, respectively,
where qn = q0 + 2πn/D with q0 = k cos Θ0 and δn,0 is the Kronecker symbol.
From eq. (3.4) it can be seen that the interaction of the incident and
diﬀracted waves with the multilayer structure is described through the complex
susceptibility χ(z), which may be an arbitrary function, e.g. periodic or aperiodic, step-like or smooth, etc. It can also be seen that the diﬀracted waves of
diﬀerent orders interrelate with each other and with the incident wave through
the coeﬃcients Un which characterize the lamellar proﬁle. In the case of a
rectangular lamellar shape, the coeﬃcients Un are numbers. For more general
lamellar proﬁles, e.g. trapezoidal, the form of eq. (3.4) remains the same, but
the coeﬃcients become a function of z.
As a ﬁrst test of this approach, eqs. (3.4) and (3.5) were used to calculate the
reﬂection of a conventional multilayer mirror by inserting Γ = 1. All coeﬃcients
Un then become zero, except the coeﬃcient U0 which then equals 1. Eq. (3.4)
is then reduced to the simplest equation:
F0 (z) + κ20 F0 (z) = k 2 χ(z)F0 (z),

(3.6)

which is indeed an ordinary 1D wave equation describing the reﬂection of a
wave from a conventional ML mirror, as would be expected.
Eq. (3.4) can be solved using either a numerical or, under certain approximations, an analytical method. Although the numerical method is more generally
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valid, the analytical solution has several advantages. Most importantly, the
analytical solution allows for a preliminary physical analysis directly from the
derived equations as presented in section 3.2.4.

3.2.2

Generalized equations

To analyze the inﬂuence of non-ideal lamel shapes on LMG reﬂection, we deduced generalized CWA equations. For this, we considered a non-ideal lamel
proﬁle as is typically the result of fabrication and which is shown schematically in ﬁgure 3.2. Here, curves 1 and 2 are the sidewalls of the lamel, such
that the space between these curves is ﬁlled by a ML structure. In addition,
a layer of thickness h on the sidewalls of the lamel, indicated by curves 3 and
4, was introduced. Here, we refer to these layers as being cover layers as the
theory describing these layers is valid for both contamination layers as well as
deliberately grown capping layers used to protect LMG structures. Curves 1
and 3 as well as curves 2 and 4 are assumed for simplicity to be equidistant,
while curves 1 and 2 (as well as 3 and 4) are mirror inverted with respect to
the Z-axis. Suppose the right side wall depicted by curve 2 is described by
a single-valued function x = p(z). Then x = −p(z) can be written for the
opposite wall, i.e. curve 1, and x = ∓p(z) ∓ h can be written for curves 3 and
4, respectively. It was assumed that the lamel width and cover layer thickness
are suﬃciently small such that 2(p(z) + h) does not exceed the grating period
D at any z.

X

0
ΓtopD

h

x=p(z)
3

1

2

4

ΓbottomD
H
Z
Figure 3.2: Schematic cross section of a general shaped lamel. Curves
1 and 2 indicate the side walls of the ML structure and are
described by the function p(z). A cover layer with thickness
h is indicated by curves 3 and 4. Γtop and Γbottom indicate
the Γ-ratio at the top and bottom of the lamel, respectively.
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The spatial distribution of the dielectric constant is then written as:
(x, z > H) = 1 − χsub

(x, z < 0) = 1;

(x, 0 ≤ z ≤ H) = 1 − χ(z)U (x, z) − χcov V (x, z)

(3.7)

where χ(z) is the susceptibility of a multilayer structure varying with the depth,
while χcov and χsub are the constant susceptibility of the cover layer and substrate, respectively. The function U (x, z) = 1 if the point (x, z) is placed
inside the multilayer structure and U = 0 otherwise. Similarly, the function
V (x, z) = 1 if the point (x, z) is placed inside the cover layer and otherwise
equals 0.
Assuming the dielectric constant to be a periodic function of x, we represented the functions U and V as the Fourier series:
U (x, z) =

+∞


Un (z)e2iπnx/D

n=−∞

V (x, z) =

+∞


(3.8)
Vn (z)e

2iπnx/D

n=−∞

where



2πnp(z)
1
Un (z) =
sin
πn
D


 

πnh
2p(z)
h
2
sin
+
Vn (z) =
cos πn
πn
D
D
D

(3.9)

with U0 = 2p(z)/D and V0 = 2h/D.
Following the steps also used in section 3.2.1, the Rayleigh expansion of the
ﬁeld was written as [5, 66]:
E(x, z) =

+∞


Fn (z)eiqn x ; qn = q0 +

n=−∞

q0 = k cos Θ0 ;

2πn
D

(3.10)

2π
k=
λ

and eqs. (3.8)-(3.10) were substituted into the wave equation ∇2 E(x, z) +
k 2 (x, z) · E(x, z) = 0. An inﬁnite system of coupled waves equations was
then obtained:


Fn (z) + κ2n Fn (Z) = k 2
[χ(z)Un−m (z) + χcov Vn−m (z)] Fm (z)
(3.11)
m

for n = 0, ±1, ±2, ... with the same boundary conditions as eq. (3.5). This
system can be used to analyze the optical eﬀect of various imperfections arising
from LMG fabrication as discussed in sections 4.4 and 7.2.1.
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Numerical solution

Both systems of eqs. (3.4) and (3.11) can be solved numerically. Here, we
demonstrate the numerical solution of eq. (3.4) as this system represents an
idealized LMG structure and therefore has slightly simpler equations.
We represented the ﬁeld of the nth order diﬀraction wave Fn (z) as a superposition of two waves propagating in diﬀerent directions along the z-axis.
Fn (z) = An (z)eiκn z + Bn (z)e−iκn z

(3.12)

Here, the functions An (z) and Bn (z) can vary with depth and can be considered
to be the amplitudes of a transmitted and reﬂected wave, respectively. For
a unique determination we imposed additional requirements to the functions
An (z) and Bn (z) in a manner typical for the coupled waves approach:
An (z)eiκn z + Bn (z)e−iκn z = 0.

(3.13)

Substituting (3.12) and (3.13) in eq. (3.4) a system of ﬁrst order diﬀerential
equations for the amplitudes An and Bn was obtained:
+∞


ik 2
dAn (z)
=−
χ(z)
Un−m Am (z)ei(κm −κn )z
dz
2κn
m=−∞

+ Bm (z)e−i(κm −κn )z
+∞


ik 2
dBn (z)
=+
χ(z)
Un−m Am (z)ei(κm +κn )z
dz
2κn
m=−∞

(3.14)

+ Bm (z)e−i(κm +κn )z
where n = 0, ±1, ..., ±∞. The boundary conditions were then written as:
An (0) = δn,0

and Bn (L) = 0

(3.15)

where we put the dielectric permeability of the substrate to unity, i.e. neglected
the eﬀect of the substrate on the reﬂection of an incident wave. This is, at
least for soft x-rays, a quite reasonable assumption as the refractive index of
materials is close to 1. Eqs. (3.14) is fully equivalent to the second order
system (3.4), but is more preferable for numerical calculations.
Evidently, the amplitudes rm and tm of the waves diﬀracted into vacuum
and into the depth of the substrate were found by solving eqs. (3.14) with
boundary conditions (3.15) to be:
rn = Bn (0),

tn = An (L)

(3.16)

To test the validity of the CWA derived in this section, we compared the
calculated 0th order reﬂectivity curves with other works [5, 12, 63]. We therefore
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considered a Mo/B4 C ML (d = 6 nm, γ = 0.33, N = 150) in which a grating is
fabricated with a period D of 2 μm and a Γ of 0.3. The incident SXR energy
was E = 183.4 eV and the values of the complex susceptibility χ = 1 − 
used for calculations were χMo = 2.61 · 10−2 − i · 5.77 · 10−3 and χB4 C =
4.43 · 10−3 − i · 1.08 · 10−3 . The calculations included up to the ±7 diﬀraction
order. As can be seen in ﬁgure 3.3, the agreement between our numerical
solution and the previous results of ref. [63] are in excellent agreement.

Figure 3.3: Calculated 0th order diﬀraction eﬃciency of a Mo/B4 C LMG
versus the incidence grazing angle using our numerical solution (dotted line) and compared to previous results (solid line)
of ref. [63].

3.2.4

Analytical solution

Eq. (3.4) can also be solved analytically for the speciﬁc case where the incident
beam only excites a single diﬀraction order as discussed next. The validity of
this assumption is discussed in section 3.3.
Zeroth order eﬃciency
To derive an analytical solution for the 0th order diﬀraction eﬃciency, also
referred to as the reﬂectivity, we used a two-wave approximation and only
considered the incident and specularly reﬂected waves. The higher order terms
in eqs. (3.14) were therefore neglected leading to:
ik 2
dA0 (z)
=−
Γχ(z) A0 (z) + B0 (z)e−2iκ0 z
dz
2κ0
dB0 (z)
ik 2
=+
Γχ(z) A0 (z)e+2iκ0 z + B0 (z)
dz
2κ0
where A0 (0) = 1 and B0 (L) = 0.

(3.17)
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To solve these equations, we considered a periodic multilayer structure having abrupt interfaces and consisting of two materials, namely a spacer and an
absorber, with susceptibilities χS and χA , respectively. The susceptibility of
the ML structure is then described by
χ(z) = χS + (χA − χS )u(z),

(3.18)

where the step-like function u(z) is similar to the function U that describes the
lamellar proﬁles:
+∞

u (z, γ, d) =
un e2iπnz/d
(3.19)
n=−∞

with u0 = γ and un=0 = 1 − e−2iπnγ / (2iπn).
We limited ourselves to the most important case of an incident wave onto
the multilayer within or near the Bragg resonance of the j th order, i.e. we
supposed that jλ ≈ 2d sin Θ0 or, equivalently, κ0 ≈ πj/d. By substituting
eqs. (3.18) and (3.19) into eqs. (3.17), the following system was obtained:
dA0 (z)
ik 2 
+
χΓA0 (z)
dz
2κ0
+ (χA − χS )uj ΓB0 (z)e2i(πj/d−κ0 )z = ΔA(z)
dB0 (z)
ik 2 
−
χΓB0 (z)
dz
2κ0

(3.20)

+ (χA − χS )uj ΓA0 (z)e−2i(πj/d−κ0 )z = ΔB(z)
where χ = χA γ+χS (1−γ) is the mean susceptibility of the multilayer structure.
The left-hand side of eqs. (3.20) contains all terms that vary slowly with z.
The functions ΔA and ΔB on the right-hand side denotes all terms oscillating
quickly with z, which, as they only weakly inﬂuence the amplitudes A0 and
B0 , can be neglected.
A system of coupled diﬀerential equations with constant coeﬃcients was
then obtained by introducing a0 (z) ≡ A0 (z) · e−i(πj/d−κ0 )z and b0 (z) ≡ B0 (z) ·
ei(πj/d−κ0 )z :


πj
da0 (z)
k2
+i
− κ0 +
χΓ a0 (z)
dz
d
2κ0
2
k
+i
(χA − χS ) Γuj b0 (z) = 0
2κ0
(3.21)


πj
k2
db0 (z)
−i
− κ0 +
χΓ b0 (z)
dz
d
2κ0
k2
(χA − χS ) Γu−j a0 (z) = 0
−i
2κ0
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with the same boundary conditions a0 (0) = 1 and b0 (L) = 0 as for eqs. (3.17).
By solving eqs. (3.21), an analytical expression for the 0th order diﬀraction
eﬃciency was obtained:
2



B− tanh(SN d)



R0 = 

 b tanh(SN d) − i B+ B− − b2 

(3.22)

where R0 = |r0 |2 . The terms used in eq. (3.22) are:



jλ
− sin Θ0
b = χΓ + 2 sin Θ0
2d

k
B± = (χA − χS ) u±j Γ; S =
B+ B− − b 2 ,
2 sin Θ0

(3.23)

where the Bragg parameter b characterizes a deviation from the Bragg resonance, B± describes the modulation of the ML structure and S characterizes
the variation in amplitudes A0 and C0 with z.
Higher diﬀraction order eﬃciencies
Using a similar approach as for the analytical solution of the 0th order diﬀraction eﬃciency, the higher order eﬃciencies could also be solved analytically. We
considered the mth order diﬀraction eﬃciency, where we limited ourselves to
angles and wavelengths close to the Bragg resonance (quasi-Bragg resonance),
i.e. assumed jλ ≈ d(sin Θ0 + sin Φm ), where Φ is the diﬀraction angle, or
equivalently κ0 + κm = 2πj/d. Here, the index j represents the Bragg reﬂection order by the multilayer and the index m represents the diﬀraction order
by the grating structure.
Using a similar two-wave approximation as for the 0th order, it can be
seen from eqs. (3.14) that the amplitudes A0 (z) and Bm (z) only interrelate
resonantly with each other and all other equations can be neglected. Then,
similar to the 0th order analytic solution, we introduced a0 (z) ≡ A0 (z) ·
e−i(πj/d−(κ0 +κm )/2)z and bm (z) ≡ Bm (z) · ei(πj/d−(κ0 +κm )/2)z and obtained a
system of diﬀerential equations with constant coeﬃcients:



πj
κ0 + κm
k2
−
+
χΓ a0 (z)
d
2
2κ0
2
k
+i
(χA − χS ) U−m uj b0 (z) = 0
2κ0


πj
κ0 + κm
k2
db0 (z)
−i
−
+
χΓ b0 (z)
dz
d
2
2κ0
k2
(χA − χS ) Um u−j a0 (z) = 0
−i
2κ0

da0 (z)
+i
dz

(3.24)
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Solving eqs. (3.24), we found an expression for the diﬀraction eﬃciency
Rm ≡ |rm |2 Re (κm /κ0 ), which has the same form as eq. (3.22), but has somewhat diﬀerent terms as those of eq. (3.23):

sin Θ0 + sin Φm
χΓ+
b= √
2 sin Θ0 sin Φm



jλ sin Θ0 + sin Φm
−
2 sin Θ0 sin Φm
2d
2

k
B± = (χA − χS ) u±j U∓m ; S = √
B+ B− − b 2
2 sin Θ0 sin Φm

(3.25)

As we also did for the numerical solution, we tested the validity of the analytical solution by comparing this to other works. However, as the analytical
solution is only valid within our two-wave approximation, it can only be compared to our numerical solution as the required grating periods (see eq. (3.39)
in section 3.3) are well below the periods used in refs. [12, 63]. Figure 3.4 shows
the comparison of our numerical and analytic solutions for the same ML and
Γ-ratio as used in ﬁgure 3.3, but with a reduced grating period D of 300 nm.
As can be seen, the agreement between our numerical and analytical solution
is excellent. Hence, in single-order operation, sophisticated diﬀraction theories
are not necessary to properly calculate LMG reﬂection and diﬀraction.

Figure 3.4: Calculated 0th and ﬁrst order diﬀraction eﬃciency of a
Mo/B4 C LMG versus the incidence grazing angle using our
analytical solution (dotted lines) and compared to the numerical calculations (solid lines). The ML and Γ were the same
as for ﬁgure 3.3, but the grating period was reduced to D =
300 nm to achieve single-order operation.
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Analytic description of LMG optical performance

Using the analytic solution of the previous section, we derived analytical equations describing LMG optical performance. First, we derived a generalized
Bragg condition for single-order LMGs, where we assumed a semi-inﬁnite multilayer structure (N → ∞) for simplicity. Eqs. (3.22) and (3.25) then reduce
to their simplest form with tanh(SN d) = 1. As the Bragg peak is very narrow due to the small polarizability of matter in the SXR wavelength region,
we neglected the wavelength dependence of the dielectric constant inside the
peak. The reﬂectivity then only depends on the incidence angle and the radiation wavelength through the Bragg parameter b. At maximum reﬂectivity, we
have the condition dR0 /dτ = 2Re [r∗ (dr/db)(db/dτ )] (where either τ = sin Θ0
or τ = λ) and obtained a generalized Bragg condition that also includes the
absorption and refraction of radiation:
sin Θ0 + sin Φm
sin Θ0 + sin Φm
jλ
=
−
ΓRe(χ̄)+
2d
2
4 sin Θ0 sin Φm
Re(χA − χS ) Im(χA − χS ) sin2 (πjγ) sin2 (πmΓ)
sin Θ0 + sin Φm
Im(χ̄)
(πj)2
(πm)2 Γ

(3.26)

If the condition (eq. (3.26)) is fulﬁlled, the diﬀraction eﬃciency achieves
a peak value, which can be written in a very simple manner comparable to
ref. [4]:



Rm,peak =
1 − y2
;
1 + f 2y2

1−w
;
1+w

Re(χA − χS )
;
Im(χA − χS )
√
Im(χA − χS ) sin(πjγ) 2 sin Θ0 sin Φm sin(πmΓ)
y=
Im(χ̄)
(πj) sin Θ0 + sin Φm (πm)Γ
w=

f=

(3.27)

Note that the peak reﬂectivity (eq. (3.27)) achieves its maximum possible
value when the parameter y is maximal and, hence, the thickness ratio γ of a
multilayer structure obeys the equation:


Im(χS )
tan(πjγ) = πj γ +
(3.28)
Im(χA − χS )
which is well-known in the theory of conventional SXR multilayer mirrors [20,
67].
From eq. (3.27), it can also be seen that the peak reﬂectivity (m = 0) is
independent of the grating parameters and corresponds to that of a conventional multilayer mirror [4]. This is because the parameters f and y entirely
determine the peak reﬂectivity and are not changed if the density of both materials are scaled by the same factor Γ. In contrast, the penetration depth of
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the radiation into the multilayer structure LMS , and therefore also the spectral
and angular resolution of an LMG, is inversely proportional to Γ:
LMS = Nef f · d ∼

λ sin Θ0
1

=
S
πΓIm(χ̄) (1 − y 2 )(1 + f 2 y 2 )

(3.29)

From this equation, an approximate value for the reﬂection bandwidth was
also derived. Following refs. [4, 18], the resolving power equals E/ΔE =
tan Θ/Θ ≈ Nef f · π/2, where Nef f was deﬁned as in eq. (3.29). Using d =
λ/2 sin Θ, the following bandwidth prediction was obtained:
ΔΘLMG ≈

2 Im(χ̄) Γ 
(1 − y 2 )(1 + f 2 y 2 )
sin(2Θ0 )

(3.30)

From this equation, it can easily be seen that the bandwidth scales linearly
with Γ. However, the dependence on other parameters is more complicated as
χ̄, f and y all depend on the materials and ML γ-ratio.

