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Abstract.

This thesis addresses research works on the design, fabrication development, and characterization
of thin-film transmittance filters for high brilliance sources in the Extreme Ultraviolet (EUV) and
soft X-ray spectral regions. The development and fabrication of thin-film filters for extreme
ultraviolet (EUV) and soft x-ray high brilliance sources are strongly required in many applications.
In the case of third and fourth generation light sources, high order harmonic generation (HHG)
sources, the extreme ultraviolet (EUV) and soft x-ray thin-film filters are used to remove multiple-
order radiation. Furthermore, those filters must be suited to face the high peak power of these kinds
of sources.

In the EUV and soft-X ray spectral range region materials have high absorption, so finding proper
materials or combinations of materials that fulfill the requirements of the filters is quite
challenging. Using simulations of the transmittance performance of a variety of materials, based
on the theoretical values of their optical constants, and taking in account their mechanical
properties, Nb and Zr were chosen as core elements for the fabrication and study of free-standing
filters.

The first development part of this thesis is focused on the bottom-up fabrication technique of Nb,
Zr, Nb/Zr, and Zr/Nb thin films of 100 nm thickness, deposited on silicon nitrate membrane
windows by magnetron sputtering technique, pursuing to achieve free-standing filter after reactive
ion etching of the membrane; Nb and Nb/Zr free-standing filters were produced. These samples
were characterized using Rutherford backscattering, AFM images, and transmittance
characterization in the EUV between 4-20 nm using synchrotron radiation at the Bear Beamline,
ELETTRA, Italy and in Optical Beamline at BESSY synchrotron, Berlin, Germany. Also, the
samples were characterized in the same range using a plasma source based on puff gas target as a
secondary technique of transmittance characterization.

The second part is the structural characterization of the filters using TEM, SEM, HRSTEM, and
EDX analysis.

The third development part of this thesis is focused on the study of high-intensity EUV radiation
damage of Nb, Zr, Zt/Nb, and Nb/Zr 100 nm thick free-standing filters. For this part of the
experiment, the samples were deposited on silicon nitride windows using e-beam deposition
technique, showing more stable structures, free-standing filters of each type were achieved after
reactive ion etching. Samples were characterized before and after exposure using X-ray
photoelectron spectroscopy (XPS) technique, AFM images, X-ray diffraction technique, and
transmittance characterization in the EUV spectral range performed with synchrotron radiation at
Bear Beamline. For radiation exposure, a high peak intensity set-up based on a plasma discharge
source was used at 13.5 nm wavelength. Also, transmission electron microscopy and scanning
electron microscopy characterization were used as complementary techniques to study the
sample’s structures and interface properties.



Abstrakt.

Die vorliegende Dissertation befasst sich mit den wissenschaftlichen Daten zum Design, zur
Herstellungsentwicklung und zur Charakterisierung von Diinnschichttransmissionsfiltern fiir
Quellen mit hoher Brillanz im extremen Ultraviolett (EUV) wund im weichen
Rontgenspektralbereich. Die Entwicklung und Herstellung von Diinnfilmfiltern fiir extrem
ultraviolette (EUV) und weiche Rontgenquellen mit hoher Brillanz sind in vielen Anwendungen
dringend erforderlich.

Im Fall der dritten und vierten Generation werden Lichtquellen, Quellen zur Erzeugung von
Harmonischen hoher Ordnung (HHG), Diinnfilmfilter fiir extrem ultraviolettes Licht (EUV) und
weiche Rontgenstrahlen verwendet, um Strahlung mehrfacher Ordnung zu entfernen. Dariiber
hinaus miissen diese Filter fiir die hohe Spitzenleistung dieser Art von Quellen geeignet sein.
Materialien im EUV- und im weichen Rontgenspektralbereich weisen eine hohe Absorption auf.
Daher ist es eine grole Herausforderung, geeignete Materialien oder Materialkombinationen zu
finden, die die Anforderungen der Filter erfiillen. Unter Verwendung von Simulationen des
Transmissionsvermodgens einer Vielzahl von Materialien, basierend auf den theoretischen Werten
ithrer optischen Konstanten und unter Beriicksichtigung ihrer mechanischen Eigenschaften,
wurden Nb und Zr als Kernelemente fiir die Herstellung und Untersuchung von freistehenden
Filtern ausgewaihlt.

Der erste Teil dieser Arbeit befasst sich mit der Bottom-up-Herstellungstechnik von 100 nm
dicken, Diinnfilmen aus Nb, Zr, Nb / Zr und Zr / Nb, die durch Magnetron-Sputtern auf
Siliziumnitrat- Membranfenstern abgeschieden wurden. Nach reaktivem Ionentiefendtzen wurden
freistehende Nb- und Nb / Zr-Filter erhalten. Diese Proben wurden mittels Rutherford-
Riickstreuung, AFM-Bildern und Transmissionscharakterisierung im EUV zwischen 4 und 20 nm
unter Verwendung von Synchrotronstrahlung (Bear Beamline, ELETTRA, Italien; Optical
Beamline, BESSY Synchrotron, Berlin, Deutschland) charakterisiert. Dieselben Proben wurden
im gleichen nm Bereich unter Verwendung einer Plasmaquelle, basierend auf ein Puffgas-Target,
als sekundéres Verfahren zur Transmissionscharakterisierung, charakterisiert.

Der zweite Teil dieser Arbeit befasst sich mit der strukturellen Charakterisierung der Filter mittels
TEM-Analyse.

Der dritte Entwicklungsteil dieser Arbeit befasst sich mit der Untersuchung von Schéden an
100 nm dicken freistehenden Nb-, Zr-, Zr / Nb- und Nb / Zr-Filtern verursacht durch EUV-Strahlen
hoher Intensitit. Fiir diesen Teil des Versuchs wurden Probe auf ein Siliziumnitritfenster unter
Verwendung der Elektronenstrahl-Abscheidungstechnik abgeschieden, die stabilere Strukturen
aufwiesen. Nach reaktiven Ionentiefenétzen wurden freistehende Filter jedes Typs erhalten. Die
Proben wurden vor und nach Bestrahlung mittels Rontgenphotonenspektroskopie (XPS), AFM-
Bildern, Rontgenbeugungstechnik und Transmissionscharakterisierung im EUV-Spektralbereich
mit Synchrotronstrahlung (Bear Beamline, Italy) charakterisiert. Fiir die Bestrahlungsaussetzung
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wurde ein hochdichte Aufbau in einer Plasmaentladungsquelle bei einer Wellenldnge von 13,5 nm
verwendet. Transmissionselektronenmikroskopie =~ und  rasterelektronenmikroskopische
Charakterisierung wurden ebenfalls als komplementdre Techniken zur Untersuchung der
Probenstrukturen und Grenzfldcheneigenschaften verwendet.
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Sommario.

La tesi presenta un lavoro di ricerca svolto sulla progettazione, lo sviluppo della fabbricazione e
la caratterizzazione di filtri a membrana sottile per la trasmissione di fonti di alta luminosita nelle
regioni spettrali dell'ultravioletto estremo (EUV) e dei raggi x molli. Lo sviluppo e la fabbricazione
di filtri a membrana sottile per le fonti di alta luminosita nelle regioni spettrali dell'ultravioletto
estremo (EUV) e dei raggi x molli ¢ fortemente richiesto in molte applicazioni. Nel caso delle fonti
di alta luminosita di terza e quarta generazione, ovvero la generazione di fonti di armoniche di alto
livello (HHG), sono richiesti filtri a membrana sottile per 'ultravioletto estremo (EUV) e i raggi
x molli per rimuovere radiazioni di ordine multiplo. Inoltre, questi filtri devono essere adatti per
affrontare la potenza di alto picco proveniente da questo tipo di fonti.