3.2.6

Interfacial roughness

Interfacial roughness can have a strong eﬀect on ML reﬂectivity and, hence,
also on that of LMGs. Using the analytical solution of section 3.2.4, the eﬀect
of interfacial roughness in the ML structure on LMG optical performance was
analyzed. As the interfacial roughness is present in the ML structure, the eﬀect
of roughness on LMG reﬂectivity can be described in the same manner as for
a ML mirror. In general, the peak reﬂectivity of a ML mirror depends on the
interfacial roughness parameters in a very complicated manner requiring extensive knowledge of the roughness on each individual layer to obtain a complete
description. However, there are two limiting cases when the reﬂectivity of a
rough ML mirror is expressed in a simple manner which are analyzed below.
More details on the analysis of roughness on ML reﬂection can be found in
refs. [16, 68–70].
The ﬁrst limiting case is that of totally conformal roughness at diﬀerent
interfaces with large roughness correlation lengths in the interfacial plane.
“Large” means that the width of the scattering distribution is small as compared to the bandwidth of the Bragg peak. Then, assuming the roughness
height to be distributed in accordance with the normal law, the reﬂectivity was
written as [70]:
2
(3.31)
R(Θ) = R0 (Θ)e−(4πσc sin Θ/λ) ,
where R0 is the reﬂectivity of a perfectly smooth ML mirror and σc is the root
mean square (rms) value of the conformal roughness height. The exponential
term is referred to as the Debye-Waller factor and is only valid within speciﬁc
approximations [69, 70].
This type of roughness is considered to result in additional scattering from
the interfacial plane. However, the large correlation length results in scattering
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within very small angles with respect to the Bragg peak angle. As the acceptance angle of the detectors in the measurement setups (see section 2.2) used in
this work are comparatively large, this scattered radiation was still measured
by the detector. As a result, long-scale conformal roughness does not aﬀect
measured reﬂectivity curves and was therefore not considered in the ﬁtting of
reﬂectivity measurements.
The second limiting case occurs when the roughness of the diﬀerent interfaces is totally non-conformal, while the correlation function of each interface
is the same. In addition, the correlation length in the interfacial plane is supposed to be very small (tending to zero) and the roughness heights are again
distributed according to the normal law. To describe the eﬀect of such roughness, the modulation parameter B± in eqs. 3.23 and 3.25 should be replaced
by:
2
2
B± e−1/2(2πσnc /d) ≈ B± e−1/2(4πσnc sin Θ/λ) ,
(3.32)
where σnc is the rms value of the non-conformal roughness height and the
grazing incidence angle Θ is supposed to be large as compared with the critical
angle of the total external reﬂection of the ML structure. The eﬀect of smallscale non-conformal roughness on the reﬂectivity is equivalent to that of a
smooth transition layer placed between neighboring materials, i.e. the smallscale roughness results in increased transmittance of the incident wave into
the ML structure and, hence, in a reduction of the reﬂectivity. Non-conformal
roughness was therefore considered in the ﬁtting of reﬂectivity measurements.

3.2.7

CWA validity for p-polarized radiation

In the previous sections we have only considered reﬂection and diﬀraction of
s-polarized radiation by LMGs. Reﬂection and diﬀraction of p-polarized radiation was investigated by comparing the description of the dielectric constant
distribution in the LMG for both polarization states.
First, the dielectric constant distribution in the LMG for s-polarized radiation was derived. In accordance with eqs. (3.1) and (3.19), this distribution
can be written as a 2D Fourier series:

Um e2iπmx/D −
(x, z) =1 − χ̄ ·
m

(χA − χS ) ·



Um uj e2iπ(mx/D+jz/d)

(3.33)

m j=0

Using the two-wave approximation of section 3.2.4, only the terms with
m = 0 in the ﬁrst sum and only one harmonic with ﬁxed m and j in the second
sum are kept. The ﬁrst term Γχ̄ describes the propagation of an incident wave
through an LMG neglecting reﬂection and diﬀraction and the second term gives
the main contribution to the diﬀraction eﬃciency under Bragg or quasi-Bragg
resonance jλ ≈ d(sin Θ0 + sin Φm ). In order to solve the wave equation, it is
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then suﬃcient to use (instead of eq. (3.33))
(x, z) = 1 − χ̄ − (χA − χS )Um uj e2iπ(mx/D+jz/d)

(3.34)

For p-polarized radiation, the corresponding 2D wave equation is more involved due to the presence of ﬁrst derivatives ∇2 H + k 2 H − ∇(ln ) · ∇H = 0
where H is the nonzero Y-component of the magnetic ﬁeld perpendicular to
the
the plane of ﬁgure 3.1 and where ∇ ≡ ix ∂/∂x + iz ∂/∂z. To simplify

wave equation, we introduced a new ﬁeld function H̃ ≡ H(x, z)/ (x, z),
which obeys the 2D-wave equation without the ﬁrst derivatives of the ﬁeld
(x, z)H̃(x, z) = 0 achieved by introducing a modiﬁed function
∇2 H̃(x, z) + k 2 ˜
˜(x, z). It can be shown that ˜(x, z) relates to the original dielectric function
as follows:

2
3 ∇(x, z)
1 ∇2 (x, z)
− 2
(3.35)
(x, z) ≡ (x, z) + 2
˜
2k (x, z)
4k
2 (x, z)
Expanding eq. (3.35) into a 2D Fourier series and keeping only linear terms
of the small susceptibilities χS and χA , we obtained, instead of eq. (3.33):


2 

1 mλ
2iπmx/D
 =1 − χ̄ ·
Um e
1−
− (χA − χS ) ·
2 D
m

(3.36)
 2

2 

jλ
mλ
1
1
2iπ(mx/D+jz/d)
Um u j e
−
1−
2 d
2 D
m j=0
As before, the two-wave approximation was used to keep only speciﬁc terms
from eq. (3.36):
 ≈ 1−χ̄Γ − (χA − χS )Um uj e2iπ(mx/D+jz/d) ·

 2

2 
1 jλ
1 mλ
1−
≈
−
2 d
2 D

(3.37)

≈ 1 − χ̄Γ − (χA − χS )Um uj e2iπ(mx/D+jz/d) cos(Θ0 + Φm )
Here, the resonance condition of diﬀraction jλ/d ≈ sin Θ0 + sin Φm and the
grating equation mλ/D = cos Φm − cos Θ0 were already taken into account.
Eq. (3.37), which is valid for p-polarized light, was then compared with eq. (3.34)
for s-polarized light. The comparison shows that all the expressions deduced
in our CWA for s-polarized radiation are also valid for p-polarized radiation,
if the dielectric modulation of the multilayer structure χA − χS is replaced by
(χA − χS ) cos(Θ0 + Φm ). This proves that, independent of the polarization, an
analytical calculation of reﬂection and diﬀraction by LMGs is possible.
Eq. (3.37) also clearly demonstrates the main feature of p-polarized radiation reﬂection, namely that at the Brewster’s angle of incidence Θ0 = π/4, the
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modulation eﬀect of a multilayer structure disappears and the reﬂectivity (the
0th order diﬀraction eﬃciency) goes to zero. Similarly, the mth order diﬀraction eﬃciency goes to zero if the diﬀracted beam propagates perpendicular to
the incident one, i.e. at Θ0 + Φm = π/2.

3.3

Single-order LMG operation

In section 3.2.4, we used a two-wave approximation to derive an analytical
solution of our CWA equations. This regime is referred to as single-order
operation. The validity of this approximation and the practical beneﬁts of this
operating regime are discussed next.
We ﬁrst determined when single-order operation is achieved. The angular
distance between neighboring diﬀraction orders must then be suﬃciently large
with respect to the bandwidth of the Bragg peak, such that the higher diﬀraction orders fall outside of the acceptance angle of the 0th order. The bandwidth
(ΔΘLMG ) should then be small as compared to the angular distance between
neighboring peaks d/D. For single-order operation, eq. 3.4 was reduced to:
F0 (z) + κ20 F0 (z) = k 2 Γχ(z)F0 (z).

(3.38)

This equation actually only diﬀers from eq. (3.6) by the parameter Γ ≤ 1, which
is inserted as a multiplier of the susceptibility χ(z). As the polarizability,
and hence susceptibility, in the SXR region is proportional to the material
density, we concluded that eq. (3.38) describes the reﬂection of a wave from
a conventional multilayer structure consisting of materials whose densities are
eﬀectively reduced by a factor of Γ. The bandwidth of a conventional ML mirror
(ΔΘMM ) is determined by the diﬀerence in susceptibility of the materials in
the ML [4] and therefore also decreases by a factor Γ, leading to ΔΘLMG ≈
ΓΔΘMM . Single-order operation is therefore achieved when [5]:
ΓDΔΘMM << d

(3.39)

Using comparative calculations we determined that ensuring the left-hand side
of eq. (3.39) is at least three-times smaller than the right-hand side yields
agreements of reﬂectivities (two-wave approximation vs. multi-wave expansion)
by better than 5 relative %.
In the following, we compared LMG performance, in terms of bandwidth
and peak reﬂectivity, with that of a conventional ML mirror. For a conventional
ML mirror in the SXR spectral region, it was shown in ref. [4] that the peak
value of the reﬂectivity is completely determined by two absorption parameters: f = Re(χA − χS )/Im(χA − χS ) and g = Im(χS )/Im(χA ), where χA and
χB are the susceptibilities of the materials (absorber and spacer) in the multilayer structure. Unfortunately, ref. [4] also showed that for a conventional ML
mirror a small bandwidth and high 0th order eﬃciency are mutually exclusive.
Although the bandwidth, and thus the spectral resolution, of a conventional
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ML can be improved in a number of ways, the bandwidth is eventually always
limited by the absorption of the spacing material:
(ΔΘMM )min =

2Im(χS )
sin (2Θ0 )

(3.40)

and the minimal bandwidth (ΔΘMM )min can only be obtained for a ML mirror
with a near zero peak reﬂectivity.
However, the performance is quite diﬀerent for single-order operating LMGs.
From eq. (3.38), we deduced that single-order operation eﬀectively reduces the
susceptibility (χ(z)), or equivalently the density, of the ML by a factor Γ and
thus reduces the bandwidth by the same factor. Evidently, such a proportional
variation in the density of both materials does not change the parameters f and
g. Hence, the peak reﬂectivity of an single-order operating LMG can be the
same as that of a conventional ML mirror consisting of bulk density materials.
In accordance with eq. (3.29), the SXR penetration depth then also increases
and the number of bi-layers should be increased by the same ratio.
Figure 3.5 illustrates these conclusions. Here, several reﬂectivity curves at
E = 183 eV are shown for various LMGs based on the Mo/B4 C ML parameters
as before, but with suﬃcient bi-layers (N = 100/Γ) to ensure maximum peak
reﬂectivity is achieved. The Γ = 1 curve thus represents the reﬂectivity curve
of the conventional ML mirror, which has a bandwidth of the Bragg peak of
ΔΘMM = 0.82 ◦. The minimal bandwidth this ML system can achieve at
this energy is thus equal to (ΔΘMM )min = 0.13 ◦. The other three curves
depict reﬂectivity curves for LMGs with various Γ-ratios. The lamellar width
is the same for all three LMGs (ΓD = 70 nm) and fulﬁlls the single-order
condition (3.39). As can be seen, the bandwidth clearly reduces when reducing
the Γ-ratio and actually reaches ΔΘLMG = 0.083 ◦ for Γ = 1/10. This is
roughly 10 times smaller than for the conventional ML mirror and actually
about 1.5 times less than the minimal possible bandwidth for the ML system
used here. The peak reﬂectivity is the same as that of a conventional ML mirror
by increasing the number of bi-layers by 1/Γ. Finally, a shift in the position of
the various Bragg peaks is visible. This shift is caused by the dependence of the
Bragg condition (eq. (3.26)) on the Γ-ratio as the eﬀective susceptibilities of
both materials are scaled by this factor. Here, the eﬀective susceptibility refers
to the average susceptibility of an individual layer in the lateral direction.
In comparison, the peak reﬂectivity of multi-order LMGs is strongly reduced
due to diﬀraction losses. This can be seen when comparing the 0th order
eﬃciency of the multi-order LMG (10 %) in ﬁgure 3.3 with that of the singleorder LMG (38 %) in ﬁgure 3.4. From these ﬁgures, it can also easily be seen
that multi-order operation results in signiﬁcant secondary structures adjacent
to the main Bragg peak, which are also caused by the excitation of higher
diﬀraction orders in multi-order operation.
The considerations discussed above clearly demonstrate the advantages of
single-order LMG operation. In this regime, there are no physical limitations
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Figure 3.5: Zeroth order eﬃciency versus grazing angle at E = 183 eV
of a conventional Mo/B4 C ML mirror (Γ = 1, N = 50) and
three LMGs with ﬁxed lamel widths (ΓD = 70 nm), diﬀerent
Γ-ratios and varying number of bi-layers (N = 100/Γ).

on the minimal bandwidth, which simply reduces by the factor Γ. At the same
time, peak reﬂectivity is not aﬀected as the total absorption is the same as
for a conventional ML mirror and there are no diﬀraction losses. Of course,
technological limitations of ML deposition and LMG fabrication still limit the
best obtainable LMG performance.

3.4

Conclusions

Using our Coupled Waves Approach (CWA), we have identiﬁed a high-resolution,
high-reﬂectivity single-order operating regime for Lamellar Multilayer Gratings
(LMG) for the soft-x-ray (SXR) spectral range. In this single-order regime, the
overlap of the 0th diﬀraction order with higher orders is negligible. The performance, in terms of bandwidth and peak reﬂectivity, of LMGs operating in
the single-order regime can be calculated assuming a conventional multilayer
(ML) mirror of which the material densities have been reduced by the same
fraction as the factor Γ (lamel-width-to-grating-period ratio). For LMGs operating in single-order, the bandwidth scales with Γ and the number of bi-layers
N required for maximum reﬂectance scales with 1/Γ in comparison to a conventional ML mirror. We have also shown that the resolution and reﬂectivity of a
single-order LMGs are only limited by the number of bi-layers N and the lamel
width-to-period ratio Γ that can be obtained in practice. A single-order LMG
can thus reach much higher resolutions than a conventional ML mirror, without
loss of peak reﬂectivity. To determine achievable LMG optical performance,
the technology of LMG fabrication is investigated in the next chapter.

4

Fabrication of gratings in
W/Si multilayer mirrors
4.1

Introduction

The fabrication of single-order LMG structures requires the etching of nanoscale
features in ML mirrors. As EUV and soft x-ray wavelengths (ﬁgure 3.1a)
are only a few nm, the ML stack has a bi-layer period d of comparable size.
Furthermore, the bi-layers consist of two diﬀerent materials that generally react
very diﬀerently to the etching process. Due to the low refractive index contrast,
the total ML stack generally consists of up to hundreds of bi-layers, resulting
in total ML stack heights of ≥ 1 μm. For single-order LMG operation, the
required lamel aspect-ratios are in the order of ≥ 10:1, which is well above
previously achieved values of ∼ 5:1 [71]. As these structures are used as optical
elements, the fabrication should not negatively aﬀect the optical behavior and
consequently leave the nanoscale layered arrangement intact.
Although Reactive Ion Etching (RIE) has been used to etch ML mirrors,
this approach generally suﬀers from a lack of directional etching, resulting in
poor critical-dimension (CD) control and a limitation on ML stack heights that
can be etched [63, 71]. Furthermore, these processes showed strong dependence
of the etch results on the grating structure. Although Bosch Deep Reactive Ion
Etching (Bosch DRIE) oﬀers a directional pattern transfer, the cyclic nature of
Bosch DRIE results in a typical sidewall scalloping of which the optical eﬀect
may be unacceptable. Furthermore, the eﬀect of the thin-layered structures
with dual-material composition, in particular the absorber layer, on etch results
is unknown.
In this chapter, we demonstrate accurate and robust etching of W/Si ML
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mirrors for the fabrication of Lamellar Multilayer Gratings (LMG). For costeﬀective fabrication of LMGs in small series, UV-NanoImprint Lithography was
used to deﬁne the grating structures. A Bosch DRIE process was developed to
transfer this pattern into a ML stack. Using this process, we have reproducibly
fabricated LMGs with 200 nm grating periods and lamel aspect-ratios of ∼ 17:1.
The high aspect-ratio was achieved by using the layered structure of the ML.
This layered structure suppressed scallop formation, which was subsequently
used to achieve low tapers with minimal dependence on feature dimensions.
The experimental procedure is ﬁrst discussed in section 4.2. Next, a description of the Bosch etch process and scallop formation is given in section 4.3. A
generalized Coupled Waves Approach was used to determine fabrication criteria for LMGs, as is presented in section 4.4. Finally, the eﬀect of the ML
layered structure on etch results is investigated in section 4.5, where the main
focus is on proﬁle taper and scalloping.

4.2

Experimental

In this work, 400 mm silicon wafers were coated with 400 W/Si bi-layers (dspacing of 2.53 nm and γ of 0.28) [72]. A single imprint template with 27 different grating structures, having grating periods between 200 and 2000 nm and
lamel widths between 60 and 1350 nm, was used to deﬁne various LMG structures. This template was used for UV-NanoImprint Lithography (UV-NIL) in
an Imprio 55 system from Molecular Imprints with the S-FILT M process [73].
Before imprinting, a transfer layer of 60 nm DUV 30J was spincoated on the
ML wafer at 3000 rpm and then baked at 120 ◦C for 120 s. In the imprint
machine, a silicon containing imprint material was locally dispensed on top of
the transfer layer. The template with the desired grating structures was then
pressed into the imprint material with a force of 3 N at room temperature.
The imprint resist was cured by a 3 s UV exposure while the template was still
in contact. Finally, the template was detached leaving its negative shape in
the hardened imprint material. The patterned layer showed a feature height
of 100 nm and a residual layer of 40 nm [74]. Samples between 10x10 mm2
and 30x30 mm2 were then cleaved from the imprinted 400 mm ML wafer and
an etch mask was prepared using a ﬂuorine-based Reactive Ion Etching (RIE)
process [74]. The sample was then ﬁxed on a blank silicon carrier wafers using
a small droplet of FomblinT M vacuum oil for ML etching. All temperatures
used in the fabrication process were ≤ 120 ◦ C to prevent annealing of the ML.
This temperature was concluded to be acceptable as only a < 0.1 % d-spacing
change was found in the ML after 60 hrs at this temperature as is discussed in
more detail in section 7.2.2.
For the ML etching, we used a ﬂuorine based Bosch DRIE process in an
Adixen Alcatel AMS100SE. This device has been described in detail in ref. [75].
Such a process is feasible as both components of the multilayer react volatile
with ﬂuorine [76–78]. To determine the ML etch process, the fabrication of
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silicon nanostructures was investigated ﬁrst for general process development.
Subsequently, the etching of the ML was compared with silicon etching. Based
on the silicon study and the comparison with ML etching, a ML etch process
was determined. Although only W/Si MLs were investigated in this work, this
approach should be generally valid for any ML structure consisting of materials
that have volatile reaction products with ﬂuorine.
After ML etching, samples that were to be characterized using soft x-ray
reﬂectometry were cleaned of organic contaminants and the passivation layer.
This cleaning was performed using a brief O2 plasma for 1 min at 20 W RF
power in a parallel-plate RIE system. Samples for visual characterization were
cleaved and imaged using a LEO 1550 high-resolution scanning electron microscope under a 70 ◦ tilt.