Nella regione del campo spettrale delle fonti di armoniche di alto livello (HHG) e 1'ultravioletto
estremo (EUV) 1 materiali hanno alto assorbimento, pertanto trovare materiali adatti o
combinazioni di materiali che soddisfano 1 requisiti dei filtri € molto impegnativo. Utilizzando
simulazioni sulla prestazione della trasmissione di una varieta di materiali, basate sui valori teorici
delle loro costanti ottime, e considerando le loro proprieta meccaniche, sono stati scelti il Nb e il
Zr come elementi base per la fabbricazione e studio di filtri indipendenti.

La prima parte dello sviluppo di questa tesi si concentra sulla tecnica di fabbricazione bottom-up
di filtri a membrana sottile di Nb, Zr, Nb/Zr e Zr/Nb con spessore di 100 nm depositati su finestre
di membrane di nitruro di silicio tramite la tecnica della polverizzazione catodica (Magnetron
sputtering), con l'obiettivo di ottenere un filtro indipendente in seguito alla collisione con ioni
reattivi; sono stati ottenuti filtri indipendenti di Nb e Nb/Zr. Questi campioni sono stati
caratterizzati usando la tecnica del backscattering di Rutherford, immagini AFM e la
caratterizzazione della trasmittanza nell'ultravioletto estremo (EUV) nell'intervallo 4-20 nm
utilizzando radiazioni del sincrotrone al Bear Beamline, ELETTRA, in Italia e 1'Optical Beamile
e del sincrotrone BESSY, a Berlino, in Germania. Inoltre, 1 campioni sono stati caratterizzati nella
stessa gamma utilizzando un bersaglio gass puff e una fonte di plasma come tecnica secondaria
per la caratterizzazione della transmittanza.

La seconda parte correspode alla characterizazione structurale dei filtri utilizando TEM, SEM,
HRSTEM and EDX Analisis.

La terza parte dello sviluppo di questa tesi si concentra sullo studio dei danni delle radiazioni
dell'ultravioletto estremo (EUV) ad alta densita di Nb, Zr, Zt/Nb e Nb/Zr dei filtri indipendenti
con spessore da 100nm. Per questa parte dell'esperimento i campioni sono stati
depositati su finestre di membrane di nitruro di silicio usando la tecnica di deposizione e-beam,
mostrando strutture piu stabili, sono stati prodotti free standing filtri per ciascun tipo in seguito
alla collisione con ioni reattivi (RIE). I campioni sono stati caratterizzati prima e dopo l'esposizione
usando la tecnica fotoelettronica a raggi x (XPS), immagini AFM, la tecnica di diffrazione a raggi
x ¢ la caratterizzazione della trasmissione nel raggio spettrale dell'ultravioletto estremo
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(EUV) fatta usando le radiazioni del sincrotrone al Bear Beamline. Per 1'esposizione alle radiazioni
¢ stata usata una configurazione di base ad alta densita in una fonte di scarica al plasma a lunghezza
d'onda di 13.5 nm. Inoltre, sono stati usati un microscopio elettronico a trasmissione e la scansione
microspia elettronica come tecniche complementari per studiare la struttura dei campioni e le
proprieta dell'interfaccia.
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Chapter 1.

Introduction.

1.1 Motivation.

The development and fabrication of thin-film filters for extreme ultraviolet (EUV) high brilliance
sources is strongly required in many applications. In the case of free-electron laser (FELs), one of
the critical technical problems is related to the rejection of higher harmonics, seed laser, first stage
photons, and diffuse light [1-7]. Let’s take one example of a FELs facility: FERMI.

FERMI is the free-electron laser located at ELETTRA synchrotron scientific campus in Trieste,
Italy. The full FERMI facility consists of a linear accelerator plus two principal FEL beamlines in
an experimental hall in the complex environment of a multi-beamline user facility provided by the
Elettra synchrotron light source. FERMI is based on a seeded source. The FERMI facility
comprises two separate coherent radiation sources, FEL-1 and FEL-2. FEL-1 operates in the
wavelength range between 100 and 20 nm via a single cascade harmonic generation, while
the FEL-2 line operates at shorter wavelengths (20-4 nm) via a double cascade mechanism [8-9].
In FEL-1, an initial signal, seeded by a high peak power pulsed laser operating a certain wavelength
region at the electron bunches repetition frequency, passes through a first undulator magnet called
modulator to overlap the electron beam. Then after the laser field modulates the electron bunch
energies at its frequency, the electrons go through a disperse section where the modulation is
converted into bunch charge spatial modulation. Finally, an intense coherent FEL radiation, at the
frequency of one of the higher harmonics of the seed laser wavelength contained in the frequency
spectrum of those charges modulated electron bunch, can be obtained by passing the modulated
bunch through a second set of undulators called “radiator”, tuned to select and amplify the chosen
harmonic; The complete system it refers to one cascade mechanism.

For the FEL-2 beamline to reach the shortest foreseen design wavelength of 10 nm, a second
undulator stage must be added to a first stage similar to FEL-1, consisting of a modulator plus a
dispersive section plus a radiator, tuned to and seeded by the first stage output radiation [8]; this
is what it means double cascade mechanism.

In FERMI as in others FELSs facilities with similar technology, the light at the selected wavelength
that reach the experimental chamber is mixed with a small fraction of the seed photons.
Furthermore, in the case of double cascade sources, the radiation is also combined with photons
from the first stage and with a fraction of the higher harmonics, so transmittance filters (bandpass
filters) must be introduced to ensure the specific wavelength range that the experiment demands
and to improve the quality of the beam delivered by these sources [8, 9]. In figure 1.1 a schematic
design of the FERMI sources, FEL-1 and FEL-2 light delivered system is shown. We can observe
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some aluminum filters placed in different points of the light path together with other optical
systems, in order to ensure desired properties of the beam delivered.
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Figure 0.1: Schematic representation of the FEL light delivery system. Photons are delivered to
the end-station through the PADReS (Photon Analysis, Delivery, and Reduction System) [9].
Transmittance filters are placed in different strategic points to ensure the quality of the beam
delivered.

In several applications requiring high-brilliance sources, thin-film filters for extreme ultraviolet
and soft x-ray photons are used to remove higher-order radiations and are suited to face a high
peak power of around 1-5 GW and a fluence associated to pulses of about 100 femtoseconds. They
are also often used as gas barriers; in this case, the filters could interact with contaminant gases
that can react with their surface causing damage or affecting their performance [10-13]. For these
reasons, the material selected for the fabrication of the filters should be highly resistant, both
chemically and structurally, to high power radiation. Thin-film filters are applied in other fields
like EUV lithography and spectroscopy; for space experiments where they are used to select
suitable spectral bands where spectral emission lines are used to derive the plasma’s physical
parameters, through spectroscopic diagnostic techniques [14-17].

Since materials have high absorption in the EUV spectral range, filters must be very thin to achieve
good transmittance performances, so, considering their optical, chemical, and mechanical
properties only a few materials demonstrate to be good candidates for transmittance filters. We are
particularly interested in thin-film transmittance filters for the spectral range between 4-20 nm,
which is the range covered by FEL 2. Materials as Beryllium and some Rare Earth elements are
suggested to be good candidates for transmittance filters in this range, but the toxicity of rare Earth
materials makes complicated and dangerous the fabrication of such filters. Combination of metal
materials in the form of bilayers or multilayer filters have been presented before for the EUV
region, most of them supported by metal mesh but also some fabricated in freestanding
architectures [18-23].
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1.2 Extreme ultraviolet and soft X-rays.

The electromagnetic spectrum is divided into different identified regions; the precise boundaries
that separate one region from another are not always perfectly defined. The extreme ultraviolet
(EUV) is located between the photon energies of about 30 eV to 250 eV (wavelengths from about
40 nm to 5 nm) fading into the soft x-ray region (SXR) that could extend from about 250 eV to
several thousands eV (wavelengths from 5 nm to about 0.3 nm). A detailed description of the
physics and applications of EUV and SRX radiation is given in the book of D. Attwood [24], and
only a brief introduction will be presented in this section. In Figure 1.2, we can appreciate the
whole electromagnetic spectrum with a focus on the ultraviolet and X-ray regions.

These photon energies regions are important because of two main reasons: First, these energies are
comparable with the binding energies of the core electrons in atoms; Second, the wavelength of
EUV-SXR photons approaches atomic dimensions, making them ideal for studying physical and
chemical properties of molecules and atoms.

Because in the EUV most materials exhibit significant absorption and also because there are not
many available high-intensity EUV light sources (compact sources), experiments to study the
optical properties of materials in the EUV represent still a big challenge. With strong absorption
and low normal incidence reflectivity, in this region, experiments are best done using thin films as
filters.
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Figure 1.2: Electromagnetic spectrum, identified regions and their properties can be observed,

focusing on the fading boundaries between EUV and SXR.
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EUYV radiation is nowadays widely used in several applications. Most of these applications such
as lithography, nanotechnology, material sciences, biology, and imaging, require high brilliance
light sources, some of those applications need spatial coherence and enough monochromaticity to
be able to study and analyze materials and their behavior at the molecular and atomic level. EUV
can be generated in different ways, such as hot plasma emission, synchrotron radiation, and high
harmonic generation. In laboratory-scale experiments, most sources for EUV radiation are based
on the emission of hot plasma; among the sources are Discharge-Produced Plasmas (DPP) and
Laser-Produced Plasmas (LPP). The use of synchrotron radiation has made growth of the scientific
research utilizing the vacuum ultraviolet to soft x-ray regions. The emission of EUV radiation from
FELs, also based on synchrotron radiation [25], has taken a significant consideration as a light
source for EUV lithography and other applications due to the tunability, coherence and the
availability of high-power accelerators.

1.3 The interaction of EUV radiation with the matter.

There are two models to explain the interaction mechanisms of EUV radiation with matter:

1. The photo-absorption
2. The coherent scattering.

In photo-absorption, the energy of the incoming photon exceeds the ionization energy of the bound
electron. When the photon energy is not enough to ionize atoms, the most frequently occurring
process is a coherent scattering of the photon without energy loss [24]. Accordingly, the electron-
photon interactions model can describe the interaction of EUV radiation and soft X-ray with matter
through the concept of scattering cross-sections by multi-electron atoms as follows:

8m 81 —gsw?  1?

o) =5 If (@) = 5| x |24 o] L1
Where y is the damping factor due to the absorption, wg is the frequency of resonance of the atomic
transition and o is the frequency of the incident radiation. g5 is the parameter related to the
oscillatory strength of the electronic transition. The scattering cross-section refers to the effective
number of free electrons contributing to the scattering. The f°(w) is wavelength-dependent
complex scattering factor, which can be presented into its real and complex components as is given
in EUV and soft X-ray.

o w) = 2 (w) +ify (w) 12

where f;° and f;} correspond to the atomic scattering factors of an element, which are associated
with the reflection and absorption, respectively.
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Each material shows distinctive interaction with EUV radiation, and it can be described by the

concept of the complex optical constant or complex index of refraction (1) as:
n=n-—ik 1.3

where n and £, are the optical constants and these can be experimentally derived by applying
methods based on reflectance and transmittance measurements combined with an optimized
algorithm for fitting analysis.

n depends strongly on the frequency. The real part is called the refractive index (n), and k is known

as the extinction coefficient [25]. In the EUV, the complex refractive index 1 can also be described
in terms of the atomic scattering factors £ and £, as:

nare

n=n-—i f (w) 1.4

Where n, is the atomic density per unit volume, and A is the wavelength of the EUV radiation and
1, 1s the classical electron radius which is defined as:
ez 1
r,=——=282x10""m 1.5
41Ey MC2
Leading us to the following relationship between the real and imaginary parts of the scattering
factor with the optical constants:

nare

n= f1 (w) 1.6
and

nare

=1 (0) 1.7

In the EUV, the real part of the optical constants (#) is smaller than one compared to the visible
light. The absolute values of n and k decrease for higher energies, the complex index of refraction
of all materials approaches unity. The photons with energy near to the energy necessary to excite
an electron from its orbital lead to resonance at that precise energy. The effect of this resonance is

manifested themselves in the complex index of refraction (1), more significant at n (the real part
of the optical constant) since its dependence with the frequency is very acutely; therefore, the
optical constants change significantly near the absorption edges. If there is change in composition
of material, density of materials and slight variation in effective electron density, the near edge
optical response would vary drastically. In contrast with the other energy ranges of the
electromagnetic spectrum where resonances occur (between infrared and visible, between the
visible and the ultraviolet), the EUV results may be more complicated since the wavelengths are
on the same scale not only of the atomic dimensions but also of the size of the physical and
structural features of the materials. The nanoscale imperfections or nanoscale structural changes
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in films or coatings do not represent significant changes in the optical performance of the device
in the other ranges of light, while in the EUV their presence can change it completely [25].

1.4 Reflection and transmission at an interface.

The level of absorption of a material is included in the refractive index in the imaginary part of the
equation 1.3. The transmission of light through an absorbing medium, such as thin-film
transmittance filter (figure 1.3), with thickness y, assuming that the reflectance is negligible, is
determined by the Beer-Lambert law:

IT - Ioe_uX 1.8

Where [, and I is the radiation irradiance that enters and exits the medium, respectively. p
corresponds to the absorption coefficient, which is related to the extinction coefficient k through:

U=— 1.9
Here A is the wavelength of the radiation in vacuum.

Transmittance
filter

Figure 1.3: A schematic drawing of a thin film transmittance filter.

In an idealized interface, as in figure 1.4, we consider the interface between two semi-infinite
media, where the complex index of refraction of both regions is given as M and N;. The radiation,
with electric-field amplitude Ej, enters to the second media with an angle 0; with respect to the Z-

axis. The amplitude of the reflected and transmitted electric fields, E’i and Ej, respectively, are
given by the famous Fresnel equations.
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Figure 1.4: Description of an incident plane wave at the interface between two different materials.
[28].