4.3

Etching and scalloping in Bosch DRIE

The pattern transfer into the ML was performed using Bosch Deep Reactive
Ion Etching (DRIE). This technique uses sequential etch and passivation steps
to achieve a directional etch. In this study, the passivation layer used was
a ﬂuorine carbon (FC)-layer formed by a C4 F8 plasma (ﬁgure 4.1a) [75, 79,
80]. This passivation layer prevents further lateral etching during subsequent
etching cycles. After the passivation deposition, an etch step is performed
(ﬁgure 4.1b1 +b2 ). At the beginning of the etch step, the passivation layer is
directionally removed at the bottom of the opening through physical etching by
a bombardment of ionic, mainly SF+
x , species (ﬁgure 4.1b1 ). For silicon samples,
a (semi-)isotropic etching is performed using the ﬂuorine radicals from the
plasma (ﬁgure 4.1b2 ) once the passivation layer has been directionally removed.
This sequence is then repeated many times (ﬁgure 4.1c) to obtain the desired
(nano)structures. Proﬁle taper is determined by the position at which the
isotropic etching can begin and therefore depends on the passivation end point.
The cyclic nature of Bosch DRIE also results in typical side-wall scalloping as
can be seen schematically in ﬁgure 4.1c.
Figure 4.2 schematically shows an etched (nano)structure, which is characterized by a number of parameters. First of all, the etch rates (ER) are
determined by dividing the etch depth by the etch time. The selectivity is then
given by the ratio between the substrate and mask etch rates. The etching
generally varies as features become deeper and the trench aspect-ratio (AR)
is therefore deﬁned as the depth in the trench divided by the mask opening.
When investigating the etching, additional focus is given to proﬁle taper and
scalloping caused by the Bosch DRIE process. Proﬁle taper is the angle of
the sidewall, where a positive taper means that the structure is narrower at
the top than at the bottom and vice versa for a negative taper. The taper is
determined from the top (T Wtop ) and bottom (T Wbottom ) trench widths and
the etch depth. Finally, the typical scallops of Bosch DRIE are characterized
by the scallop width a, scallop length l and scallop ratio given by a/l.
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Figure 4.1: Schematic of the various steps in Bosch DRIE. (a) A FCpassivation layer is deposited. (b1) At the beginning of the
etch cycle, the passivation layer is partially removed by the
incident ion ﬂux with an energy and angular distribution
N (E, α). (b2) As soon as the passivation layer is suﬃciently
removed, isotropic etching occurs. (c) Several passivation and
etch cycles are performed to obtain a directional etch. The
passivation end point is set by the removal of the passivation
layer (b1 ) and determines proﬁle taper.

4.4

Determination of fabrication criteria

The pattern transfer into the ML inherently results in artifacts, such as sidewall
scalloping, that were not considered in the LMG single-order derivation [5, 6]
(see also section 3.3). In order to understand the eﬀects of such artifacts, we
ﬁrst brieﬂy recall the operating principle of single-order LMGs. The bandwidth
of conventional ML mirrors is determined by the number of bi-layers eﬀectively
(Nef f ) contributing to the reﬂection. However, Nef f is limited due to the high
absorption in the EUV and SXR spectral ranges. A reduction in absorption
can be achieved by reducing the eﬀective density, i.e. the lateral average per bilayer, by fabricating a grating structure into the ML mirror. When operating in

4.4 Determination of fabrication criteria

41

Figure 4.2: Schematic of deﬁnitions used to characterize etched nanostructures. Etch rates (ER) are determined by dividing the
etch depth (ED) by the etch time. The trench aspect-ratio
(ARtrench ) is given by dividing the depth in the trench by
the mask opening. Scallops are characterized by their width
a, length l and ratio a/l. Proﬁle taper is the angle of the
sidewall and is determined from the top (T Wtop ) and bottom
(T Wbottom) trench widths and ED.

the single-order regime, such gratings do not suﬀer from diﬀraction losses. The
optical performance, in terms of bandwidth and peak reﬂectivity, of LMGs
is then largely determined by the lamel-width-to-grating-period ratio Γ (see
ﬁgure 3.1) which simply indicates the reduction in eﬀective density per bilayer [5–7]. Compared to a standard ML mirror, the bandwidth of an LMG is
reduced by a factor 1/Γ, whereas the number of bi-layers should be increased
by the same factor to ensure the peak reﬂectivity remains as high as for a
conventional ML mirror. In this derivation, a constant eﬀective density in the
depth of the ML was assumed. However, artifacts such as taper and scalloping
can introduce a depth dependence of the eﬀective density. This was analyzed
using a more generally valid version of our CWA.

4.4.1

Generalized Coupled Waves Approach

For the derivation of generalized Coupled Waves Approach (CWA) equations,
we assumed a non-ideal lamel proﬁle with mirror-inverted sidewalls deﬁned by
the function p(z), i.e. if the right sidewall is deﬁned by p(z), then the left
sidewall is deﬁned by −p(z). We also assumed that the lamel width 2p(z)
does not exceed the grating period D at any z. The spatial distribution of the
dielectric constant was then written as:
(x, z < 0) = 1;
(x, z > H) = 1 − χsub
(x, 0 ≤ z ≤ H) = 1 − χ(z)U (x, z)

(4.1)

where χ(z) is the susceptibility of a multilayer structure varying with the
depth and χsub is the constant susceptibility of the substrate. The function
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U (x, z) = 1, if the point (x, z) is placed inside the multilayer structure and
U = 0 otherwise.
Assuming the dielectric constant to be a periodic function of x, we represented the function U as the Fourier series:
U (x, z) =

+∞


Un (z)e2iπnx/D

(4.2)

n=−∞

where

1
Un (z) =
sin
πn



2πnp(z)
D


(4.3)

with U0 = 2p(z)/D. Please note as in section 3.2.1 that eq. (4.3) diﬀers to
that used in our previous works [5, 6] as the point x = 0 was now chosen to be
in the center of the lamel instead of at the left side of the lamel. Shifting the
coordinates of the previous works by x = x − ΓD/2 yields the same coeﬃcients
as used in this work.
Following the steps also used in ref. [5] and section 3.2, we eventually obtained an inﬁnite system of coupled waves equations describing the amplitudes
F of incident and reﬂected waves:


Fn (z) + κ2n Fn (Z) = k 2
χ(z)Un−m (z)Fm (z)
(4.4)
m

for n = 0, ±1, ±2, ... with boundary conditions:
Fn (0) + iκn Fn (0) = 2iκn δn,0 ; Fn (L) − iκ(s)
(4.5)
n Fn (L) = 0


(s)
where κn = k 2 − qn2 and κn = k 2 sub − qn2 are the Z-components of the
th
wave vectors for the n diﬀraction order in vacuum and the substrate, respectively, and δn,0 is the Kronecker symbol. The system (4.4)-(4.5) can be used
to simulate the optical eﬀects of non-ideal lamel proﬁles, including taper and
scalloping, by numerically solving this system as previously done in ref. [5] and
section 3.2.3.
For illustrative calculations in this work, we considered LMGs based on
W/Si ML structures with parameters corresponding to those used in our experiments. The densities were taken to be ρW = 19 g/cm3 and ρSi = 2.35 g/cm3 ,
bi-layer period d = 2.53 nm, absorber-to-bi-layer thickness ratio γ = 0.28 and
with N = 400 bi-layers. Interfacial roughness was not taken into account in
these calculations. The parameters of the grating were chosen to be a period
of D = 300 nm with a lamel-width-to-grating-period ratio Γ = 0.25 to ensure
single-order operation.

4.4.2

Optical eﬀect of tapering

To analyze the eﬀect of a tapered lamel proﬁle, we used the trapezoidal function
p(z) = DΓtop /2 + D(Γbottom − Γtop )z/(2H) as shown in ﬁgure 4.3a to describe
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(b)

Figure 4.3: (a) Schematic of various lamel proﬁles. (b) Simulations of
W/Si LMG reﬂectance at an incident energy of 525 eV for
a rectangular lamel shape (solid black, Γ = 0.25) and trapezoidal lamel shapes with the same average Γ-ratio, but with a
negative (red dashed, Γtop = 0.49, Γbottom = 0.01) or positive
(blue dashed-dotted, Γtop = 0.01, Γbottom = 0.49) taper.

the sidewall proﬁle. The eﬀect of various tapers on LMG reﬂection were then
simulated assuming the LMG as described above and keeping the average Γ
ratio in the depth of the lamel constant at 0.25. Results of these calculations
are shown in ﬁgure 4.3b, where it can easily be seen that the eﬀect of taper
can actually be signiﬁcant, especially for negative tapers. The largest change
was found for the unrealistic taper of −4.3 ◦ , i.e. for a lamel width of 0 nm at
the bottom of the structure. The 0th order bandwidth is then almost doubled
from 1.7 to 3.0 eV and the peak reﬂectivity was slightly reduced from 19.7
to 18.8 %. For a positive taper of the same absolute value, the bandwidth
is slightly narrower at 1.6 eV and the peak reﬂectivity is reduced to 17.9 %.
Furthermore, the positive taper showed increased background suppression at
angles just outside the main Bragg peak.
The diﬀerence in eﬀects of a positive and negative taper can be explained
by considering the eﬀect of taper as a change in eﬀective density, and hence
absorption, in the depth of the ML. For a positive taper the density is reduced
near the top of the structure, which results in a larger contribution of reﬂections
from lower bi-layers to the interference and thereby resulting in a bandwidth
reduction. On the other hand, a negative taper results in increased density
near the top of the structure and actually limits the contribution of reﬂections
from lower bi-layers to the interference resulting in increased bandwidths. As
the average Γ-ratio is constant, the eﬀect on 0th order peak eﬃciency is limited.
Finally, it is important to recall that the Γ-ratio largely determines LMG
optical performance (see also section 3.3). Accurate control of this ratio is hence
required to achieve the designed optical performance. For a low taper process,
such control can easily be obtained by simply varying the mask dimensions.
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Hence, to ensure tapering does not aﬀect the optical performance of LMGs,
tapers should be limited to below ±1 ◦ , where slight positive tapers are preferred
over negative ones.

4.4.3

Optical eﬀect of scalloping

To analyze the eﬀect of scalloping, the sidewall proﬁle was described by the periodic function p(z) = ΓD/2+a/2·sin(2πz/l). For single-order LMG operation,
the eﬀective susceptibility χef f (z) = χ(z) · 2p(z)/D is given by the product of
two periodic functions with periods d and l. If the ratio d/l is an irrational
number, the function χef f (z) is not periodic. Expanding the functions χ(z)
and p(z) into the Fourier series, we found that χef f (z) contains terms with
four main periods dj (j = 0 − 3), namely d0 = d, d1 = l, d2 = d/(1 + d/l) and
d3 = d/(1 − d/l) as well as higher harmonics with periods dj /n(n = 2, 3, ...).
As the scallop period l is typically much larger than the ML mirror period d0 ,
reﬂection from this scallop period was not considered. However, the periods d2
and d3 may be close to the ML mirror period d0 if the scallop length l is large
enough. A similar layered structure containing terms with diﬀerent periods
was analyzed in details in ref. [81] as applied to the problem of simultaneous
reﬂection of two arbitrary (not multiple) wavelengths from a multilayer mirror.
As for single-order operation (section 3.3), only the ﬁrst order Bragg reﬂection is of interest and higher order terms in the Fourier series are neglected. The
depth-distribution of the eﬀective susceptibility is then written in the simpliﬁed
form:


2πz
a
sin(πγ)
·
+ (χA − χS )
χef f (z) ≈ Γχ̄ + χ̄ sin
D
l
π







(4.6)
2πz
2πz
2πz
a
a
2Γ cos
− πγ + sin
− πγ − sin
− πγ
d0
D
d2
D
d3
If the grazing angle of the incident beam is varied, resonant Bragg reﬂec(j)
tion is observed from each of the three periods such that λ = 2dj sin(Θm=0 ),
where m = 0 indicates the 0th diﬀraction order and j = 0, 2, 3 is the index of the period. The peak from j = 0 is the Bragg order, whereas j =
2, 3 are peaks caused by scalloping and are referred to as scallop harmonth
ics. Similarly, three diﬀraction peaks
 are also seen for any m order such
(j)
(j)
that λ = 2dj sin(Θm ) + sin(Φm ) , where the periods dj are diﬀerent and
(j)

the diﬀraction angle Φm , i.e. the grazing angle of the outgoing diﬀracted
beam, is
incidence angle via the grating equation

 determined by the grazing
(j)
(j)
λ = D cos(Θm ) − cos(Φm ) . The optical eﬀect of scalloping can therefore
be considered as the appearance of a phase grating in the depth of the ML
structure, which can be described by a number of embedded diﬀraction grat(j)
ings with the same D and Γ, but diﬀerent ML periods dj . The angle Θm can
be referred to as the quasi-Bragg resonance angle and is comparable to the
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blaze angle in the theory of conventional grazing incidence diﬀraction gratings.
In general, the eﬀect of scallops on the main reﬂectivity peak is expected
to be very small. First of all eq. (4.6) shows that the amplitude of the Bragg
order from period d0 is independent of the scallop width a and, secondly, the
scallop width a is typically << 2ΓD resulting in small amplitudes of the scallop
harmonics from periods d2 and d3 . The coupling of waves diﬀracted from the
diﬀerent gratings is also typically weak, except for the speciﬁc case when the
Bragg angle of reﬂection from the ML with period d0 coincides with the angle
of a scallop harmonic from the gratings with ML period d2 or d3 , i.e. when
(0)
(2)
(0)
(3)
Θ0 = Φ+m or Θ0 = Φ−m . In these cases the incident wave eﬀectively
excites at least two waves, namely the specularly reﬂected wave and the scallop
harmonic wave from the higher diﬀraction order. As two waves can be excited,
the LMG is actually no longer in single-order operation even for LMGs that
do fulﬁll the single-order condition (eq. (3.39). This results in a loss of peak
eﬃciency as not all incident energy is reﬂected and diﬀracted into a single order.
To determine the conditions for when this eﬀect occurs, simultaneous resonant
excitation of the specularly reﬂected and, for deﬁniteness, +1st order diﬀracted
(0)
(2)
waves (i.e. the case when Θ0 = Φ+1 ) were examined. This resulted in the
following system of equations:
(0)

λ =2d0 sin(Θ0 )


(0)
(2)
λ =d2 sin(Θ0 ) + sin(Φ+1 )


(0)
(2)
λ =D cos(Θ0 ) − cos(Φ+1 )
(2)

(4.7)

(0)

Taking into account that λ << D, i.e. Φ+1 is close to Θ0 , and expanding
(2)
(2)
(0)
sin(Φ+1 ) and cos(Φ+1 ) in a series near Θ0 , the system (4.7) is fulﬁlled if the
scallop length obeys the following condition:
(0)

lworst ≈ D tan(Θ0 ),

(4.8)

where lworst indicates the worst scallop length, i.e. the scallop length for which
the 0th order peak reﬂectivity is reduced the most. The same derivation can
also be performed for Bragg orders arising from period d3 , which gives the
same result. A similar condition can also be written for higher diﬀraction
(0)
(0)
order eﬃciencies by replacing Θ0 with Θm .
The above results are demonstrated by ﬁgure 4.4 where the 0th and ±1st
orders are shown for various scallop lengths and widths. From ﬁgure 4.4b, it can
easily be seen that the scalloping results in additional Bragg peaks, the scallop
harmonics, as indicated by the red arrows. Figure 4.4a then demonstrates that
at the worst scallop length of 160 nm for this particular structure, as predicted
by eq. (4.8), there is indeed a signiﬁcant overlap of the scallop harmonics with
the higher diﬀraction orders. This overlap results in a strong decrease of peak
reﬂectivity.
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(a)

(b)

Figure 4.4: W/Si LMG reﬂectance at the incident energy of 525 eV for
various scallop widths (a) at the worst scallop length (lworst )
of 160 nm predicted by eq. (4.8) and (b) at a scallop length of
l = 100 nm. Additional Bragg orders due to scalloping, the
scallop harmonics, are indicated by the red arrows.

Evidently, the appearance of these scallop harmonics of considerable height
is unacceptable for the application of LMGs in SXR spectroscopic applications
as they may render analysis of emission spectra very diﬃcult or even impossible.
The eﬀect of scalloping can be limited by ensuring that the scallop length is
suﬃciently far from lworst , as shown by ﬁgure 4.4b, or by reducing the scallop
width a to below 10 nm, as shown by the a = 10 nm curve in ﬁgure 4.4a.
For both cases the diﬀerence in peak reﬂectivity with the curve assuming no
scalloping is less than 1 pp. In general, the fabrication process should therefore
result in scallop widths as small as possible, at least below 10 nm, while the
scallop lengths should not equal lworst .

4.4.4

Fabrication criteria for W/Si LMGs

To determine fabrication criteria, we also investigated the eﬀect of an LMG
simultaneously suﬀering from both scalloping and taper. For this analysis,
values of taper and scalloping were assumed that were within the limits derived
in the previous sections, i.e. +1 ◦ taper and scallops with lengths of 40 nm and
widths of 10 nm. The simulations showed that no additional deterioration of
W/Si LMG optical performance was to be expected from LMG suﬀering from
such combined artifacts.
This allowed us to determine fabrication criteria for W/Si LMGs as summarized in table 4.1. Here, the selectivity (ratio of ML-to-mask etch rates) was
also included, which is required to enable the etching of 1 μm ML stacks with
the mask used in this work.
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Table 4.1: Fabrication criteria for W/Si LMGs
Etch result
Etch depth
Selectivity
Taper
Scallop length
Scallop width
Grating dependence

4.5

Speciﬁcation
≥ 1 μm
≤ 10:1
≤ ±1 ◦
(0)
= D tan(Θ0 )
≤ 10 nm
Independent

Motivation
ML stack height
Mask height ∼ 130 nm
Dimension control
Overlap of harmonics
Harmonic amplitude
Varying feature sizes

Etching of W/Si ML mirrors

For the actual fabrication of LMGs in ML mirrors, we ﬁrst determined the process window by investigating the fabrication of silicon nanostructures. Next,
multilayer etching was compared with silicon etching and the control of scalloping, taper and grating structure dependence when etching MLs was investigated.

4.5.1

Etch settings

The process window for the fabrication of nanostructures in ML mirrors, as
stated in table 4.2, was determined from an investigation into silicon etching
and previous works [75, 82]. For the fabrication of nanostructures, low etch
rates of at most a few hundred nm/min are required, which was achieved by
using low ICP powers, low gas-ﬂow rates and moving the sample as far from
the plasma as possible. To ensure maximum directionality, the Ion Angular
Distribution (IAD) was minimized by fully opening the pressure control valve
(APC) to keep the pressure as low as possible, which was typically in the
10−3 − 10−2 mbar range. CCP was initially increased to ensure it would not
be limiting during etch experiments. Although temperatures down to −120 ◦C
were investigated, values above -50 ◦ C were required to etch tungsten at a
reasonable rate [83, 84].
Table 4.2: Process window used for the study of etching nanoscale optical structures in ML mirrors. The APC was fully opened to
minimize pressure and maximize directionality. An oﬀset of
-100 sccm in SF6 -ﬂow and -150 sccm in C4 F8 -ﬂow were found
at a later time.

min
max

Prio
2
2

SF6
Flow
sccm
10
150

t
s
1
6

Prio
1
1

C4 F8
Flow
sccm
20
200

t
s
0.5
4

ICP
P
W
300
1500

P
W
20
110

CCP
on
ms
10
25

oﬀ
ms
90
75

SH
mm
110
200

T
◦C
-120
+20
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4.5.2

Comparison of ML with silicon etching

Due to the thin-layered structure with dual-material composition of ML mirrors, the etching signiﬁcantly diﬀers from pure silicon structures. This is
demonstrated by ﬁgure 4.5 which shows two simultaneously etched structures
in a silicon and ML substrate, respectively. As can be seen, the ML etches
signiﬁcantly slower than the silicon and exhibits a positive taper whereas the
silicon substrate shows a negative taper. The ML also appears to have signiﬁcantly less scalloping.

(a)

(b)

Figure 4.5: SEM images of two structures etched using identical settings
into (a) a silicon substrate and (b) a 500 nm W/Si ML structure. The dashed lines are guides to the eye to clarify the
diﬀerence in taper, which is slightly negative for silicon and
slightly positive for the ML.

To investigate these diﬀerences in more detail, we compared the etching of
0
pure silicon and tungsten. The standard enthalpy of formation (Δf Hm
) for
WF6 is -1721 kJ mol−1 and -1615 kJ mol−1 for SiF4 [76, 85], indicating both
tungsten and silicon can be etched with ﬂuorine radicals. Next, the chemical
volatility of the ML materials with ﬂuorine was determined using the activation
energy Eact , where a low activation energy indicates a high volatility. Eact can
be determined from the Arrhenius equation:
ER = ERsat · e−qEact /(kT ) ,

(4.9)

where ERsat is the saturated etch rate at high temperature, q is the electron
charge, k is the Boltzmann constant and T is the temperature [75].
To experimentally determine the activation energy of the reaction with ﬂuorine, silicon and ML etch rates were measured for 50 μm half pitch gratings
using only the etch cycle of the Bosch process. The samples were diced and
placed on a carrier wafer as described in section 4.2. < 100 > p-type silicon
wafers were used for silicon samples and 100 nm thick tungsten samples were
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prepared via argon sputtering deposition. Etch depths were determined using stylus proﬁlometry. The resulting Arrhenius plots are shown in ﬁgure 4.6
and clearly indicate the diﬀerence in volatility with ﬂuorine between silicon
and tungsten. Where silicon has an Eact of only 2 meV, meaning this reaction can be considered spontaneous [75], Eact of tungsten was determined to
be 60 meV [84, 86]. As the thermal energy in the temperature range used is
between 13 and 25 meV, additional energy is required to initiate the etching
of tungsten. This demonstrates that although tungsten does react chemically
with ﬂuorine radicals, the reaction will be slower than for silicon. Based on the
volatility and activation energy of the reaction with ﬂuorine and the absorber
layer thickness, other ML materials can be determined that can be etched with
the process described here.

(a)

(b)

Figure 4.6: Arrhenius plots of (a) tungsten and (b) silicon etching. Please
note the diﬀerence in units of the etch rates which is nm/min
for tungsten, but μm/min for silicon.

Based on the silicon and tungsten etch rates of ﬁgure 4.6, we determined
an expected etch rate for the W/Si ML based on the etch time per layer using:
ERML =

d
γd
ERW

+

(1−γ)d
ERSi

.

(4.10)

This expected ML etch rate was compared to the actual measured etch rate
in ﬁgure 4.7, where it is easily seen that the ML etches much faster than
predicted by eq. (4.10). This discrepancy can be explained by the formation of
WSix compounds in the tungsten layer. From ref. [87], it is known that typical
interlayer thicknesses of WSix compounds exceeds our high-Z layer thickness,
meaning the entire tungsten layer is expected to consist of silicides.
Such silicides still react with ﬂuorine as the standard enthalpies of forma0
) for the two main tungsten silicides (−82 ± 6 kJ mol−1 for WSi2
tion (Δf Hm
and −133 ± 25 for W5 Si3 [88, 89]) are much higher than for the ﬂuorine compounds. It is also known from previous works, although based on a F-plasma
from CF4 /O2 , that such silicides actually etch at higher rates than the pure
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metal, meaning Eact will probably be between the tungsten and silicon values [90, 91]. However, additional reactions can also occur in such dual-material
structures. The most important of which is the reduction of WF6 in the presence of silicon [85]:
2W F6 + 3Si → 2W + 3SiF4 ,

(4.11)

resulting in a Δf H of -1401.6 kJ mol−1 . Due to the close proximity of silicon,
it is not expected that this reaction results in redeposition of tungsten over
a wide area. However, an immediate redeposition at the sidewalls would be
possible, resulting in a delay of tungsten etching.

Figure 4.7: Comparison of expected and measured ML etch rates as function of temperature. The measured ML etch rate was higher
than expected based on the independent silicon and tungsten
etch rates, which is probably due to tungsten silicide formation.

To determine if compound formation explains the diﬀerence in measured
and expected ML etch rates, values of ERsat and Eact for WSix were ﬁtted to
the measured ML etch rates using eq. (4.10). As can be seen, the trend of the ﬁt
diﬀers from the measured ML etch rates. It is suspected that this discrepancy
is caused by the proﬁlometric determination of the etch rates, which is aﬀected
by the anisotropy ratio, i.e. lateral-to-directional etch ratio. From previous
works [91], it is known that Si, W and WSi2 have diﬀerent temperature dependencies of the anisotropy ratios when etched using SF6 plasmas. Most notably,
WSi2 showed a clear reduction in the anisotropy ratio at temperatures above
∼ −40 ◦C, whereas the anisotropy ratio of pure silicon and tungsten remained
constant in the temperature range used. Having determined the diﬀerence between etching of silicon and tungsten, we investigated the eﬀect of the ML
structure on scalloping, taper and grating dependence.
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Control of scallop formation

The dimensions of the typical scalloping in Bosch DRIE for silicon structures
are mostly determined by the etch rates and duration of the etch cycle. The
etch rate depends on the amount of ﬂuorine radicals in the plasma, which is
determined by the SF6 -ﬂow and ICP-power. The scallop-ratio in silicon is
generally 0.3 and decreases with trench aspect-ratio [91, 92]. However, the
scallop formation in ML structures is quite diﬀerent to that in silicon as can be
seen in ﬁgure 4.8a. Here, a Transmission Electron Microscope (TEM) image is
shown of which the top part is a ML and the bottom is silicon. It can easily
be seen that the scallops in silicon are much larger than in the ML.

(a)

(b)

Figure 4.8: (a) TEM image of an LMG with a grating period D of 300 nm
and a lamel width ΓD of 75 nm etched into a 1 μm high W/Si
ML stack. (b) Comparison of scallop ratio (width-to-length)
between ﬁgure (a) and a similar structure etched into pure
silicon using the same settings.

As this diﬀerence could be caused by the reduction in etch rate of ML, we
also compared the scallop ratios. The scallop-ratio in a ML and silicon substrate
are shown as function of trench aspect-ratio in ﬁgure 4.8b, where it can be seen
that the scallop-ratio in the ML structure is suppressed by a factor of more than
2 with respect to the silicon structure. This reduction is caused by the tungsten
layers in the ML structure. For silicon structures, the scallop width is mostly
determined by the isotropic chemical etching. However, the tungsten etching is
much less spontaneous than silicon etching and therefore results in less isotropic
etching. Speciﬁcally, laterally moving species have limited additional kinetic
energy and are therefore not able to initiate the tungsten etching in those
directions. As the silicon layers are relatively thin (≈ 1-1.5 nm), exchange of
etch species within only this layer is insuﬃcient to sustain the isotropic proﬁle
of silicon etching in the ML structure.
Although the silicon process already resulted in scallop lengths that were
suﬃciently small compared to the fabrication criteria, the scallop widths were
too large. However, the same process in the ML resulted in acceptable scallop
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dimensions as etch rates were reduced and scallop formation was suppressed.
Scallop lengths below 50 nm and widths below 10 nm were thus easily achieved
in the ML structure. Near the bottom of the structure, the scallop width was
even reduced to below the SEM resolution of approximately 2 nm. We used
the scallop suppression by the ML structure to obtain low tapers with minimal
grating structure dependence as demonstrated in the following sections.

4.5.4

Minimizing proﬁle taper

In the Bosch DRIE process, proﬁle taper is mainly determined by the balance
between passivation layer deposition and removal as this shifts the passivation end point (ﬁgure 4.1) and therefore aﬀects the position of the following
isotropic step. Taper can be altered by the changing the passivation layer deposition by varying the ICP power or temperature. However, ICP signiﬁcantly
aﬀects the composition of the plasma and should therefore not be changed. The
temperature can also not be varied over a large range as the tungsten layer becomes increasingly diﬃcult to etch at lower temperatures. The passivation
layer removal is mainly aﬀected by the CCP, IAD and etch cycle time [75]. As
previously stated, the CCP should be minimized in order to achieve maximum
selectivity and the IAD should be maximally directional by reducing the pressure. By using suﬃciently long cycle times, the IAD determines the passivation
end point and, hence, controls taper. Although longer cycle times also result
in increased scalloping, the scallop suppression of the ML structure prevents
scallops that aﬀect LMG optical performance.
Comparing the resulting taper of an identical process in a ML to a silicon
structure, it can clearly be seen in ﬁgure 4.9 that the ML structure increased
taper by roughly one degree. This is because the taper in the silicon process is
largely determined by the IAD as the silicon etch is spontaneous. However, the
etching of tungsten requires additional energy to be initiated and the Ion Energy Distribution (IED) therefore also aﬀects taper in a ML structure. Similar
to the scallop suppression argument, it can be understood that highly directional species have the highest kinetic energy, whereas laterally moving species
only have limited additional kinetic energy. Although the ML is then exposed
to the same IAD as the silicon process, the tungsten layer actually shifts the
eﬀective passivation end point slightly inward. Here, eﬀective indicates the fact
that the actual passivation layer can be completely removed and that the tungsten layer partially takes over the role of the passivation layer as far as the end
point is concerned. For the same reason, etching of a ML structure actually
also increases reproducibility as can be seen in the lower residual tapers, i.e.
diﬀerence between measured taper and linear ﬁt of ﬁgure 4.9a, as shown in
ﬁgure 4.9b.
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(a)

(b)

Figure 4.9: (a) Comparison of taper in ML and silicon substrates etched
using the same process. The lines are linear ﬁts to guide the
eye. (b) Comparison of residual tapers, i.e. the diﬀerence
between the measured taper and the linear ﬁt in (a), for both
ML and silicon structures.

4.5.5

Reduction of grating structure dependence

Besides the grating structure dependence of the taper, etch rates should also
not diﬀer too much for varying feature dimensions. Figure 4.10a shows that the
ML etch rate increases by roughly 30 % when increasing the mask opening from
100 to 700 nm. Although the relative increase is comparable to that for silicon
etching, the absolute eﬀect is much smaller as the ML etch rate is lower. The
ﬁgure also demonstrates the reproducibility of Bosch DRIE as several points in
these ﬁgures were duplicate runs from which we determined etch rates to diﬀer
by less than 5 % over a period of more than 1 year.
A major beneﬁt of the limited grating structure dependence of tapers and
etch rates is the resulting accuracy of the pattern transfer into the ML. The
LMG Γ-ratio is easily controlled by simply varying the etch mask. A SEM image of a fabricated LMG with a 200 nm period is shown in ﬁgure 4.10b, which
achieved a 17:1 lamel aspect-ratio due to the low tapering of the ML etching.
The low taper and etch rate dependence on grating structure is not only beneﬁcial for LMG fabrication, but becomes even more important when fabricating
single structures with multiple feature dimensions such as zoneplates for the
SXR or EUV spectral range.

4.6

Conclusions

We have demonstrated successful etching of multilayer (ML) mirrors for the
fabrication of Lamellar Multilayer Gratings (LMGs). Using the developed process, LMGs with a grating period of only 200 nm and a lamel width of only
60 nm were fabricated in a ML mirror consisting of 400 W/Si bi-layers with a
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(a)

(b)

Figure 4.10: (a) ML etch rates ERM L and taper as function of trench
opening. The line is a guide the eye. (b) SEM image of an
LMG with a grating period D of only 200 nm and a lamel
width of 60 nm, resulting in a lamel aspect ratio of 17:1.

2.5 nm bi-layer period. The resulting lamel aspect-ratio was 17:1 as compared
to previously reported values of ∼5:1 [71].
Etching of the ML was performed using Bosch Deep Reactive Ion Etching
(DRIE), which provides directional etching, but also results in typical sidewall
scalloping. Although this scalloping can signiﬁcantly aﬀect the optical performance of LMGs, this issue was negated by using the ML structure to suppress
scallop formation. The suppression was determined to be caused by the activation energy of the high-Z component, in our case tungsten, which was above
thermal energy and hence required additional kinetic energy for the reaction
to be initiated. As laterally moving species have less kinetic energy the etching
of a ML is less isotropic than silicon, which does not require additional kinetic
energy to be etched, and hence scallop formation is reduced. The scallop suppression also allowed for the fabrication of LMGs with low tapers and minimal
grating structure dependence of the etch process. The minimal grating structure dependence is of importance for the fabrication of optical elements with
varying feature dimensions, such as zoneplates.
By examining materials that react volatile with ﬂuorine, other ML materials
can be determined that can be etched using the same approach as presented
in this work. Besides W/Si MLs, our approach can also be used to etch MLs
with, amongst others, molybdenum or iridium as absorber and boron carbide
or scandium as spacer. This means that our approach would also be very well
suited to etch Mo/Si ML mirrors for EUV lithography or the Mo/B4 C ML
mirrors used for spectroscopy by refs. [12, 71]. However, it is important to
realize that compound formation between absorber and spacer, the absorber
layer thickness and the activation energy Eact of the reaction between ﬂuorine
and the high-Z material can signiﬁcantly inﬂuence the actual etching process.

5

Experimental demonstration of
single-order LMG operation
5.1

Introduction

In the previous chapters, we demonstrated optimal LMG performance to occur in the so-called single-order regime. Moreover, we determined a suitable
fabrication method based on UV-NIL and Bosch DRIE. In this chapter, we
report on the ﬁrst experimental demonstration of single-order LMG operation
in the SXR spectral range. Experimentally, single-order operation showed up
as a lack of signiﬁcant diﬀraction into higher orders, thereby increasing the
peak reﬂectivity as compared to multi-order LMGs. Single-order operation
also resulted in a improvement of spectral resolution E/ΔE of nearly four as
compared with the corresponding unpatterned ML mirror.
We begin this chapter by comparing measured reﬂectivity curves from
single- and multi-order LMGs in section 5.2. Next, in section 5.3 we investigate
the single-order operation in more detail by studying the Γ-ratio dependence of
the LMG performance. From this study, we determined that the initial multilayer limits LMG performance, which is discussed in more detail in section 5.4.
Finally, in section 5.6 we present higher diﬀraction order measurements of
single-order LMGs.

5.2

Single versus multi-order operation

To investigate whether single-order LMG operation can be obtained in the SXR
spectral range, we fabricated a number of LMGs with various combinations of
grating periods (D), lamel widths (ΓD) and Γ-ratios. The grating dimensions
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were chosen between 200 and 2000 nm with Γ-ratios between 0.2 and 1. This
enabled us to perform a systematic investigation of single- and multi-order operation as function of the grating parameters for SXR energies between 500
and 1500 eV. The LMGs were fabricated in a commercially obtained ML mirror [72], speciﬁed to be a 400 bi-layer W/Si ML with a bi-layer period d of
2.53 nm and a γ of 0.28. SXR reﬂectivity spectra of these samples were measured at the PTB beamline at BESSYII, which achieves an energy precision
below 0.1 eV and a reﬂectance accuracy of 0.2 % [45].
Figure 5.1 shows the measured absolute reﬂectivity of two LMGs with the
same Γ-ratio of 0.4 at an SXR energy of 525 eV. From eq. (3.39) we derived
that for single-order operation of these LMGs the lamel width (ΓD) should be
smaller than approximately 200 nm, which corresponds to a grating period of
500 nm for a Γ of 0.4. The ﬁrst spectrum (violet circles) is from a LMG with
grating dimensions D = 1 μm and ΓD = 400 nm, while the second spectrum
(blue squares) is from an LMG with a small grating period, namely D = 300 nm
and ΓD = 120 nm. The third trace (small red stars) is the reﬂectivity of the
unpatterned ML mirror to provide a reference. This reference is slightly shifted
in energy due to the higher average susceptibility of the individual layers as
discussed in section 3.3.