For s polarization, that is perpendicular to the plane of incidence we will have:

|E| _ nicosdi—njcosf; _ - 110
|Eil  mjcosfi+njcos6; Y '
Bl _ _ 2micosb  _ s 1.11
|E;l  mjcosOi+njcosf; — Y '

In the case of p polarization, the Fresnel equations are given by:

|E{| _ nicos6j—n;cosf; _ . 12
|Ejl  mjcosfj+njcosd; U ’
Ej 2n;cos0;

£l _ L= ¢l 1.13
|E;| n;cosfj+njcoso; t

Where @ j is the angle of refraction, which is determined from Snell’s law; 7";j and €;; are the
Fresnel reflection and transmission coefficients.
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Let’s consider a multilayer structure, meaning a series of N layers with N+1 interfaces, where the
ith layer has thickness di, interfacial roughness or diffuseness Gi, and optical constants i, see
figure 1.5. For the general case, the ambient is the entering region with optical constants 1a, and

the last region is a substrate with optical constant 7. For our particular case, we are studying thin
films free-self-standing filters, so in that case, in the transmittance’s calculations presented in the

next chapters, s = Na was assumed. For the general case, under the mentioned conditions, the

net reflection (Ii) and transmission (ti) coefficients of the ith layer are given by:

z.B.
rij+rjesiPi
=t 1.14
1+rrje Pl
tijtjeziﬁi
= e 1.15
1+rrjesibt

Where S; = 2md;n;cos0;/A; The roughness or inter-diffusion between the interfaces can cause
losses in the specular reflectance, that losses are taken into account in the modified Fresnel
reflection coefficients r';;. The modified Fresnel reflection coefficients must be calculated from

the Fresnel reflection coefficients r;; multiplied by the Fourier transform of the interface profile
function which depends of the average value in the Z direction of the dielectric function.

n; nj
na EE—
Ienter
r.
. 0 a;
0;
—_—
Iexit
d; | 4
(ambient)

Figure 1.5: Plane-wave entering in a system of N layers and (N+1) interfaces, where the ith layer
has thickness d, interfacial roughness o; and optical constant n;
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The energy reflected from or transmitted through the film is measured by the reflectance R and
transmittance T, respectively, as is shown in equations 1.16 and 1.17.

R = |r|? 1.16
_ ngcosbs 2
T = Re {—nacosea} It] 1.17

1.5 High brilliance sources for EUV and soft X-ray radiation.

Sources based on synchrotron radiation (SR) such as free-electron lasers (FELs) are now widely
used in multiples scientific applications, they high energies photons are remarkable probes for
exploring the atomic and electronic structures of the materials.

A synchrotron is a particle accelerator that produces light with very high-intensity, ultra-bright
radiation. The synchrotron radiation is emitted by an electron traveling nearly speed of light when
its path is bent by a magnetic field when passing through different magnetic devices such as
undulators, wigglers, and bending magnets. The radiation is produced ten billion times brighter
than that supplied by conventional sources. The radiation can be emitted over a wide wavelength
range depending on the facility, going from the infrared to hard x-rays. Finally, the radiation
reaches the experimental stations (beamlines), where different analytical and processing
techniques are available.

On the other hand, FEL consists of an electron beam propagating through a periodic magnetic field
called a wiggler or undulator. In FELs, the SR light is used to feed an undulator to produce the
optical amplification. Depending on the facility, FELs can produce radiation with wavelength
ranging from the terahertz region until the hard X-ray region. Today such lasers are used for
research in materials science, chemical technology, biophysical science, medical applications,
surface studies, and solid-state physics. FELs are designed to produce very fast bunches of light
with extremely high peak brightness. The major advantage of FELs is that they produce coherent
light many orders of magnitude brighter than the incoherent light produced in synchrotrons, which
were used for the previous third generation of light sources [26].

One significant advantage of FELs is the free tunability of the wavelength by simply changing the
electron energy. The tunability range, depending on the facilities, can go from 100 to 0.1 nm; in
case of X-ray FELs from 10 to 0.1 nm [27, 28], but more than that, FELs light provides beneficial
properties like:

e Transverse and longitudinal coherence
e High peak power, tens to hundreds of GW
e Short pulse length, 1 to 100 fs
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In the EUV and x-ray range, FELs opens the door to the ultra-small and ultra-fast word. Some
application of FEL’s are:

The transverse coherence and the large number of photons make it possible to image
periodic and non-periodic structures at the nanometer and sub-nanometer scale.

The very high peak brilliance and a photon-pulse time structure in the femtosecond-time
regime, make it possible to perform coherent imaging experiments and studies of systems
out of equilibrium by using stroboscopic-based time-resolved spectroscopies [29, 30].

Using fast, single-shot imaging, one can follow the dynamics of these phenomena, and
overcome the limit set by sample damage.

Nonlinear phenomena and high energy density systems can be studied using the short
pulse duration and considerable peak power.

The X-ray FEL can be used to explore matter at the atomic-molecular scale with
unprecedented space-time resolution [28].

Furthermore, with the advances in seeded FELs, it is possible to study advanced systems as
“quantum materials” including 2D materials, unconventional superconductors, colossal
magnetoresistance compounds. Moreover, the full coherence of seeded FELs pulses opens the path
for studying the statistical properties of an X-ray beam after the interaction with matter, measuring
the properties of the coherent state of matter both in and out of equilibrium [30, 31].
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Chapter 2.

Thin-film transmittance filters: design

2.1 Choosing Materials.

The optical properties of any filter depend, of course, on the materials chosen to fabricate them;
The selection of the materials is made to comply with the requirements of the source. For our

research, these requirements are such:

Target wavelength range (Bandwidth): Our target spectral range for the fabrication of
the filters is between 4-20 nm. The filters could be suitable, as an example, for FEL-2 at
FERMI. As it was mentioned in section 1.1, FEL-2 works in that spectral range.

Exposure time to high energy and aging: High brilliance sources are unique because of
their high power and high peak intensity radiation. High-energy power sources could cause
damages and induce accelerated aging of the materials. The chosen materials have to
guarantee high mechanical and thermal stability to high power to ensure excellent
performance and a larger useful life period [14].

Mechanical stability: Since materials possess high absorption in the EUV spectral range,
the transmittance of the filters increases with the decrease of the thickness of the materials,
but with a small thickness the fragility of the material increases. So, the materials chosen
should be tough enough to ensure the mechanical stability of nanometric thin films, with
the correct thickness able to select suitable spectral bandwidth or reject harmonics.

Contamination due to oxidation and carbon growth: Filters are exposed to different
sources of contamination during their use. Contamination from air, water, carbon can
reduce the performance of the filters and it can contribute to the production of second
harmonics photons. Since Carbon and Oxygen K-edge are contained in the EUV and soft
x-ray range, the resonance of the respective atoms can occur. When soft X-ray pulses from
a free-electron laser enter the material, they excite inner-orbital electrons in the carbon
atoms; for carbon atoms making up a graphite interface, these excitations can produce a
photon with twice the energy of the incoming photons [32].

The chosen materials should be resistant to corrosion and not reactive when they are
exposed to those types of contaminants [10, 12]. Another option is adding a protective
coating to the filter.

In summary, the designed filters must guarantee the following: 1) The filter window will need to
provide the highest possible transmittance between 5 — 20 nm). 2) Reduce out-of-band radiation
in the ultraviolet, and hard x-ray. 3) Partially protect the optics from debris from the radiation
source and any outgassing from the materials; Outgassing from the filters must be minimal, and
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they must survive handling as well as pressure differentials during pump-down operation, and
return-to-atmospheric pressure. 4) EUV filters must operate in a harsh vacuum environment. 5) To
survive temperature increases due to the absorption of the out-of-band radiation while are
irradiated with high energy EUV light.

We proceed to simulate the transmittance performance of different materials in the targeted
wavelength range.

Simulations are done using an open-access software product called IMD package, developed by
Windt [33, 34]. IMD is a versatile software that allows, among other options, to model the layers
of your filters device and simulate their transmittance, reflection, and absorption response in the
desired wavelength range. Reflection and transmission of electromagnetic waves incident on an
interface of two media with different indices of refraction are described by the Fresnel equations,
shown in section 1.4. IMD calculates the Fresnel coefficients for each interface in a recursive
manner (the Parratt formalism), using the optical constants of the different elements located in
their database. These optical constants can be based on theoretical calculations or experimental
data added by different scientists over the years.

As we mentioned before, since materials have high absorption, finding materials that can fulfill all
the requirements to be applied at high-brilliance sources is quite challenging. Some materials such
as Beryllium and some rare earth elements are suggested to be good candidates for transmittance
filters in the spectral range of interest, but the toxicity of rare earth materials makes the fabrication
of such filters very difficult and dangerous.

In Figure 2.1 and Figure 2.2, we can appreciate the theoretical transmittance response of different
materials. The optimization parameter was the thickness of the layers. All simulated filters have
100 nm thickness.

Aluminum is one of the most used material for filters in the EUV, but its transmittance in the out-
band region is not acceptable. Boron Carbide (B4C) and Ytterbium (Y) are very promising
materials, but again, they are not a good fit for the desired wavelength target. We realized that Zr
and Nb are the best candidates for the fabrication of such filters. Zr has a higher transmittance
response, in the targeted wavelength range, but Nb is more robust and more thermally stable. Using
the evaluation of the transmittance performance together with the mechanical strength of the
materials, the possibility of fabrication in the available facilities for the project, the toxicity-free
of the elements, Zr and Nb were selected as chosen materials for the fabrication. Moreover, instead
of going for single layer transmittance filters, we decided to fabricate bilayer structures, combining
Zr and Nb in order to enhance their best properties and obtain filters with excellent transmittance,
good mechanical strength, and thermal stability.
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Figure 0.1: IMD simulations of transmittance of filters of different materials, from 2 to 50 nm
spectral range. The total thickness of each filter is 100 nm.

In figure 2.2 is shown the comparison of the transmittance response of the bilayer structures Zr/Nb
and Nb/Zr in contrast with other single layer filters. Single-layer filters of Zr and Nb will also be
studied in order to understand better the optical and mechanical performance of the bilayer
structures filters.

For the fabrication of the filters, we have used Si3sNs membranes as substrates, which provides
extra mechanical support to the samples during fabrication process. In figure 2.3, a schematic
diagram of the structural design of the filters is presented. We have shown the bilayer structures
formed by Nb/Zr and Zr/ Nb and the single layer of Nb and Zr on Si3Ny, the detailed fabrication
steps will be presented in the next chapter.
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Figure 2.2: IMD simulations of transmittance performances for a total thickness of 100 nm filters
of different materials, some single layer, and some bilayer filters, from 2 to 45 nm spectral range.
Bilayer structures of Nb/Zr and Zr/Nb are shown.

Substrate Silicon Nitride

Metal deposition on

top of substrate
Nb Zr
Zr/Nb Nb/zZr

Figure 0.3: The structural design of the samples. Four types of samples were prepared. Single-
layer of Nb and Zr and bilayer structures Zr/Nb and Nb/Zr.
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2.2 Niobium and Zirconium.

Zr and Nb are transition metals with atomic numbers 40 and 41 respectively. They have a higher
melting point and better thermal stability than other materials like Palladium or Tin, also used for
thin-film filters [10, 13, 35]. Nb is also a refractory metal, refractory metals are known because of
their extreme resistance to heat and wear. Those properties are necessary because of the high
temperatures that filters can reach when they are irradiated by FEL light.

Zirconium has silver-gray color, very strong but malleable, ductile, and easily forms stable
compounds. It is flammable in powder form, and highly resistant to corrosion and heat but oxidizes
very fast in contact with air. The most common oxidation state in the thin film is ZrO».

Niobium is crystalline and very ductile. Pure Niobium has a hardness like the pure titanium.
Niobium oxidizes in the earth's atmosphere very slowly. Niobium has high thermal conductivity,
high melting point, good corrosion resistance, low neutron capture cross-section, and good
biological compatibility. The most common oxides formed in thin films is Nb>Os [36, 37].

Both, Zr and Nb, are suited for e-beam deposition and sputtering techniques and they are two of
the few materials with proper optical, chemical, and mechanical properties for being an option for
transmittance filters in the range 4-20 nm wavelength.

Principal chemical properties of Nb and Zr are listed in table 2.1.

Table 2.1: Principal properties of Zr and Nb. [36, 37, 38].

Zrx Nb
Group 4 5
Period 5 5
Block
Atomic number 40 41
State at 20°C Solid Solid

Electron configuration

[Kr] 4d25s2

[Kr] 4d*5s!

1854°C, 3369°F, 2127 K

Melting point 2477°C, 4491°F, 2750 K
Boiling point 4406°C, 7963°F, 4679 K 4741°C, 8566°F, 5014 K
Density (g cm—3) 6.52 8.57
Relative atomic mass 91.224 92.906
Key isotopes 90Zr, 92Zr, 94Zr 93Nb
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2.3 Nband Zr, transmittance filters background.

Single foils of Zr and Nb are being used as transmittance filters and have been tested in different
wavelength ranges, for applications of extreme ultraviolet high-volume lithography
instrumentation and in FELs [12, 16, 17, 22-25, 33], but Zr/Nb (Zr top layer) or Nb/Zr (Nb top
layer) bilayer structures have not been tested yet for any of these applications.

In 2001 Forbes R. Powel and Terry A. Johnson presented Zr films of around 100 nm supported by
a Ni mesh reporting 48% of transmittance at 13.4 nm, used as filter windows for lithography
application [14].

In 2007 V.P. Belik et al. showed some results for 100 nm Nb and Zr filters supported by SizN4
membranes with a transmittance peak of 30% around 13 nm. They also presented a 240 nm thick
Nb/Si multilayer (6 nm Nb, 6 nm Si; 20 pairs), supported by a gold mesh with 18% of transmittance
near 11 nm and approximately 45% around 13 nm, as a filter for nanolithography [22].

Furthermore, Wu Heyun, also in 2007 presented self-supporting Zr filters, for soft x-ray laser
applications, but with higher thicknesses 300, 400, and 500 nm; the thinnest one, shows the
highest, 35% peak transmittance around 13.5 nm [20]. In 2011 Yonggan Wu et al. presented Zr
filters supported by a Polyamide film with 10.5% transmittance around 13 nm and 14% around 11
nm, looking for filter materials for soft x-ray [23].

In addition, in 2011, N.I. Sckhalo et al., fabricated different multilayers structures based on
Mo/Z1Si> combinations, with a transmittance peak of around 72% near 13 nm, but very low
transmittance for the range between 5-10 nm [21]. In 2012, S. Brose et al. achieved free-standing
Nb filters tested at 11 nm with 48% of transmittance [15]. In 2015, C. Tarrio fabricated Zr filters
of 250 nm supported by Cu mesh, pursuing a better mechanical structure; These filters have a
maximum peak transmittance of 48% [10].
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Experimental, part 1: Filters fabrication.

The following chapter covers in detail the fabrication of the samples. The sample fabrication
procedure was not the same for all experiments. Hence first a typical process is introduced, then
deviations from this process for individual experiments are explained.