Figure 5.1: Experimental reﬂectivity for two LMGs with the same Γ ratio
of 0.4, operating in the multi-order (D = 1 μm) and singleorder (D = 0.3 μm) regime. The reﬂectivity of an unpatterned
ML mirror is also shown for reference. The lines are guides
to the eye.

In the ﬁgure, it can be seen that the D = 300 nm LMG provides increased
spectral resolution while this spectrum has no signiﬁcant side maxima, in contrast to the D = 1 μm LMG. At the same time, the D = 300 nm LMG also has
a main Bragg peak which is about a factor of 1.5 higher than the main Bragg
peak for the D = 1 μm LMG. Both eﬀects are due to the absence of signiﬁcant diﬀraction into higher orders for the D = 300 nm LMG. Furthermore, the
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FWHM bandwidth of the D = 300 nm LMG is a factor of 2.5 narrower than
that of the reference spectrum, which is in agreement with the 1/Γ bandwidth
scaling predicted for single-order operating LMGs in section 3.3 [5].
These observations prove that single-order LMG operation can be achieved
in the SXR spectral range. The largest resolution improvement, also obtained
with a single-order operating LMG around 525 eV, had a factor 3.8 narrower
bandwidth (1.85 eV) than that of the unpatterned ML mirror (7.02 eV).

5.3

Single-order Γ scaling

For a more systematic analysis of spectral narrowing in single-order LMG operation, we extended our experiments with reﬂectivity measurements at a higher
photon energy (E = 1255 eV) where more LMGs can be operated in single-order
for a broader range of Γ values (0.2 to 0.8). The measured spectral bandwidths
and peak reﬂectivities are shown in ﬁgure 5.2 as a function of Γ. It can be
seen in ﬁgure 5.2a that the spectral bandwidth of the LMG decreases with decreasing Γ, showing a factor 3.3 improvement in spectral resolution when going
from the unpatterned ML mirror (Γ = 1) to an LMG with Γ = 0.22. At the
same time, it can be seen from ﬁgure 5.2b that the peak reﬂectivity decreases
for lower Γ-ratios and drops to approximately half of its initial value at Γ =
0.2.

(a)

(b)

Figure 5.2: (a) FWHM and (b) peak reﬂectivity for several single-order
LMGs at the SXR energy of 1255 eV. Results of calculations
using our theoretical model including the measured bi-layer
chirp are in good agreement with the measured data.

We compared the experimental data with theoretical calculations of the
spectral bandwidths and peak reﬂectivities as function of Γ using our Coupled
Waves Approach (CWA) as derived in section 3.2. In these calculations, we
included various eﬀects usually found in ML mirrors, such as rms interlayer
roughness (σ) and interface width (w). By ﬁtting the calculations to the mea-
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sured spectra of the unpatterned ML mirror recorded at various energies and
taking the ﬁnite number of bi-layers (N = 400) into account, values of d =
2.53 nm, γ = 0.25, σ = 0.29 nm and w = 0.42 nm were obtained. These
calculations are shown in ﬁgure 5.2 as “constant d” . As can be seen, these
simulations do not agree well with the measurements. In particular, the peak
reﬂectivity at lower Γ-ratio’s is well below the theoretical value.
Possible factors that decrease the peak reﬂectivity of a ML mirror and,
hence, that of a single-order operating LMG can be: (a) interfacial roughness,
(b) interlayer formation and interdiﬀusion between neighboring materials and
(c) random or deterministic variation of layer thickness both in the depth and
along the ML surface. Although we could not exclude that the etching of
the ML stack may result in increased interfacial roughness or interlayer formation, neither photo-electron spectroscopy data nor high-resolution transmission
electron microscopy images indicated any diﬀerence between the ML stacks before and after etching. Increased roughness and interlayer formation also only
reduce peak reﬂectivity without increasing the bandwidth. In contrary, simulations showed that bi-layer period variations can reduce the peak reﬂectivity
and simultaneously result in increased reﬂectivity bandwidths.

5.4

Bi-layer period accuracy

As an independent check for the degree of bi-layer periodicity, we recorded
reﬂectivity spectra from the Total External Reﬂection region up to the 4th
Bragg order of the unpatterned ML mirror at the hard x-ray energy of 8 keV
(HXR). In ﬁgure 5.3, the normalized 2nd Bragg order is shown and compared
to calculations revealing a slight (0.5 %) linear increase (chirp) of the bi-layer
period d in the depth of the ML stack. Calculations of the SXR spectral
bandwidths and peak reﬂectivities including the measured chirp are shown in
ﬁgure 5.2 as “chirped d” and can be seen to agree with the measured data to
within a few relative percent. The discrepancy in peak reﬂectivity between the
“chirped d” simulations and the reference measurement (Γ = 1) is believed to
be caused by sidewall eﬀects that only occur in the LMGs. The reference was
actually on the same sample as the LMGs and, as it was exposed to identical
fabrication steps as the LMGs, fabrication can largely be excluded as cause for
this diﬀerence.
Although the bi-layer chirp in the ML stack was not limiting for use as a
conventional ML mirror, LMGs require increased accuracies as the SXR penetration depth is increased and the reﬂected waves thus need to constructively
interfere within a narrower bandwidth. To ensure bi-layer period variations
Δd/d do not aﬀect LMG performance, they should not exceed ΔE/E ≈ 1/Nef f
(see ref. [18]) and refs. therein), leading to the bi-layer period accuracy condition:
(5.1)
ΔdLMG ≤ ΔdMM Γ
where ΔdLMG and ΔdMM are the tolerable variations in bi-layer period for
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Figure 5.3: Normalized 2nd Bragg order of the unpatterned ML measured
at the hard x-ray (HXR) energy of 8 keV. Comparison with
simulations revealed a slight (0.5 %) linear increase (chirp) in
the bi-layer period d in the depth of the ML.

the LMG and conventional ML mirror, respectively.

5.5

Energy dependence of LMG performance

The agreement between the “chirped d” simulations and the measurements
proved that our modeling adequately describes the main physical eﬀects underlying the measured reﬂectivity spectra. This is of relevance for systematic
improvements in a next experimental step towards further increased resolution
and reﬂection eﬃciencies or for extensions to other energies. For instance, the
accurate modeling allows us to investigate the usability of LMGs in practical
applications by examining the dependence of the spectral resolution E/ΔE and
peak reﬂectivity Rpeak on incident energy.
Such a study was performed for our W/Si LMGs as can be seen in ﬁgure 5.4.
Here, measurements are shown of 3 LMGs with Γ-ratios close to 0.28, which
are compared to simulations performed using the “chirped d” values. It can be
seen in ﬁgure 5.4 that the simulations and measurements are in good agreement,
which again demonstrates the accurate modeling by our CWA.
The spectral resolution of these LMGs in this energy range can be seen
to be between 250-300. For lower Γ-ratios, spectral resolutions of up to 330
were achieved. In comparison, conventional W/Si ML mirrors were previously
reported to achieve values of ∼ 70 [13]. However, the usability of LMGs also
depends on the peak reﬂectivity, which has a clear dependence on incident
energy. The peak reﬂectivity can be seen to increase towards higher incident
energies with a slight reduction above 1500 eV. The changes in peak reﬂectivity are caused by the energy dependence of the complex refractive index
of both materials. Speciﬁcally, the absorption reduces when the incident en-
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Figure 5.4: Spectral resolution E/ΔE and peak reﬂectivity Rpeak as function of incident energy for single-order W/Si LMGs with a Γratio of 0.28. The simulations were performed assuming the
same “chirped d” values as for ﬁgure 5.2.

ergy increases from 500 to 1500 eV resulting in higher peak reﬂectivities. The
slight reduction above 1500 eV is due to small variations in the real part of the
complex refractive index of tungsten [23]. The usability of LMGs can then be
determined by comparing the spectral resolution and peak reﬂectivity, which
can be accurately simulated with our CWA, with the requirements for a speciﬁc
application.

5.6

Higher diﬀraction orders

So far, LMGs have only been used in specular reﬂectance. However, the accuracy of our modeling also allows us to investigate the diﬀraction of LMGs. To
extend our knowledge on the operating principles of LMGs, we have carried out
higher diﬀraction order measurements in single-order operation and compared
these measurements with our CWA simulations.
To understand higher order excitation, we again focused on single-order
LMG operation in which each order is independently excited. To excite higher
orders, we must fulﬁll the quasi-Bragg operation condition λ ≈ d(sin(Θ0 ) +
sin(Φm )), where the diﬀraction angle Φm , i.e. the grazing angle of the outgoing
diﬀraction order m, is determined by the grating equation mλ = D(cos(Θ0 ) −
cos(Φm )). Higher orders can therefore simply be excited by varying the wavelength and detector angle according to the quasi-Bragg condition.
Such excitation of higher orders in single-order LMG operation is demonstrated in ﬁgure 5.5a, where both the 0th and −1st order of an LMG are shown.
Higher orders were measured by ﬁrst aligning the LMG for specular reﬂection
and then moving the detector to the angle of the preferred outgoing diﬀraction
order. As can be seen, there is no signiﬁcant excitation of the diﬀracted or-

5.6 Higher diﬀraction orders

61

der in the region that overlaps with the neighboring order which demonstrates
single-order excitation of higher orders.

(a)

(b)

Figure 5.5: Higher order measurements of an LMG with a grating period
of 600 nm and Γ = 0.15 at the incident energy of 1255 eV.
(a) The various orders were measured by varying the detector
angle and showed no excitation in the overlapping regions.
(b) Comparison of measured higher diﬀraction orders with
our CWA simulations using the same ML parameters as the
“chirped d” simulations of ﬁgure 5.2.

For this LMG, we measured up to the ±2nd diﬀraction order as can be
seen in ﬁgure 5.5b and compared these measurements with simulations using
our CWA. For these simulations, we assumed the same LMG parameters as
used for the “chirped d” simulations of ﬁgures 5.2 and 5.3. As can be seen in
ﬁgure 5.5b, the agreement is quite good, except for a slight underestimation of
the peak eﬃciency of the negative orders and misalignment of the ±2nd order
peak positions. Both discrepancies can be explained by a slight diﬀerence
between the actual and simulated grating period and/or lamel width.
We also measured the FWHM and peak eﬃciency of the −1st and −2nd
order as function of Γ as can be seen in ﬁgure 5.6. This ﬁgure shows that
the higher orders are suppressed at Γ-ratios of 1/m, where m is the diﬀraction
order. This can also be derived from our analytical CWA from the fact that
B± = 0 (in eq. (3.25)) when Γ = 1/m. Comparable to gratings for visible light,
the suppression of these orders is caused by the convolution of the diﬀraction
patterns from a single trench with that of the entire grating [20, 93].
From the ﬁgure, it can easily be seen that higher order use of LMGs is of
limited practical advantage with respect to bandwidth and peak reﬂectivity.
The bandwidth is only slightly lower at higher Γ-ratios and approaches the
0th diﬀraction order bandwidth towards lower Γ-ratios. However, the loss in
peak reﬂectivity is signiﬁcant, which is most likely not acceptable for most
applications considering the limited improvement in bandwidth.
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(a)

(b)

Figure 5.6: (a) FWHM and (b) peak eﬃciency as function of Γ ratio for
the 0th , −1st and −2nd orders and a grating period D of
600 nm. At the Γ-ratio of 0.5, the ±2nd diﬀraction orders are
suppressed, resulting in a sharp decrease of peak eﬃciency
and an ill-deﬁned bandwidth.

5.7

Conclusions

We have demonstrated single-order operation of Lamellar Multilayer Gratings
(LMG) in the soft x-ray (SXR) spectral range. This was evident from the
absence of secondary structures adjacent to the main Bragg peak and an increase in the peak reﬂectivity with respect to a multi-order LMG with the
same lamel-width-to-grating-period ratio Γ and, hence, same number of eﬀective layer Nef f contributing to the reﬂection. The lack of secondary structures
and increase in peak reﬂectivity demonstrate that single-order LMGs do not
suﬀer from signiﬁcant losses into higher diﬀraction orders.
The observed spectral bandwidths and peak reﬂectivity values were in good
agreement with our theoretical model (Chapter 3 and refs. [5, 6]). The spectral resolution was improved in single-order operation by a factor of 3.8 with
regard to the unpatterned ML mirrors. This improvement with limited peak
reﬂectivity loss points to a signiﬁcant potential of LMGs in single-order operation for many practical applications, such as SXR spectroscopy. Excitation of
higher diﬀraction orders in single-order operation was easily achieved by simply
varying the detector angle with respect to the specular reﬂection angle when
varying the incident energy for a ﬁxed incident angle. Measured bandwidths
and peak eﬃciencies of higher diﬀraction orders were in good agreement with
our CWA. However, the practical beneﬁts of higher order excitation appear to
be limited as, compared to the 0th order, the bandwidth is only slightly reduced
and the peak eﬃciency drops signiﬁcantly.

6

Performance of ﬁnite stack
Lamellar Multilayer Gratings
6.1

Introduction

The spectral resolution of multilayer (ML) mirrors for the soft x-ray (SXR)
spectral range can be improved by fabricating a grating into such a mirror.
The resulting structure is referred to as a Lamellar Multilayer Grating (LMG).
Design of LMGs has previously always assumed the idealized case of a semiinﬁnite ML stack, where the ML and grating parameters were considered independently. The ML would be designed ﬁrst following Refs. [4, 67] and the
eﬀect of the grating would then be considered subsequently. The eﬀect of the
grating on LMG optical performance, in terms of bandwidth and peak reﬂectivity, can be easily predicted for LMGs operating in single-order, i.e. when
the incident wave only excites a single diﬀraction order. The bandwidth then
namely simply scales with the lamel-width-to-grating-period ratio Γ and the
peak reﬂectivity can be as high as that of a conventional ML mirror. However,
this requires an increase in both the number of bi-layers and the accuracy of
the deposited bi-layer period by 1/Γ as compared to conventional ML mirrors
to fulﬁll the semi-inﬁnite ML approximation [5–7, 74].
The semi-inﬁnite ML approximation generally requires ML stacks of several
μm height that consist of hundreds or even thousands of bi-layers that need to
be deposited with sub-pm accuracy [5, 7]. Furthermore, gratings then need to
be fabricated into these ML stacks with lamel widths in the order of 100 nm and
sub-μm grating periods [74]. Such structures can usually not be deposited or
fabricated with suﬃcient accuracy using current technologies. As a result, most
LMGs are fabricated in ML stacks with insuﬃcient bi-layers to fully reﬂect the
incident beam, i.e. part of the incident beam extends into the substrate. This
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situation is referred to as the ﬁnite ML stack and results in a limitation of the
achievable bandwidth reduction and a loss of peak reﬂectivity. Furthermore, to
optimize LMG optical performance for such ﬁnite ML stacks, i.e. to maximize
bandwidth reduction or minimize peak reﬂectivity loss, the LMG design needs
to consider both ML and grating parameters simultaneously.
In this chapter, we analyzed the optical performance of single-order LMGs
considering various practical limitations. In particular, we investigated the dependence on the number of bi-layers in the ML stack. The optical performance
for the semi-inﬁnite ML stack approximation is discussed in section 6.2. Both
a general analytical description of the optical performance and simulations for
the speciﬁc case of W/Si LMGs are presented. Simulations of the same W/Si
LMGs were then performed assuming a ﬁnite ML stack, as presented in section 6.3, to determine the eﬀect on optical performance of such a stack. Here,
we also experimentally demonstrate tuning of LMG optical performance using
the ML γ-ratio.

6.2

Semi-inﬁnite approximation

We ﬁrst investigated the optical performance of LMGs for the idealized case of
a semi-inﬁnite ML stack. For this analysis we used a previously derived analytical description of LMG optical performance, as discussed in section 3.2.5 [6], to
determine how various parameters aﬀect the performance. The analytical solution to our Coupled Waves Approach (CWA) [6], as presented in section 3.2.4,
was subsequently used to simulate W/Si LMGs assuming a semi-inﬁnite ML
stack.

6.2.1

Reﬂection from single-order LMGs

The reﬂection of both ML and LMGs structures is based on the well-known
principle of Bragg reﬂection. In the ML stack, absorber layers are separated
by spacer layers such that for a given incident wavelength λ and angle Θ0 , the
bi-layer period d fulﬁlls the Bragg condition [14]:
jλ = 2d sin Θ0 ,

(6.1)

where j is the ML Bragg order. Furthermore, reﬂection from such a structure is
only achieved when an optical modulation is present between the layers in the
ML stack. Suitable materials are selected based on the complex susceptibility χ.
The susceptibility can be derived from the complex dielectric constant  = 1−χ,
where  = n2 and n is the complex refractive index given by 1 − δ + iβ. The
optical modulation can be determined from the diﬀerence in the real part of the
refractive index, whereas the imaginary part indicates absorption. The spacer
material is selected such that absorption is minimal, i.e. Im(χS ) is as small as
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possible. The absorber material is then selected by maximizing the ratio [4]:
Λ=

Re|χA − χS |
,
Im(χA )

(6.2)

In this work, we also assumed single-order LMG operation. This is achieved
when the incident beam eﬀectively only excites a single-diﬀraction order, which
therefore minimizes diﬀraction losses and ensures maximum LMG peak reﬂectivity. Single-order operation is achieved when:
ΓD · ΔΘΓ=1 << d

(6.3)

where ΓD is the lamel width, D is the grating period and ΔΘΓ=1 is the angular
bandwidth of the unpatterned ML mirror. In general, the lamel width should be
determined based on the single-order condition and the grating period should
then subsequently be chosen based on the required Γ-ratio.
The theoretical equations describing the optical performance of semi-inﬁnite
stack LMGs operating in single-order are discussed next.