The fabrication procedure is shown in the following schematic diagram, figure 3.1.

Si;N, membrane
window with Si frame

1
Metal thin film deposition
by magnetron sputtering

2 or e-beam techniques
High viscosity polymer

3 forming legs on top of
the sample.
RIE Exposure:

2 CHF; and O, gas mixture
Self standing filter

5

Figure 3.1: Schematic diagram of the simplified fabrication process of the free self-standing
filters.

Using a Si3Ns membrane as substrate (step 1), we proceed with the deposition of the metal layers
on top of the substrate by magnetron sputtering (step 2) or E-beam evaporation technique. Four
polymer dots are deposited with a small needle to protect the front of the top layer of the filter
since the filter must be turned over in other to proceed with the RIE process in the backside of the
sample (step 3). To obtain a free self-standing filter, the Si3N4 substrate must be etched. Reactive
ion etching (RIE) (step 4) has been applied on the membrane backside in order to open a window
in the silicon nitride. In the following we will describe in detail step by step the fabrication process.
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3.1 Step 1. The Substrate.

Silicon nitride (Si3N4) membranes from Silson Ltd, Company specialized in the fabrication on this
kind of membranes, were used as a substrate for the fabrication of several Zr, Nb, Nb/Zr and Zr/Nb
thin films filters with different thicknesses. The substrate area has a square Si3N4 membrane
window of 3 mm X 3 mm surrounded by a silicon frame, for a total area of 7.5 mm X 7.5 mm. The
Si3N4 membrane window is about 100 nm thick while the silicon frame is about 200 pm.

Since membranes windows are very fragile, we designed custom-made holders that were used to
handle the samples during both the metal deposition and the characterization procedures. Holders
were fabricated of aluminum (body part) and bronze (clamps). The design of the holder is
presented in figure 3.2.

Membranes were bought in packages of 50 membranes. AFM not-contact images of one
membrane have been taken to analyze the topography of the filter substrate; Figure 3.3 shows an
AFM image of one of the membranes measured and the histograms analyzed to obtain the
roughness results. Different areas of the membrane were scanned; the roughness on the membrane
was about 1.2 +/- 0.2 nm.

R —2 &/
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Figure 3.2: Custom-made aluminum holder with adjustable bronze clamps. It has two extra screw
holes, so the holder can be assembled with a specific sample holder adapted for synchrotron
measurements.

35




Experimental, part 1: Filters fabrication.

Regon Hatogram: Green

2500

2000

_ 1500
a

1000

500

nm

Region Histogram: Blue

2000

1600
= 1200
a
800
400

Region Min{nm) Max(nm) Mid(nm) Mean(nm) Ra(nm) Rz(nm) Rsk Rku Thickness = 107 nm
¥ Red 3.241 12.662 4711 -0.002 1448 15365 -1.813  7.086 RI @ 632 nm = 2.097
M Green -3.057 12.797 4.870 -0.041 1453 15161 -1526 5943  Roughness= 1.2+/-0.2
M Blue -3.064 11.027 3.982 -0.058 1.435 13643 1538 5486 nm

Figure 3.3: Top: an optical microscope image of a Si;N4s membrane used as a substrate for the
fabrication of the filter samples. Bottom: AFM image and roughness measurement on the
membrane. The histograms of the three chosen areas (colored squares) to be analyzed are shown.

3.2 Step 2. Metal deposition of the thin film layers.

Of the many methods that can be applied for the deposition of metal materials, magnetron
sputtering, and electron beam evaporation are the most widely used. These two methods are the
ones we have used to fabricate the samples utilized in different experiments.

= Magnetron RF sputtering technique was used to fabricate all the examples of experiment 1
(described in chapter 5).
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» E beam evaporation technique was used for the fabrication of the rest of the samples,
samples utilized in the TEM structural characterization (chapter 6) and experiment 2
(chapter 7).

Further discussion and description of these two methods are provided in the subsequent sections.

3.2.1 RF Magnetron Sputtering deposition technique.

Magnetron sputtering is a Physical Vapor Deposition (PVD) process, it is one of the most versatile
techniques used for the deposition of metallic films when high-quality films are required. The
principle of this technique is shown in figure 3.4, left. Substrates are placed in a vacuum chamber
facing the target, which is composed of the material to be deposited. The metallic target is set on
a magnetron in an inert gaseous atmosphere. The magnetron generates plasma at the surface of the
target, the gas ions present in the discharge knock off the target material with sufficient force to
dislodge and eject atoms from the target which consequently will condense on the substrate that is
placed in proximity to the magnetron sputtering cathode (where the substrate is placed). The
plasma is generated in an argon atmosphere at pressures typically between 1 and 10 mTorr. By
controlling the argon flow, power, deposition time, and substrate temperature, the film thickness
and deposition rate can be tailored. This technique allows for a wide range of film thicknesses
from tens of nanometers to a few micrometers.

hrtz micro-

hnce . \ 20 mrc1 Ar
o o :

ﬁm

Magnetron sources

pump

Figure 3.4: Left: A schematic diagram of a magnetron RF sputtering. On the right: magnetron RF
sputtering used for the deposition of the samples at the Department of Molecular Sciences and
Nano-systems, Ca’ Foscari University of Venice, Italy.
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Magnetron sputtering process produces films with high purity, well-controlled composition, and
provides films with better adhesion and homogeneity and permits good control of film thickness
[39-42].

3.2.2 Magnetron sputtering set-up and deposition process.

A set of samples were fabricated using magnetron sputtering evaporation technique at the
Sputtering Lab of the Department of Molecular Sciences and Nano-systems, Ca’ Foscari
University of Venice, Italy. A picture of the set-up is shown in Figure 3.4, right. Sputter depositions
were performed in a custom-built radiofrequency (RF) magnetron sputtering system (13.56 MHz),
equipped with three independent circulars (2-inch in diameter), water-cooled, planar magnetron
sources, and an rf-biased sample holder. The cylindrical process chamber (equipped with a load-
lock system) has both the diameter and the height equal to 60 cm; it is evacuated by the concurrent
action of a turbomolecular pump and a cryogenic one. Throttle valves are placed between the
pumps and the chamber to control the pumping speed. The base pressure in the chamber was in
the range 1-10 x 10> Pa. Depositions were performed using pure Ar (99.9995%) at a total working
pressure around 50 x 1072 Pa. The working pressure was maintained by the cryogenic pump; during
the deposition, an additional and masked magnetron sputtering DC source (loaded with a pure Ti
target) was also working to decrease the partial pressure of residual reactive gases, mainly oxygen,
present in the vacuum chamber. The targets used on the two independent rf-sources were 2-inch
diameter Nb (99.95%) and Zr (99.5%) metallic disks, Y-inch thick each. The lower purity of Zr
target is mainly due to the well-known difficulty to produce Hf-free zirconium: the presence of Hf
atoms in all the Zr-deposited films was confirmed by Rutherford backscattering spectrometry
(RBS), showing in all films a Hf/Zr ratio of about 1%. The rf-power applied to the targets was 30
W, for deposition time ranging from 85 to 350 min. The two sources were both operated in an
unbalanced-magnetron configuration. Film deposition was performed at room temperature in an
off-axis configuration; the 4 inches diameter substrate holder, rotating at 10 rpm, was placed above
the sources. At first, sources were conditioned for 20 min at the operating conditions to remove
residual surface contaminations on the targets. For both sources, the deposition rate was about 30
nm/h. Twelve depositions were performed, three for each kind of composition: Zr, Nb, Nb/Zr, and
Zr/Nb considering two different thicknesses for each layer; several samples were deposited at the
same time, for a total of 30 samples analyzed.

3.2.3 E-beam evaporation technique.

Electron beam evaporation (E-beam) is a Physical Vapor Deposition (PVD) technique. The E-
beam machine consists of two main sections: an electron source (electron gun) and the deposition
chamber. The high-vacuum EB deposition system has a main chamber pumped using an ion pump
and a Ti sublimation pump, and a load-lock chamber pumped using a turbopump and a rotary
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pump. The background pressure of the main chamber was 4 x 10~ Pa with the use of a liquid N2
shroud.

The deposition rate and the thickness of the layer can be controlled using a quartz crystal- thickness
controller. In this technique, an intense electron beam is generated from a charged tungsten
filament and steered via electric and magnetic fields to strike source material at the crucible and
vaporize it within a vacuum environment. At some point as the source material is heated via this
energy transfer, it's surface atoms will have enough energy to leave the surface [42, 43]. Atoms
will traverse the vacuum chamber at thermal energy (less than 1 eV) and will be deposited at the
substrate positioned above the evaporating material. The average working distances are 300 mm
to 1000 mm. The deposition geometry mainly influences the final film, uniformity []. A schematic
drawing of an E-beam evaporator is shown in figure 3.5, Left.

] Vacuum chamber
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Figure 3.5: Left, a schematic diagram of an Electron Beam evaporation device, image is taken
from https://www.jeol.co.jp/en/science/eb.html. On the right, E-beam evaporator Balzers (Pfeiffer)
PLS 500, used for the deposition of the samples. The device is located at the Helmholtz Nano
Facility (HNF), Forschungszentrum Juelich, Germany.

The differences between these two types of deposition techniques are summarized in table 3.1.
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Table 3.1: The main differences between a sputter deposition system and E-beam evaporation
system [42-45].

Parameters Sputtering Evaporation
Vacuum Low High
L t fi tal 1 | High(upt A
Deposition rate ow (except for pure metals and dua igh (up 97150,000
magnetron) min )
Adhesion High Low
. 1L, bsorbed int
Absorption High essa ts;g glmgas e
D ited i .
Cposited spectes High (1-100 eV) Low (~0.1-0.5 eV)
energy
Homogeneous film More Less
Grain size Smaller Bigger
Atomized particles More Dispersed Highly directional

3.2.4 E-Beam evaporation set-up and deposition process.

Two sets of samples were successfully fabricated by using e-beam evaporation instrument: high
vacuum Balzers (Pfeiffer) PLS 500 at the cleanroom of the Helmholtz Nano Facility (HNF),
Forschungszentrum Juelich, Germany. A picture of the set-up is shown in Figure 3.5 right.

Nb and Zr layers were deposited without heating the substrate in this experiment. Nb pellets of 10
mm with the purity of 99.9% and Zr pellets of 8 mm with the purity of 99.2% were used for the
evaporation of this set of samples. The deposition rate of Nb and Zr was 0.3 nm/s. The pressure
during evaporation was kept on the order of ~10~7 Pa. The machine was working at 25% of
maximum power, the high output voltage was 9.99 kV and current at the source was of 174 mA.

At first, different sets of membranes were deposited with Zr and Nb (single layer and bilayers) to
try out the etching procedure until we reached the perfect parameter for the correct etching of the
samples. Finally:

* One set of six samples was used for XRD and TEM structural study; these samples were
not etched.

» One set of six samples was used for experiment 2, Study of EUV radiation damage on free
self-standing Nb, Zr, Nb/Zr, and Zr/Nb thin-film filters, described in chapter 7.

A comparison between the samples deposited using magnetron sputtering versus samples
deposited using e-beam is shown in figure 3.6. The mechanical properties of the filters are
influenced by the deposition conditions such as deposition rate and vacuum level during
deposition; samples presented a different kind of stress on the surfaces depending on what type of
deposition technique was used.
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Different from the samples deposited using Magnetron sputtering technique, Zr, Nb, Nb/Zr, Zr/Nb,
and Nb/Zr/Nb samples, of about of 100 nm total thickness on Si3N4 membrane substrate, deposited
with E-beam resulted with flat and smooth surfaces. It seems that the ultra-high vacuum e-beam
evaporation offers better conditions for the deposition of the materials resulting in filters that are

more mechanically stable.

Magnetron sputtering deposition E-beam deposition

|
et & S

Figure 3.6: Samples deposited using magnetron sputtering versus samples deposited using e-
beam. All samples deposited with e-beam show flat and smooth surfaces while only Nb and Nb/Zr
samples deposited using magnetron sputtering are smooth, Zr and Zr/Nb show wrinkled surfaces.

3.3 Step 3. Placement of polymer “legs.”

High viscosity polymer dots were placed in the four corners of the top layer of the sample to avoid
that the surface of the sample gets damage during the RIE process, see figure 3.7. The polymer
legs prevent the contact of the top layer with the RIE cathode plate of the chamber. For the RIE
process samples must be turned over with the backside facing up, so it can be hit by the plasma of
a mixture of gases to etch the membrane. PMMA AR-P was used to form the polymer “legs.” The
polymer dots were placed with the help of a rounded needle.
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e

Figure 3.7: In the left top image, the four polymer dots can be appreciated, the three other images
are optical microscopy images of the samples showing each one a corner with the polymer dots.

3.4 Step 4. Etching the membrane.

In a reactive ion etcher, the samples are placed on a cathode which is capacitively coupled to a
radio-frequency generator, while the anode is grounded. Free electrons, which are accelerated with
an electric field collide with the gas molecules, ionize them and initiate a plasma of a mixture of
gases. lons and reactive neutral radicals start to bombard the surface almost at normal direction
and etch the exposed part of the surface.

In the first experiment, for the samples fabricated using magnetron sputtering technique, the
etching procedure to free the thin metal films from the silicon nitride membrane substrate was
performed at the Institute for Photonics and Nanotechnologies (CNR - IFN) in Rome, Italy, while
for the samples used in the rest of the experiments (samples fabricated using e-beam evaporation
techniques) the RIE process was performed at the cleanroom of Helmholtz Nano Facility (HNF),
Forschungszentrum Juelich, Germany, using as a reactive ion etcher an Oxford Plasmalab 100
Cluster Tool.

42



Experimental, part 1: Filters fabrication.

The sample has been inserted into the RIE chamber with the backside upward in order to better
expose the membrane to the etching plasma, protecting the front side in order not to damage or
contaminate the surface of the film. Using the following recipe: 50 sccm CHF3; 10 sccm O2; RF
power: 175 W; Pressure: 55 mTorr; V bias: 250V; time: 2° 50°’; few tryouts with different samples
were performed to adjust the exposure time of the sample to the reactive action of the mixture. In
figure 3.8, some broken samples after the etching process are shown and also the difference
between a no-etched, a partially etched, and a completely etched filter can be appreciated. Even
though in the figure, the etched sample shows compressive stress and wrinkled surface, it is worth
mentioning that not all the samples share this behavior. Depending on the type of evaporation
process and the order in which the materials were deposited, samples can have a completely flat
surface after the etching process as we will show in chapter 7.

No-etched membrane Sample etched, incomplete Sample etched, membrane
membrane detachment, adjusting completely removed
exposure time needed

Figure 3.8: Top: Broken samples after RIE procedure, samples look completely etched. Bottom:
Difference between a membrane that is not etched, a partially etched membrane, and a completely
etched membrane.
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Chapter 4.