6.2.2

Analytical description of optical performance

As we were only interested in specular reﬂection of the ﬁrst ML Bragg order,
the peak reﬂectivity of a semi-inﬁnite ML stack for s-polarized radiation was
written as [4, 6]:
1−w
;
(6.4)
R0,peak =
1+w
where:

Im(χA − χS ) sin(πγ)
1 − y2
Re(χA − χS )
w=
; y=
(6.5)
; f=
1 + f 2y2
Im(χA − χS )
Im(χ̄)
π
The average susceptibility χ̄ is given by γ · χA + (1 − γ) · χS , where γ is the
absorber-thickness-to-bi-layer-period ratio. From eqs. (6.4)-(6.5), it can be seen
that the peak reﬂectivity actually only depends on the ML parameters (χA ,
χS and γ). As the materials have already been chosen based on the complex
refractive index, the peak reﬂectivity can only be varied using the γ-ratio.
The reﬂectivity achieves its maximum possible value when the parameter y is
maximal, which is achieved when the γ-ratio of the multilayer structure obeys
the equation:


Im(χS )
tan(πγopt ) = π γopt +
(6.6)
Im(χA − χS )
as is well-known from the theory of conventional SXR multilayer mirrors [20,
67]. The optimal ratio γopt predicted by this equation is typically in the order
of 0.15-0.45 as Im(χA ) > Im(χS ). As the peak reﬂectivity reduces to zero for
both γ → 0 and γ → 1, the peak reﬂectivity is generally more strongly aﬀected
by a reduction than an increase in γ-ratio with respect to γopt .
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The bandwidth of an LMG can be approximately derived from the penetration depth LMS , which is given by:
LMS = Nef f · d ∼

λ sin Θ0

,
πΓIm(χ̄) (1 − y 2 )(1 + f 2 y 2 )

(6.7)

where Nef f is the required number of bi-layers eﬀectively contributing to the
reﬂection. By substituting d = λ/2 sin Θ into eq. (6.7) and using the resolving
power E/ΔE = tan Θ/Θ ≈ Nef f π/2 as given in refs. [4, 18], the bandwidth
was derived to be approximately given by:
2 Γ Imχ̄ 
(1 − y 2 )(1 + f 2 y 2 )
(6.8)
ΔΘLMG ≈
sin(2Θ0 )
Here, the terms f and y are the same as in eq. (6.5). The bandwidth was thus
determined to depend on both the ML and the grating parameters.
It can be determined from eq. (6.8) that the bandwidth scales linearly with
the grating Γ-ratio and, assuming only Γ is changed, the bandwidth can then be
predicted from the ML bandwidth using ΔΘLMG =
ΓΔΘΓ=1 . The dependence
of the bandwidth on the ML parameters via Im(χ̄)· (1 − y 2 )(1 + f 2 y 2 ) is more
complicated. However, assuming typical values of f in the order of 2-4 for the
SXR spectral range and γ ≤ 1/2, we determined a reduction of γ also results
in a reduction of bandwidth. This can be understood as a reduction in γ-ratio
results in a lower average absorption per bi-layer. The SXR penetration depth
is then increased which reduces the bandwidth.
As the bandwidth of LMGs reduces due to the increased SXR penetration
depth, the reﬂected waves need to constructively interfere within a narrower
bandwidth. To ensure bi-layer period variations Δd/d are not limiting, they
should not exceed ΔE/E ≈ 1/Nef f (see ref. [18] and refs. therein), leading to
the bi-layer period accuracy condition [7]:
ΔdLMG = ΔdMM · Γ

(6.9)

where ΔdLMG and ΔdMM are the tolerable variations in bi-layer period for
the LMG and conventional ML mirror, respectively.
Using the penetration depth given by eq. (6.7), a criteria for the validity
of the semi-inﬁnite approximation was also determined. The semi-inﬁnite approximation basically assumes that the incident beam does not extend into
the substrate. This means the actual number of bi-layers N in the ML stack
should be equal or larger than the required number of bi-layers Nef f given by
eq. (6.7). The semi-inﬁnite approximation is thus only valid when:
N ≥ Nef f

(6.10)

For LMGs with semi-inﬁnite ML stacks, the maximum peak reﬂectivity is
obtained when γ = γopt and the Γ-ratio can be used to set the desired bandwidth. We next performed simulations of W/Si LMGs with a semi-inﬁnite ML
stack to conﬁrm this theoretical analysis. These simulations were subsequently
also used for comparison with the ﬁnite ML case.
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Simulation of semi-inﬁnite LMGs

For the simulations in this section, we considered LMGs based on an initial
W/Si ML structure corresponding to those used in our experiments. The densities were ρW = 19 g/cm3 and ρSi = 2.35 g/cm3 with a bi-layer period d =
2.53 nm and no interfacial roughness. The grating period was chosen to be
D = 300 nm to ensure single-order operation for all Γ-ratios at the incident
energy of 1255 eV.
Figure 6.1a shows a contour plot of the simulated bandwidth and peak
reﬂectivity as function of the ML γ and grating Γ-ratios. The red dashed
lines connect positions of constant bandwidth, whereas the blue solid lines
indicate positions of constant peak reﬂectivity. As the lines of constant peak
reﬂectivity are not aﬀected by the grating Γ-ratio, it can be concluded that the
peak reﬂectivity only depends on the ML γ-ratio. It can also be seen that the
bandwidth is aﬀected by both the ML γ-ratio and the grating Γ-ratio. However,
the grating Γ-ratio can actually be used to achieve any desired bandwidth for
any γ-ratio. One can thus simply determine the ML γ-ratio based on the
required peak reﬂectivity, which is maximum when fulﬁlling eq. (6.6), and
subsequently use the Γ-ratio to reduce the bandwidth to any desired value.
These results are in good agreement with the previous section.

6.3

Finite ML stacks

The semi-inﬁnite approximation implicates the use of ML stacks that can easily
consist of hundreds or even thousands of layers, resulting in total stack heights
in the tens of microns for combinations of low γ and low Γ-ratios. Furthermore,
these stacks need to be fabricated with increased accuracy down to sub-pm of
the bi-layer period. Finally, gratings need to be fabricated in these ML stacks
with 100 nm lamel widths and sub-μm grating periods. Such LMGs can often
not be fabricated with suﬃcient accuracy using current ML deposition and
grating fabrication technologies. Most LMGs therefore do not fulﬁll the semiinﬁnite approximation and use ML stacks with insuﬃcient bi-layers to fully
reﬂect the incident beam, referred to as the ﬁnite ML stack case.
We ﬁrst theoretically investigated the eﬀect of a ﬁnite ML stack by comparing ﬁnite ML simulations with those of a semi-inﬁnite case. Next, we experimentally demonstrate the tailoring of LMG optical performance using the
ML γ-ratio by comparing measured optical performance for various LMGs fabricated in 2 ML stacks with diﬀerent γ-ratios.

6.3.1

Simulation of LMGs with ﬁnite ML stacks

To determine the eﬀect of ﬁnite ML stacks on LMG optical performance, we
compared the simulations of semi-inﬁnite LMGs shown in ﬁgure 6.1a with simulations assuming the same ML, but with a ﬁnite ML stack, as can be seen in
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(a) For a semi-inﬁnite ML stack, the ML γ-ratio can be
used to determine the peak reﬂectivity and the bandwidth can then be reduced using the Γ-ratio of the
grating.

(b) For a ﬁnite ML stack, bandwidth and peak reﬂectivity
cannot be considered separately and an optimal combination of bandwidth and peak reﬂectivity needs to
be chosen for each speciﬁc application.

Figure 6.1: LMG bandwidth (red dotted) and peak reﬂectivity (blue
solid) simulations for s-polarized radiation as function of the
ML γ and grating Γ-ratio for (a) a semi-inﬁnite ML stack and
(b) a ﬁnite ML stack with N = 400 bi-layers. The ML parameters used were ρW = 19 g/cm3 , ρSi = 2.35 g/cm3 , bi-layer
period d = 2.53 nm and no interfacial roughness. The grating
period was D = 300 nm and chosen to ensure single-order
operation for all Γ-ratios at the incident energy of 1255 eV.
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ﬁgure 6.1b. The ﬁgure shows a contour plot of the simulated bandwidth and
peak reﬂectivity for a ﬁxed N of 400 bi-layers, chosen as a typical experimental
case.
Comparing the ﬁnite with the semi-inﬁnite case, some signiﬁcant diﬀerences
can be seen. First of all, the peak reﬂectivity depends on both the ML γ-ratio
and the grating Γ-ratio for the ﬁnite ML case and decreases for lower Γ-ratios.
Speciﬁcally, the peak reﬂectivity in the semi-inﬁnite case was maximum for
γ = 0.22 for all Γ-ratios, whereas this peak reﬂectivity is only achieved for
Γ > 0.5 in the ﬁnite ML case. Furthermore, the minimal achievable bandwidth
in the ﬁnite ML case is limited to just below 3 eV for a combination of low γ
and Γ-ratios, whereas the same structure in the semi-inﬁnite ML stack easily
reached bandwidths below 0.5 eV. Both eﬀects are caused by the incident beam
extending into the substrate, which limits the number of bi-layers contributing
to the reﬂection.

6.3.2

Tailoring of performance with the γ-ratio

Examining ﬁgure 6.1b in some more detail, it can be seen that for low Γ-ratios
the ML γ-ratio can be used to tailor LMG optical performance. Lower ML
γ-ratios increase SXR penetration depth and therefore result in a further reduction of bandwidth at the expense of a lower peak reﬂectivity. On the other
hand, higher γ-ratios result in slightly increased bandwidths, but signiﬁcantly
less peak reﬂectivity loss as each individual bi-layer has a slightly higher reﬂectance. Comparing γ-ratios of 0.1 and 0.4, it can be seen that the higher
γ-ratio results in an increase in bandwidth of 15 % and a factor 3 increase in
peak reﬂectivity with respect to the lower γ-ratio.
We experimentally investigated the eﬀect of the γ-ratio on LMG optical performance using LMGs fabricated in two W/Si MLs with diﬀerent γratios [72, 94]. Using Grazing Incidence X-ray Reﬂectometry (GIXR) at the
Cu−Kα energy of 8 keV, we ﬁrst analyzed the ML structures by measuring
the reﬂectance as function of angle in the range from the Total External reﬂection region up to the 4th Bragg order. These measurements showed the
ﬁrst ML (ML1) to have a γ-ratio of 0.27, whereas the other ML (ML2) had a
signiﬁcantly lower γ-ratio of 0.18.
The measured LMG optical performance at the incident energy of 1255 eV is
depicted in ﬁgure 6.2 for various LMGs fabricated in both MLs. The measured
peak reﬂectivities are lower than the simulated values shown in ﬁgure 6.1 as
the interfacial roughness was not taken into account in those simulations. As
can be seen, the reference ML measurements (Γ = 1) have comparable peak
reﬂectivities, but very diﬀerent bandwidths due to the diﬀerence in γ-ratio of
both ML stacks. It is important to note that the ML references (Γ = 1) still
fulﬁll the semi-inﬁnite approximation.
When the Γ-ratio was reduced, the peak reﬂectivity initially remained reasonably constant and then began to decrease below a certain Γ-ratio. Below
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that Γ-ratio the incident beam began to extend into the substrate and, hence,
this indicated the transition from the semi-inﬁnite to the ﬁnite ML case. The
Γ-ratio at which this occurred was roughly 0.4 for ML1 and 0.6 for ML2. The
bandwidth of both MLs also reduced towards lower Γ-ratios. In the semi-inﬁnite
region the bandwidth scaled linearly with Γ. Once the ﬁnite ML region was
reached, the bandwidth began to asymptotically approach a minimal value as
the minimal achievable bandwidth was then limited by the number of bi-layers
in the ML.

(a)

(b)

Figure 6.2: Comparison of (a) bandwidth and (b) peak reﬂectivity for two
MLs with diﬀerent γ-ratios.

However, the peak reﬂectivity of LMGs with low Γ-ratios diﬀers for both
MLs. ML2 had a lower γ-ratio, which resulted in narrower bandwidths and
lower peak reﬂectivities. On the other hand, ML1 had a larger γ-ratio and
therefore resulted in a slightly higher bandwidth by a few tenths of eV. However,
the peak reﬂectivity was increased by almost a factor 2. In fact, the peak
reﬂectivity of ML1 should actually have been even higher, but was limited due
to a linear increase (chirp) of the bi-layer period in the depth of the ML as
explained in more detail in ref. [7]. ML2 had a signiﬁcantly lower chirp, which
did not aﬀect the optical performance of the LMGs fabricated in that ML. LMG
optical performance can thus be tailored to maximize bandwidth reduction or
minimize peak reﬂectivity loss using the ML γ-ratio.

6.4

Conclusions

We have analyzed the dependence of Lamellar Multilayer Grating (LMG) optical performance, in terms of bandwidth and peak reﬂectivity, on various practical limitations. Speciﬁcally, we have investigated how the number of bi-layers
in the multilayer (ML) stack aﬀects LMG performance. We ﬁrst studied the
idealized case of a semi-inﬁnite ML stack, which is an often used approximation
for ML and LMG design. For the semi-inﬁnite case, LMGs can be designed by
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ﬁrst optimizing the absorber-thickness-to-bi-layer period ratio γ of the ML to
achieve maximum peak reﬂectivity. The bandwidth can then be subsequently
reduced to any desired value using the lamel-width-to-grating-period ratio Γ.
The lamel width of the grating is then determined from the single-order condition and the grating period is selected based on the required Γ-ratio.
However, the semi-inﬁnite ML approximation generally requires ML stacks
of hundreds to thousands of bi-layers, resulting in total stack heights of several
microns. These stacks also need to be deposited with sub-pm accuracy. Gratings then need to be fabricated in these ML stacks with lamel widths in the
order of 100 nm and sub-μm grating periods. Such structures can generally
not be deposited or etched with adequate precision using current technologies.
LMGs are therefore often fabricated in ML stacks with insuﬃcient bi-layers
to fulﬁll the semi-inﬁnite approximation, referred to as the ﬁnite ML case. A
criteria for the transition from the semi-inﬁnite to ﬁnite ML case was derived
based on the SXR penetration depth.
To determine the eﬀect of a ﬁnite ML stack, simulations of LMG optical
performance comparing the semi-inﬁnite and ﬁnite ML case were performed.
For the ﬁnite ML stack, the minimal achievable bandwidth and maximum peak
reﬂectivity are limited by the number of bi-layers in the ML stack. Optical
performance can then be further tailored using the ML γ-ratio. A lower γ-ratio
will result in slightly narrower bandwidths at the expense of peak reﬂectivity.
If slightly higher bandwidths can be accepted, higher γ-ratios should be used
to minimize peak reﬂectivity loss. This was also experimentally demonstrated
for LMGs fabricated in two W/Si MLs with diﬀerent γ-ratios of 0.18 and 0.27.
For LMGs with low Γ-ratios, the higher ML γ resulted in a few tenths of eV
larger bandwidth, but almost doubled the peak reﬂectivity as compared to the
lower ML γ.

7

Lifetime of patterned
W/Si multilayer mirrors
7.1

Introduction

The fabrication of diﬀractive elements in multilayer (ML) mirrors can provide
Bragg-Fresnel optics for the EUV and soft x-ray (SXR) spectral ranges with
unique properties. An important example are Lamellar Multilayer Gratings
(LMGs) which provide improved spectral resolution with minimal loss of peak
reﬂectivity [5–7] for soft x-ray (SXR) spectroscopy applications.
The practical usability of such optics depends on their lifetime, which can
be reduced by several degradation processes [95–99]. In particular, we distinguish degradation due to surface phenomena and internal changes to the ML
structure. Surface phenomena include sidewall contamination due to the fabrication process or the cracking of hydrocarbons, for instance from photoresist
or cables in the vacuum system holding the ML mirror [96, 97, 100, 101]. The
contamination results in additional absorption and hence reduces peak reﬂectivity of LMGs. Internal ML structure changes can be caused by intermixing
due to thermal annealing or diﬀusion of elements such as oxygen into the ML
structure. This can result in a change in the bi-layer period or reduce the optical contrast between the absorber and spacer layer in the ML stack [102–106].
As a consequence of these structural ML changes, the optical performance of
LMGs in terms of bandwidth, peak reﬂectivity and/or peak position, can be
aﬀected.
Compared to conventional ML mirrors, the fabrication of optical elements
such as LMGs increases their vulnerability to degradation processes. The fabrication process described in chapter 4 [74] includes several steps in which the
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ML structure is exposed to conditions that may enhance degradation of the ML
structure. These include steps in which increased temperatures are used, and
where ﬂuorine and oxygen radicals can chemically react with the ML materials.
Furthermore, carbon-ﬂuorine components are deposited on the sidewalls of the
LMG structure in the course of the fabrication process to achieve a directional
etch. The fabrication of LMGs also increases the surface area between the
ML and vacuum by easily an order of magnitude as compared to conventional
ML mirrors and directly exposes the ML structure to the various degradation
processes.
In this chapter, we present a fabrication and storage lifetime study of Lamellar Multilayer Gratings (LMGs) fabricated in W/Si ML mirrors. In section 7.2
we ﬁrst investigate various potential degradation processes, including sidewall
contamination, thermal annealing and oxygen diﬀusion. SXR reﬂectivity was
determined to remain stable to within measurement accuracy over an extended
period of time as discussed in section 7.2. Radiation induced processes, such as
the cracking of hydrocarbons and intermixing of the ML stack [95–97, 100, 101],
were not investigated in this work. A preliminary study into the use of capping layers to protect the patterned MLs from degradation and carbon removal
methods is presented in section 7.3.
Although in this study we focused on the lifetime and degradation of LMGs,
various other types of Bragg-Fresnel optics can be made using the same fabrication process and be stored under the same conditions. This study can therefore
also be used to predict degradation of the broader class of Bragg-Fresnel optics
based on patterned W/Si ML mirrors.

7.2

Potential degradation processes

In this section, we examine the eﬀect of various potential degradation processes.
We ﬁrst examined sidewall contamination, which is a process limited to the
surface of the LMG. Next, processes aﬀecting the ML internal structure, such
as thermal annealing and oxygen diﬀusion, were investigated. Finally, the
stability of SXR reﬂectivity was investigated over a storage period extending
up to 18 months.

7.2.1

Sidewall contamination

To determine the eﬀect of a sidewall contamination layer, we ﬁrst measured its
composition using x-ray photoelectron spectroscopy (XPS) and then theoretically investigated the optical eﬀect of using an extension to our Coupled Waves
Approach (CWA) [5, 6].
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Sidewall contamination layer composition
To measure the sidewall composition, an LMG with a 1 μm period and a
lamel width of 200 nm was examined with XPS under a 45 ◦ incidence angle,
giving an optimal geometry to measure the spectrum from the sidewalls. After
determining the present elements, the atomic concentration Cx of each element
was determined with:
Ix

x
Cx = RSF
n Ii

(7.1)

i RSFi

where Ii is the peak area of the photon peak and RSFi is the Relative Sensitivity Factor of each element.

(a)

(b)

Figure 7.1: Atomic concentration of elements present in the sidewalls for
the ﬁrst 23 months of storage. (a) The concentration of ﬂuorine and bonding of carbon, divided into carbon-carbon bonds
C(C) and carbon-ﬂuorine bonds C(F ) , clearly changed. (b)
The concentration of silicon, tungsten and oxygen were corrected for the desorped ﬂuorine fraction and remained stable
within measurement accuracy.

After measuring which elements were present in the sidewalls, we investigated their atomic concentration as function of time, as shown in ﬁgure 7.1,
for the ﬁrst 23 months of storage in a 1 atm air environment, to determine the
stability of the sidewall composition. The ﬁrst four points were measured on
a single sample. To obtain the point at 23 months storage, an XPS measurement was performed on a sample that had previously been fabricated using an
identical process and stored under similar conditions. It can be seen in ﬁgure 7.1a that the most signiﬁcant changes are a gradual desorption of ﬂuorine
and changes in the carbon bonds. Since ﬂuorine dissociated and desorped from
the probed area to a signiﬁcant degree, the measurements of tungsten, silicon
and oxygen concentration were corrected for the desorped ﬂuorine fraction, i.e.
the atomic concentration of those three elements were normalized to a total
value of 49 % corresponding to their total concentration in the ﬁrst measurement after fabrication. The atomic concentrations of these elements are shown
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in ﬁgure 7.1b and can be seen to be relatively stable. The ﬂuctuations in these
measurements were attributed to non-constant storage conditions, e.g. changes
in temperature and humidity, and the use of 2 samples to obtain the data.
The desorption of ﬂuorine was most clearly seen in the carbon spectra as
shown in ﬁgure 7.2. In the ﬁgure, the measured spectra directly after fabrication
(ﬁgure 7.2a) and after one month storage (ﬁgure 7.2b) are depicted. A clear
change in the peaks required to describe the spectrum can be seen, which
indicates changes to the chemical bonds have occurred. The peak at 285 eV
corresponds to aliphatic carbon, i.e. C-C bonds, whereas the peak at 291 eV
corresponds to C-F2 and the peak at 294 eV can indicate either C-F2 O or CF3 bonds. These carbon-ﬂuorine bonds can be easily understood as C-F2 was
used in our fabrication process to achieve directional etching [75], as previously
described in section 4.3, and can easily react with oxygen or ﬂuorine to form
the other compounds. The peak at 287 eV can correspond to various bonds
and could not be uniquely attributed to a speciﬁc compound [107, 108].

(a)

(b)

Figure 7.2: Measured XPS spectra of carbon after (a) 0 and (b) 1 12
months of storage. The spectrum showed a reduction in the
carbon-ﬂuorine bonds around 290 eV and increase in carboncarbon bonds at 284 eV.

However, based on the atomic concentrations and ratios of elements in the
speciﬁc bonds we determined not all ﬂuorine was initially bound to carbon.
It is known that the fabrication process can also result in silicon oxyﬂuoride
compounds [75]. The peak in the XPS spectrum of silicon corresponding to
the oxidized state initially had a FWHM of 3.08 eV, which reduced to 2.31 eV
during the ﬁrst week of storage. This narrowing indicated a homogenization
of the corresponding compound. We therefore suspect the remaining ﬂuorine
to have initially been mainly bound to silicon oxyﬂuorides from which the
ﬂuorine also desorped. We next investigated the optical eﬀect of the sidewall
contamination layer on LMG performance.
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Eﬀect of sidewall cover layers on LMG optical performance
To theoretically investigate the eﬀect of a contamination layer on LMG optical
performance, an extension to our Coupled Waves Approach (CWA) [5, 6] was
required (see also section 3.2.2). The theory for contamination layers can also
be used for deliberately grown capping layers used to protect LMG structures.
Here, we therefore refer to all layers as being cover layers when deriving the
theory.
To include the eﬀect of cover layers in our CWA, the spatial distribution of
the dielectric constant was rewritten to:
(x, z > H) = 1 − χsub

(x, z < 0) = 1;

(x, 0 ≤ z ≤ H) = 1 − χ(z)U (x, z) − χpass V (x, z)

(7.2)

where χ(z) is the susceptibility of a multilayer structure varying with the depth,
while χcov and χsub are the constant susceptibility of the cover layer and substrate, respectively. The function U (x, z) = 1 if the point (x, z) is placed inside
multilayer structure and U = 0 otherwise. Similarly, the function V (x, z) = 1
if the point (x, z) is placed inside the cover layer and otherwise equals 0.
Assuming the dielectric constant to be periodic function of x, we represented
the functions U and V as the Fourier series:
U (x, z) =

+∞


Un (z)e2iπnx/D

n=−∞

V (x, z) =

+∞


(7.3)
Vn (z)e

2iπnx/D

n=−∞

where
sin(πnΓ)
πn 

 

πnh
Γ
h
2
Vn (z) =
sin
+
cos πn
πn
D
D D

Un (z) =

(7.4)

with U0 = Γ and V0 = 2h/D. Please note that the terms U in eq. (4.3) diﬀer
to those used in our previous works [5, 6] as the point x = 0 was now chosen to
be in the center of the lamel instead of at the left side of the lamel. Shifting the
coordinates of the previous works by x = x − ΓD/2 yields the same coeﬃcients
as found here.
Following the same steps as in section 3.2 [5, 6], the 2D-wave equation
∇2 E(x, z) + k 2 (x, z)E(x, z) was solved, where  is a periodic function of x
and z described by eq. (7.2) and k is the wave vector given by 2π/λ. The
general solution for the ﬁeld F of the incident and reﬂected waves then has the
following form (chapter 1 in ref [66]):


[χ(z)Un−m (z) + χpass Vn−m (z)] Fm (z)
(7.5)
Fn (z) + κ2n Fn (Z) = k 2
m
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for n = 0, ±1, ±2, ... with boundary conditions:
(7.6)
Fn (0) + iκn Fn (0) = 2iκn δn,0 ; Fn (L) − iκ(s)
n Fn (L) = 0.


(s)
Here, κn = k 2 − qn2 and κn = k 2 sub − qn2 are the z-components of the
wave vectors for the nth diﬀraction order in vacuum and substrate, respectively,
where qn = q0 + 2πn/D with q0 = k cos Θ0 , and δn,0 is the Kronecker symbol.
To understand the eﬀect of cover layers, we ﬁrst recall the optical performance of a single-order LMG without a cover layer (h = 0) [5, 6]. In this
case, the eﬀective susceptibility χef f (z) = Γχ(z) corresponds to a conventional
ML mirror with material densities reduced by a factor of Γ. The maximum
achievable peak reﬂectivity, assuming abrupt interfaces, is then given by [4, 6]:


w=

R0,peak =
1 − y2
;
1 + f 2y2

1−w
;
1+w

Im(χA − χS ) sin(πjγ)
Re(χA − χS )
; y=
f=
Im(χA − χS )
Im(χ̄)
(πj)

(7.7)

Scaling the density of both materials by the same factor Γ does not change
the values of the parameters f and y and, hence, the peak reﬂectivity of a
single-order LMG is the same as that of a conventional ML mirror. At the
same time, the penetration depth LMS of the SXR wave into the LMG, which
determines the angular or spectral bandwidth, is given by:
LMS = Nef f · d ∼

λ sin Θ0

πΓIm(χ̄) (1 − y 2 )(1 + f 2 y 2 )

(7.8)

and is increased by a factor of 1/Γ. As Nef f is then also increased by 1/Γ, the
number of bi-layers in the LMG must therefore also be increased by the same
factor. The bandwidth is only scaled with the factor 1/Γ as the parameters f
and y remain unchanged. Single-order LMGs therefore allow us to obtain any
desired resolution while maintaining high peak reﬂectivity under the assumption that the ML mirror contains suﬃcient bi-layers [5].
We then analyzed the eﬀect of a cover layer with thickness h. The eﬀective
susceptibility of both materials in the ML structure is then increased by the
relative amount of cover layer thickness with respect to the lamel, i.e. χef f (z) =
Γχ(z)+2h/D·χcov . The parameter f in eq. (7.7) only depends on the diﬀerence
between the absorber and spacer layer susceptibility and is hence unaﬀected
by the cover layer. However, y depends on the average absorption, i.e. the
imaginary part of the eﬀective susceptibility, and was rewritten to:
y=

sin(πjγ)
Im(χA − χS )
·
Im(χS + 2h/(ΓD) · χcov )
(πj)

(7.9)

The parameter y is thus reduced due to the cover layer and from eqs. (7.7)
and (7.8) it can be seen that this results in a decrease of peak reﬂectivity and
increase in bandwidth [4].
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The cover layer should generally be as thin as possible to ensure minimal
eﬀect on LMG optical performance. From eq. (7.9), we derived that the eﬀect
of a cover layer on the peak reﬂectivity is negligible if the layer thickness is:
h <<

ΓD Im(χS )
·
2 Im(χcov )

(7.10)

A similar condition showing acceptable layer thicknesses to ensure negligible
eﬀects on the bandwidth was also derived:
h <<

ΓD γ · Im(χA )
·
2
Im(χcov )

(7.11)

To ensure the eﬀect of a cover layer on LMG optical performance is negligible, both conditions should be fulﬁlled. By examining conditions (7.10)
and (7.11), we concluded that the latter is automatically achieved when the
former is fulﬁlled. This is because a highly absorbing material is typically used
as absorber, meaning Im(χA ) >> Im(χcov ). The lowest absorbing material is
typically used as spacer, meaning Im(χS ) < Im(χcov ).
To illustrate the eﬀect of a cover layer on the optical performance of an
LMG, we performed simulations of LMGs based on W/Si MLs with parameters
corresponding to those used in this work. The densities were taken to be
ρW = 19 g/cm3 and ρSi = 2.35 g/cm3 , N = 400 bi-layers with period d =
2.53 nm, absorber-thickness-to-bi-layer-period ratio γ = 0.28 and no interfacial
roughness. The parameters of the grating were chosen to ensure single-order
operation for the entire wavelength range of interest and were a grating period
D = 300 nm with a lamel-width-to-grating-period ratio Γ = 0.25.
Figure 7.3 demonstrates the eﬀect of a silicon oxyﬂuoride cover layer, which
were the three main measured elements present in the sidewall, on LMG performance. As can be seen in ﬁgure 7.3a, the eﬀect on the 0th and ±1st orders
is indeed very small for the measured cover layer thickness of 5 nm. The peak
reﬂectivity drops by only 1 pp (3 relative % drop) and the bandwidth is increased by less than 1 relative %. According to eq. (7.10), the LMG optical
performance should be signiﬁcantly aﬀected by a cover layer with a thickness of
20 nm or more. A simulation of such a layer is shown in ﬁgure 7.3 and clearly
shows that such a layer indeed starts to reduce the peak reﬂectivity (5 pp,
11 relative %) and increase the bandwidth (> 3 relative %) signiﬁcantly. As
expected from conditions (7.10) and (7.11) the cover layer indeed has a much
stronger eﬀect on peak reﬂectivity than on bandwidth. Finally, both oxygen
(540 eV) and ﬂuorine (690 eV) have absorption edges within the simulated
region. As can be seen in ﬁgure 7.3b peak reﬂectivity is reduced even further
and the bandwidth is slightly increased just above these edges.
Using both scanning and transmission electron microscopy, we determined
our contamination layer to be well below 20 nm. Assuming a 5 nm contamination layer with a composition as determined from the XPS measurements,
we determined the optical eﬀect of the contamination layer to result in at
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(a)

(b)

Figure 7.3: (a) 0 and ±1 order eﬃciencies for varying SiOF cover layer
thicknesses at an incident energy of 1041 eV. (b) Energy dependence of peak reﬂectivity and bandwidth for various cover
layer thicknesses.
th

st

most a few percent peak reﬂectivity loss and negligible eﬀects (< 1 %) on the
bandwidth. Having investigated sidewall degradation eﬀects, we continue our
lifetime study by examining possible structural changes to the ML.

7.2.2

Thermal annealing

Patterned ML mirrors are vulnerable to annealing, i.e. structural changes of
the ML due to thermal loads. For W/Si ML mirrors, annealing can already
start at elevated temperatures of as low as 50 ◦ C [109]. As LMGs are exposed
to temperatures of up to 120 ◦ C during the fabrication process, they are at a
certain risk of annealing. We therefore examined ML annealing as function of
both temperature and time. For these annealing experiments, the samples were
heated using a hotplate with a temperature accuracy of 0.5 ◦ C in an air environment. The bi-layer period changes were determined from shifts in the peak
positions of Grazing Incidence X-ray Reﬂectometry (GIXR) measurements as
previously discussed in section 2.2.2. Due to the preparation method, all samples were exposed to an unavoidable 2 min bake at 120 ◦C before the annealing
tests were performed. However, SXR reﬂectivity measurements performed before and after a similar baking step performed at 150 ◦ C for 3 mins showed
peak reﬂectivity and bandwidth remained stable to within the measurement
accuracy of 1 %.
The results of the annealing experiments when varying the temperature
are presented in table 7.1. Here, it can be seen that even short exposures to
temperatures above 120 ◦ C quickly results in signiﬁcant reduction of the bilayer period. As the fabrication process of LMGs requires short exposures to
temperatures in the order of 120 ◦ C, the time dependence of the annealing at
this temperature was therefore also investigated. Table 7.2 shows that at this
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Table 7.1: Changes in bi-layer period and peak reﬂectivity due to annealing of a W/Si ML mirror after 5 mins at various temperatures
measured using Cu−Kα GIXR.

Temp ( ◦ C)
20
120
200
300

Variation in % of
bi-layer period d R1,peak
0
0
0.0
-2.5
-0.2
-3.4
-0.8
-5.0

R3,peak
0
-0.9
-45.7
-95.0

temperature, the bi-layer reduction remains very small for signiﬁcant exposures
extending up to several tens of hours. Besides a slight change in the bi-layer
period, a reduction in peak eﬃciency is also clearly seen. This reduction could
be caused by a decrease in the optical modulation between the layers in the
ML stack due to intermixing as well as thermally induced contamination. In
general, the optical eﬀect of short (< 5 mins) exposures to temperatures up to
120 ◦ C is limited to only a few relative percent peak reﬂectivity loss.
Table 7.2: Change in bi-layer period and peak reﬂection eﬃciency of a
W/Si ML mirror due to annealing for increasing periods of
time at 120 ◦ C. Measurements were carried out using in-situ
GIXR at the Cu−Kα energy.

t (hrs)
0
5/60
10
60

Variation in % of
bi-layer period d R1,peak
0
0
0.0
-2.5
-0.05
-2.4
-0.06
-2.3

R3,peak
0
-0.9
-25.1
-27.1

Besides heating the substrate during the fabrication process, thermal loading of the ML stack also occurs during the etch step. In this step, the etch
species exothermically react with the ML materials and therefore locally deposit heat in the ML structure. Possible annealing due to the etching process
was therefore also investigated. As the LMGs were fabricated on samples that
also included ML references, the references hence went through the same heating cycles and etching steps. SXR reﬂectivity measurements from the ML
references were therefore compared to measurements of ML samples that were
not exposed to the etching steps, referred to as unexposed ML.
Using GIXR measurements, we determined the initial ML mirror to have
a 2 % shift in bi-layer period over a distance of 70 mm. Comparing the ML
reference and unexposed ML, no additional change in bi-layer period was found
within this measurement accuracy. As this accuracy is quite low in comparison
to the changes found in tables 7.1-7.2, we examined the reﬂectivity curve of
these samples in more detail by aligning the curves on the maximum peak
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position. It can be seen in ﬁgure 7.4a that the measured reﬂectivity curves
show only minute diﬀerences, e.g. the diﬀerence in peak reﬂectivity is less than
0.5 relative %, indicating no signiﬁcant changes between the unexposed ML
and ML reference have occurred. Similar measurements at an incident energy
of 525 eV showed the same results.

(a)

(b)

Figure 7.4: (a) Comparison of measured reﬂectivity curve of an unexposed
ML and the ML reference at the incident energy of 1255 eV.
(b) Measured (red dots) position of the reﬂectivity peak for
various LMG structures and the ML reference. The linear
ﬁt (dashed-dotted purple line) showed a slope of 27 ±1 eV/Γ
compared to an expected value of 18 eV/Γ (dashed blue line).
The discrepancy was determined to be the result of nonuniformities in the bi-layer period over the sample area.

However, the heat of the exothermic chemical etching may have been localized to the LMG structures without aﬀecting the ML reference. We therefore compared the peak position of the LMGs with the ML reference with as
shown in ﬁgure 7.4b. Unfortunately, the peak position of LMGs is expected
to shift due to the change in average susceptibility for diﬀerent grating structures [5, 6]. This shift depends on the lamel-width-to-grating-period ratio Γ,
which can be derived from the generalized Bragg condition for specular reﬂection (eq. (3.26)) [6]:
Γ
jλ
= sin Θ0 −
·
2d
2 sin Θ0


Im(χA − χS ) sin2 (πjγ)
Re(χ̄) − Re(χA − χS )
,
Im(χ̄)
(πj)2

(7.12)

where j is the Bragg order of reﬂection, λ is the incident wavelength, d is the
bi-layer period, Θ0 is the grazing incidence angle, χ is the susceptibility of the
Absorber and Spacer and χ̄ is the average susceptibility of a bi-layer. The
derivative of the generalized Bragg condition to Γ was then derived to be:


Im(χA − χS ) sin2 (πγ)
d
ΔΓ
(7.13)
·
Δλ = Re(χ̄) − Re(χA − χS )
2
Im(χ̄)
π
sin Θ0
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To calculate the expected peak shift for LMGs, we used the same ML parameters as in section 7.2.1. At the incident energy of 1255 eV, this results in
Δλ ≈ 0.015ΔΓ or, equivalently, an slope in energy versus Γ of ≈ 18ΔΓ. However, a slope of 27±1 eV/Γ was found when ﬁtting the measured peak position
as function of the Γ-ratio. The same relative discrepancy was also found for
the measurements at an incident energy of 525 eV. We determined the diﬀerence between the ﬁtted and expected shift of ﬁgure 7.4b to correlate with the
position of the LMG on the sample area.
As changes to the bi-layer period could again not be measured with suﬃcient
accuracy to determine ML structural changes, we investigated the dependence
of LMG optical performance on the grating parameters. Although this comparison showed minor diﬀerences of a few relative percent in peak reﬂectivity, this
diﬀerence scaled with the number of sidewalls and was nicely explained by the
sidewall contamination layer. Changes in optical performance due to the LMG
fabrication process were therefore determined to be below the measurement
accuracy of 0.1 pp peak reﬂectivity and 0.1 eV bandwidth.

7.2.3

Oxygen diﬀusion

The sidewalls of patterned W/Si ML mirrors contained large amounts of oxygen
as discussed in section 7.2.1, which is known to aﬀect optical performance of
Mo/Si multilayer optics used for EUV lithography [97, 100]. Although oxygen
diﬀusion is not expected to occur to a signiﬁcant degree in our W/Si MLs [85,
110], the fabrication of LMGs does increase the risk of oxygen diﬀusion. We
therefore measured SXR peak reﬂectivity around the oxygen edge for 3 LMGs
with varying grating periods and comparable Γ-ratios. These measurements
were carried out after 23 months of storage in a 1 atm air environment, allowing
ample time for diﬀusion of oxygen into the ML. Figure 7.5 shows the results of
these measurements, where the ML reference measurement in ﬁgure 7.5a was
shifted in peak reﬂectivity to compensate for peak reﬂectivity loss due to the
grating structure of the LMGs.
Examining ﬁgure 7.5a, it can clearly be seen that the dip at 531 eV is
only present in the LMG samples. The depth of this dip was plotted against
the sidewall-to-lamel-width ratio (2h/(ΓD)), showing a clear dependence on
the grating structure and, hence, the number of sidewalls the soft x-rays pass
through. From the dip position, we determined this dip was caused by tungsten
oxides [107, 111]. Using the simulations of the previous section, we determined
a 3 nm tungsten oxide layer on the sidewalls is required to explain the depth of
the dip. This layer thickness was compared to the layer thickness determined
from the XPS measurements. In those measurements, we found an atomic
concentration of approximately 10 % tungsten oxide. Assuming a sample depth
for the XPS of 5 nm, this results in a 0.5 nm tungsten oxide layer. However, the
simulations used purely theoretical cross-sections from ref. [23] and the XPS
measurements assumed a homogenous sidewall layer as well as a 5 nm sample
depth, resulting in an estimation accuracy of the tungsten layer thickness of
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(a)

(b)

Figure 7.5: (a) SXR peak reﬂectivity around the oxygen edge for several
LMGs with varying grating periods and similar Γ-ratios. The
ML reference measurement also showed a dip at 538 eV, indicating this is not caused by the LMG structures. (b) Dip
depth at 531 eV due to tungsten oxide as function of the
sidewall-to-lamel-width ratio.

at best a few nm. The estimated layers thicknesses using both methods were
therefore considered to be in reasonable agreement, showing a layer thickness
of a few nm. The reﬂectivity measurements clearly showed the tungsten oxide
remained localized close to the sidewalls even after 23 months storage and,
hence, no oxygen diﬀusion was measured.
Silicon oxide was also found in the XPS measurements and should show up
in ﬁgure 7.5a as a dip at 533 eV. However, this dip is not visible in these measurements. Assuming a detection limit of 0.1 % and using again the simulations
of the previous section, the maximum thickness of the silicon oxide layer on the
sidewall was determined to be 3 nm. In comparison, from the XPS measurements a 1 nm silicon oxide layer would be expected. Silicon oxide was thus only
found in negligible amounts on the sidewall and did not appear to diﬀuse into
the ML stack. Finally, the dip at 538 eV corresponds to oxygen compounds
with minimal shifts in binding energy, such as water or various carbon oxide
combinations [107, 111]. However, this dip was present in all measurements,
including the ML reference, and was therefore concluded not to be caused by
the LMG structure.

7.2.4

Stability of SXR reﬂectivity over time

To determine the eﬀect of storage degradation processes, speciﬁcally sidewall
contamination and oxygen diﬀusion, we investigated the stability of the optical
performance of LMGs over a storage period of 23 months. The bandwidth and
peak reﬂectivity were compared to earlier measurements, as shown in ﬁgure 7.6.
Here, it can easily be seen that the optical performance of the LMGs remained
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stable to within measurement accuracy (Rpeak < 0.1 % and ΔE < 0.1 eV)
during this period. The peak position of the diﬀerent LMGs was also compared
before and after storage (not shown) to investigate changes in the bi-layer
period. The peak position also remained stable to within the measurement
accuracy of 0.1 eV.

(a)

(b)

Figure 7.6: Comparison of (a) FWHM bandwidth and (b) peak reﬂectivity of W/Si LMGs at an incident energy of 1255 eV after 18
months of storage in 1 atm air environment.

7.3

Capping layers

Although our W/Si LMGs did not show any signiﬁcant signs of degradation
over a 23 month storage period, radiation induced process [95, 97, 100] were not
investigated in this work. A preliminary investigation into the use of capping
layers on LMG structures to reduce degradation was performed.

7.3.1

Possible capping materials

Similar to refs. [100, 112] suitable capping layer materials for the protection of
patterned ML structures can be determined based on thermal and chemical stability as well as optical properties. Although most of such arguments also hold
for etched ML structures, there are a few signiﬁcant diﬀerences between capping layers for conventional and etched ML mirrors. Most notably, the capping
layer must be placed on the sidewalls, which means the chemical stability with
both ML materials has to be determined. Furthermore, the incident radiation
generally passes through many sidewalls in patterned MLs, each covered with
a capping layer, such that the total thickness of capping material the radiation
passes through is much larger for a patterned as compared to a conventional
ML mirror.
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From refs. [100, 112], several chemically suitable materials for capping layers can be determined, such as ruthenium, zirconium and silicon nitride. Using
the simulations of cover layers as discussed in section 7.2.1, the eﬀect of various
capping layer materials on the optical performance of LMGs was investigated
assuming a 5 nm thick layer. The results of these simulations are shown in
ﬁgure 7.7, where it can be seen that silicon nitride has the smallest eﬀect on
bandwidth and peak reﬂectivity. Furthermore, it can also be seen that several
materials have absorption edges in the wavelength range of interest, most notable of which is chromium. From this analysis, silicon nitride was concluded
to be the most suitable capping layer material as this material has a minimal eﬀect on LMG optical performance and is both chemically and thermally
stable.

(a)

(b)

Figure 7.7: Simulations of (a) FWHM bandwidth and (b) peak reﬂectivity
for various capping layer materials with a constant thicknesses
of 5 nm. The simulated LMG is the same as used for ﬁgure 7.3.

7.3.2

Preliminary silicon nitride deposition tests

Because silicon nitride holds good promise for use as capping layer, we carried
out some preliminary silicon nitride deposition tests. These were performed
using Plasma Enhanced Chemical Vapor Deposition. The resulting capping
layers were analyzed using SEM and EF-TEM to determine composition and
coverage of the deposited layer on the grating topography. In CVD, one or more
volatile precursors react or dissociate to produce the required deposition material. The deposition of silicon nitride in CVD is performed using a combination
of silane in nitrogen (2 % SiH4 /N2 ) and ammonia (NH3 ) following:
3SiH4 + 4N H3 → Si3 N4 + 12H2

(7.14)

at typical process temperatures of well over 1000 ◦C. The chemical reaction
rates can be enhanced by using a plasma to dissociate the precursors, the
so-called Plasma Enhanced CVD (PE-CVD) process. This allows the use of
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much lower temperatures to avoid annealing of the ML structure. Although
refs. [95, 113] have nitridated silicon layers at room temperature using 100 eV
N+ ions from a Kaufman source, such processes are highly directional and
cannot be easily used to deposit material on the sidewalls of etched ML mirrors.
For our deposition tests, we used a PE-CVD system (Oxford 80) that is able
to deposit silicon nitride at temperatures as low as 100 ◦ C. This temperatures
is well below the maximum allowable temperature of 120 ◦C to prevent the
annealing of ML structures as discussed in section 7.2.2. For these tests, we also
used structured silicon samples that were more readily available than LMGs
and, as an added beneﬁt, had larger scallops and therefore more clearly showed
the uniformity and coverage of the deposition process.

100nm
(a)

(b)

Figure 7.8: (a) Preliminary silicon nitride deposition test on silicon nanostructures using 1 min deposition time. (b) EF-TEM analysis
of the resulting capping layer, where silicon is indicated by
green, oxygen is indicated by blue and nitrogen is indicated
by red. The image clearly shows the capping layer consists
mostly of silicon oxide and only contains nitrogen at the very
top part of the structure.

Figure 7.8a shows a silicon sample coated with a silicon nitride capping layer
and imaged using SEM. The ﬁgure clearly shows the etched grating structure
with some remaining mask material at the top of the structure. However,
the deposited silicon nitride layer is barely visible as the light haze in this
image. This structure was therefore also analyzed using EF-TEM as shown in
ﬁgure 7.8b. Here, the spatial distribution of silicon is shown in green, oxygen in
blue and nitrogen in red. It can be seen that a capping layer with a thickness
in the order of 5 nm is present at the sidewalls. The layer is clearly less thick
inside the lamel, showing the process appears to be insuﬃciently directional.
From the image, the composition of the layer can be seen to consist mostly
of oxygen and silicon, although the silicon in the layer is poorly visible due to
the high concentration of silicon inside the lamel. Furthermore, it can be seen
that only a small amount of nitrogen is present in the layer. It was expected
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that although the plasma dissociated the silane and ammonia, the temperature
was insuﬃcient to nitridate the deposited silicon. This resulted in a deposition
of a pure silicon layer which, when exposed to air, immediately oxidized and
resulted in a layer of silicon oxide instead of the desired silicon nitride.

7.4

Conclusions

The lifetime of patterned multilayer (ML) mirrors is very important for the
usability of these elements in practical applications. We therefore investigated
various degradation processes that could reduce this lifetime and that could
occur during fabrication and storage during 23 months in 1 atm air environment. This study was performed for Lamellar Multilayer Gratings (LMGs),
which are optical elements used for soft x-ray spectroscopy, fabricated in W/Si
ML mirrors. The results are expected to also be applicable to other optical
elements fabricated in W/Si ML mirrors that were fabricated using the same
fabrication process and stored under similar conditions.
We ﬁrst investigated sidewall contamination as a surface phenomenon that
increases the absorption and hence reduces peak reﬂectivity of LMGs. The
composition of the sidewall contamination layer was measured with x-ray photoelectron spectroscopy, showing a signiﬁcant desorption of ﬂuorine during storage. An extension to our Coupled Waves Approach (CWA) simulation method
was derived to simulate the optical eﬀect of this contamination layer. Criteria for acceptable contamination layer thicknesses for which peak reﬂectivity
and bandwidth are not signiﬁcantly aﬀected were also derived. This analysis
revealed layers less than 5 nm with the measured composition had a limited
eﬀect of at most a few relative percent peak reﬂectivity loss.
Degradation due to structural changes to the ML caused by thermal annealing and oxygen diﬀusion were investigated next. This analysis showed the
ML was stable for long period (> 60 hrs) at 120 ◦ C, but quickly deteriorated at
higher temperatures. Oxygen diﬀusion was investigated using SXR reﬂectivity
measurements around the oxygen edge, showing oxides were still localized to
the sidewall even after 23 months storage. To determine the overall eﬀect of
storage, we measured the stability of SXR reﬂectivity over an extended storage
period of 18 months. This analysis showed the optical performance of LMGs
to remain stable to within measurement accuracy during this period.
Though not studied here, degradation is expected to be enhanced under
irradiation with soft x-ray photons. We therefore investigated various possible capping layer materials to protect the LMG from degradation and during
carbon cleaning processes. Suitable capping layers were theoretically studied,
showing silicon nitride to be the preferred candidate. Preliminary deposition
tests of silicon nitride were performed using plasma enhanced chemical vapor
deposition at the low temperatures required to prevent annealing of the ML.
However, these tests showed the resulting layer was poorly nitridated and did
not suﬃciently cover the LMG topography for use as a capping layer.
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Conclusions
The ability to identify and quantify chemical elements in products is very important to ensure, for instance, that steel and concrete are of suﬃcient quality
to be used for construction or that there are no toxic contaminants in our
food or drinks. A major improvement in chemical element identiﬁcation was
obtained after the discovery of x-rays. Elements could now be uniquely and
non-destructively identiﬁed by analyzing the ﬂuorescent x-ray spectrum emitted after a sample had been irradiated with high energy x-rays, which is the
basic principle of x-ray ﬂuorescence spectroscopy. To analyze the ﬂuorescence
spectrum, an optical element is required that separates x-rays with diﬀerent
energies. In the soft x-ray spectral range, which is of importance for identifying
lighter elements, such elements are often multilayer (ML) mirrors that work on
the principle of Bragg reﬂection. Unfortunately, the spectral resolution of ML
mirrors is inherently limited in this range by the absorption of the ﬂuorescent
x-rays that need to be analyzed. The spectral resolution of ML mirrors can be
improved by fabricating a grating into the ML stack, resulting in a so-called
Lamellar Multilayer Grating (LMG). However, the usability of LMGs has been
limited due to challenges in simulation, which limited the understanding of
the LMG working principles, and fabrication, which limited the grating dimensions and ML stack height of LMGs. In this thesis, a simulation and fabrication
method were investigated which overcame the aforementioned limitations and
improved the usability of LMGs in practical applications.
We ﬁrst derived a Coupled Waves Analysis (CWA) to simulate LMG optical
performance in terms of bandwidth and peak reﬂectivity. This CWA describes
the change in amplitude of the incident and exiting waves as function of position
in the ML stack. Compared to previously used simulation methods, this CWA
signiﬁcantly reduces computation time, can simulate various non-ideal lamel
shapes and allows for improved understanding of LMG operating principles.
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Based on this CWA, we identiﬁed an optimal LMG operating regime, referred
to as single-order operation, in which the incident beam excites only a single
diﬀraction order and, hence, is not aﬀected by diﬀraction losses. For LMGs
operating in single-order, the optical performance is largely determined by the
lamel-width-to-grating-period ratio Γ. The resolution of an LMG was derived
to scale with 1/Γ in comparison to a conventional ML mirror. LMG peak
reﬂectivity was determined to be as high as that of a conventional ML mirror
if the number of bi-layers N was also increased by 1/Γ.
The fabrication of single-order operating LMGs requires the patterning of
nanoscale structures in MLs made of up to hundreds of thin bi-layers with a
period of a few nm. These bi-layers consist of, at least, two materials of which
one is generally a high-Z material. Although e-beam lithography can be used
to deﬁne LMG structures, this is a time-consuming and costly process. Pattern
transfer using Reactive Ion Etching (RIE) is generally insuﬃcient accurate or
reproducible. We therefore investigated the patterning of ML mirrors using
UV-NanoImprint Lithography and Bosch Deep Reactive Ion Etching (DRIE).
This process provides accurate and reproducible fabrication of LMGs with submicron periods over tens of square mm2 area in an economic manner. The ML
structure itself was used to achieve optimal pattern transfer. In particular,
the high-Z layer in the ML stack was used to suppress scallop formation and
allow for low tapers with minimal grating structure dependence. Although
this fabrication study was performed for the patterning of grating structures
in W/Si ML mirrors, the approach and results are generally applicable to ML
mirrors consisting of materials that react volatile with ﬂuorine. Such MLs
include Mo/Si for EUV lithography and Mo/B4 C for spectroscopy. However,
the activation energy of the reactions with ﬂuorine as well as possible compound
formation in the ML structure can signiﬁcantly aﬀect etching. The minimal
dependence on grating dimensions and low tapers of the derived process are
highly beneﬁcial for the fabrication of optical elements with varying feature
dimensions, such as zoneplates.
Reﬂectivity of single-order LMGs for the SXR spectral range was measured
and was found to be in good agreement with our CWA. Single-order LMGs had
limited diﬀraction losses, which was evident from the absence of any signiﬁcant
secondary structures besides the main Bragg peak and a corresponding increase
of the peak reﬂectivity with respect to a multi-order LMG having the same Γratio. A record value of spectral resolution improvement was achieved using
single-order operation, which is currently a factor of 3.8 with regard to the
unpatterned ML mirror. Excitation of higher diﬀraction orders in single-order
operation was easily measured by varying the detector angle and was also in
good agreement with our CWA. Our CWA can thus also be used to investigate
the use of higher diﬀraction orders from LMGs for various applications. Finally,
we determined non-uniformities of the bi-layer period in the depth of the initial
ML are currently limiting LMG performance. Further improvements of LMG
performance can therefore be obtained by increasing the ML deposition process.
Current technologies for ML deposition and grating fabrication actually
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often do not achieve suﬃcient accuracy to fulﬁll the semi-inﬁnite ML approximation. However, this approximation is often used for ML and LMG design.
Assuming the semi-inﬁnite approximation, LMGs can be designed by ﬁrst optimizing the absorber-thickness-to-bi-layer period γ of the ML to achieve maximum peak reﬂectivity and subsequently reducing the bandwidth to any desired
value using the lamel-width-to-grating-period ratio Γ. In particular for LMGs
with low Γ-ratio’s, this approximation is often not valid. We therefore derived
a criterion for the transition from the semi-inﬁnite to ﬁnite ML case based
on the SXR penetration depth. To determine the eﬀect of a ﬁnite ML stack,
simulations of LMG optical performance comparing a semi-inﬁnite and ﬁnite
ML stacks were performed. For the ﬁnite ML stack, the minimal achievable
bandwidth and maximum peak reﬂectivity are limited by the number of bilayers in the ML stack. Optical performance can then be further tailored using
the ML γ-ratio. A lower γ-ratio will result in slightly narrower bandwidths at
the expense of peak reﬂectivity. If slightly higher bandwidths can be accepted,
higher γ-ratios should be used to minimize peak reﬂectivity loss.
Finally, we investigated degradation processes of patterned ML optics as
this can reduce the lifetime of such elements, which is important for their
usability in practical applications. In this work, we focused on degradation
during fabrication and storage during 23 months in a 1 atm air environment.
The surface phenomenon of sidewall contamination showed a clear desorption
of ﬂuorine, but limited optical eﬀect for contamination layers with a thickness
below 5 nm. Internal ML structural changes due to thermal annealing or oxygen
diﬀusion were not seen within measurement accuracy. The SXR reﬂectivity
also remained stable over an extended storage period of 18 months within
measurement accuracy. Radiation induced degradation processes, including
surface photochemistry, need to be investigated separately. An investigation
of possible capping layer materials was performed showing silicon nitride to
be the preferred candidate. Preliminary deposition tests of silicon nitride were
performed using PE-CVD, but the resulting layer was poorly nitridated and did
not suﬃciently cover the LMG topography for use as a capping layer. Although
the degradation study was performed for the speciﬁc case of LMGs, the results
are expected to also be applicable to other Bragg-Fresnel optics fabricated in
W/Si ML mirrors using the same fabrication process and stored under similar
conditions.
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geldt dit zeker ook en hiervoor ben ik verschillende mensen van buiten mijn
promotie om dankbaar. Dit geldt onder andere voor iedereen die betrokken is
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