Experimental. Part 2: Characterization Methods.

In this chapter the different characterization methods used on the samples are presented together
with the description of the instruments used and the physics principles that explain how each
instrument or measurement technique works. The characterization methods are mainly divided
into three parts: the mechanical, structural, and optical transmittance characterization.

The characterization includes the determination of the thickness, determination of the crystal
structure when applied, chemical composition, and optical characterization (transmittance).
Methods used to do such characterization are presented in the following sections.

4.1 Atomic Force Microscopy.

Atomic Force Microscopy (AFM) was used to scan the surface of the first set of samples, used in
experiment 1. When scanning the surface of the sample, an image is obtained, this image is used
to derive the surface morphology — this way, the smoothness of the surface could be determined.

In AFM an oscillating cantilever with a very narrow tip passes at a very short distance over the
surface. The force between the tip and the surface acting on the cantilever is measured by the tilt
of a laser beam focused on the cantilever. Typically, a feedback loop of the z piezo in the
instrument keeps the cantilever amplitude of oscillation constant throughout the image by keeping
the tip at a constant distance to the surface [46]; If the distance between the tip and the surface
varies, like in the case of roughness, the oscillations behavior of the tip changes due to the increase
of the Van-Der Waals interactions, forces, then the height positions of the cantilever are used to
build the AFM image and hence a height profile of the surface. The roughness value can be
calculated from either a cross-sectional profile (line) or a surface (area). The most common
roughness parameters rely on the calculation of the vertical deviation from a mean line or plane.
For this reason, only instruments that provide a quantitative measure of z can provide the proper
data to obtain the roughness.

The surface roughness of the samples was measured in air by atomic force microscopy (AFM)
using a Park System 70 XE-series AFM in non-contact mode at CNR- Institute for Photonics and
Nanotechnologies IFN (CNR-IFN) Padova, Italy. The scanned area was 5x5 pm?. The root-mean-
square (RMS) and average surface roughness (Ra) were determined by using XEI data analysis
software (Park Systems Corp). Measurements were taken for the substrate and the deposited
samples. The silicon nitride membranes used as substrates always show roughness values less than
1.6 nm.
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4.2 Rutherford backscattering spectrometry for thickness determination.

An additional 1 x 2 cm? flat piece of SiO2 (1 mm thick) was mounted on the sample holder, as a
witness sample, to be deposited together with the filter’s substrates using magnetron sputtering.
The witness sample was used to measure the thickness and composition of the deposited films by
Rutherford backscattering spectrometry (RBS). As an alternative method to confirm RBS
thickness results a portion of the Si substrates of the filters was masked during film deposition;
The height difference between the masked and the no-masked portions of the Si frame was used
to estimate the thickness of the deposited layers by measuring the step edge height with a contact
profiler. The deposition rate derived by profilometer measurements was subsequently compared
with the RBS data.

During RBS He+ ions scattered by the material are detected to determine its elemental composition
and distribution. Incident He+ ions collide with target atoms in the sample and transfer energy to
them due to Coulomb scattering. In these elastic collisions, the principles of conservation of energy
and impulse are valid, and the energy of the scattered He+ ion Ey is entirely determined by the
masses of the He+ Muy, the mass of the target atom Mr, the scattering angle 6 and the energy of
the incident He+ Eo according to the following relation [47]:

1 2
(Mf—MFsin?9) /ZMHCOSH

Mr+My

4.1

EH=E0

The higher the mass of the target atom Mr, the higher is the measured energy of the scattered He+
ion Eq for a fixed scattering angle 0, and thus different atomic elements can be differentiated in
the RBS spectra. If the incident He+ ion penetrates deeper into the target material, it does not only
lose energy due to Coulomb scattering at a specific target atom but it also loses smaller energy
amounts due to the small scattering angle [48]. Hence, target atoms that are deeper into the material
result in a stronger reduction of the energy in the measured spectrum than target atoms of the same
element at the surface. This characteristic offers the possibility to determine the thickness of a
specific layer by RBS. The measured data were analyzed deploying the software RUMP [48, 49].

4.3 X-ray Diffraction (XRD).

Thin films deposited by sputtering built of small grains can be crystalline or amorphous. The size,
shape, and stacking of the grains are part of the film morphology. X-ray diffraction (XRD) was
used to determine if the film is amorphous or polycrystalline.

If the sample is a crystal, x-rays are diffracted only in directions satisfying the Bragg condition:
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2dsin@ = nAi 4.2

Where d is the distance between crystal planes, 20 the Bragg angle, n is an integer and A the
wavelength of the monochromatic x-rays. The position of the peaks depends on the crystal
symmetry, and the size of the elementary cell of the lattice since each crystal has a different lattice,
the element, and its crystal structure can be determined. Crystalline phases present in a sample can
be identified on the base of x-ray diffraction curves in standard databases [50, 51]. On another
hand, because in XRD only the scattered X-ray intensity is measured and information about the
phase is missing, modeling is usually required to fit the measured intensity, and then by an indirect
method, the structures of samples could be obtained. The problem with modeling is that fits are
not unique. The analysis becomes more difficult in the case of multilayer, where XRD peaks can
be low due to the unavoidable diffusions and formations of alloys, thickness fluctuations, and other
artifacts.

For this research work, XRD measurements were accomplished using a high-resolution Bruker D8
diffractometer, Cu_K alpha = 0.15406 nm, figure 4.1, employing a scintillator detector with a
mechanical slit of 3 mm. The equipment is located in Peter Gruenberg Institute-9 facilities at the
Forschungszentrum Jiilich. The scans were carried out in a range from 2Theta = 3° — 140° with an
angular resolution of 0.1°. Each data point was measured for 10 s.

Figure 4.1: The XRD instrument used for measurements, located at PGI 9 Institute,
Forschungszentrum Juelich, Germany.

4.4 SEM, TEM, HRTEM, STEM, and EDX.

Scanning electron microscopy (SEM) was also applied to investigate the properties of the free-
standing sample. The measurements were performed at the imaging facilities of HNF Jiilich, using
an FE-SEM ZEISS SIGMA 300 (field emission-scanning electron microscope), at the accelerating
voltage of 20 kV.
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Transmission electron microscopy (TEM) is an imaging technique that uses electrons passing
through a thin (preferably less than 100 nm) specimen. It provides information on the atomic
arrangement of atoms due to its high spatial resolution (down to few angstroms not achievable
standard microscopes). Therefore, the crystal structure of crystalline materials may be accessed
directly from atomically resolved TEM images. Due to the small de Broglie wavelength of
electrons, resolutions below 0.5 A can be achieved [52, 53]. At lower magnifications, TEM image
contrast is caused by differences in composition, density, or thickness of the material. Therefore,
macroscopic strain effect can be observed. At higher magnifications, fine details as small as single
columns of atoms can be resolved. TEM is usually coupled with EDX spectroscopes (Energy-
dispersive X-ray spectroscopy) in order to provide elemental analysis of specimens with much
higher resolution than EDX in SEM.

Before imaging the sample for TEM, the specimens were prepared using the focused-ion-beam
(FIB) based method: a small area of the sample is coated with Pt, and a beam of Ga ions cuts a
thin sample section, called “lamella™ [54]. After separation from the initial sample, the obtained
specimen can be further thinned and studied with TEM. In this way, the thickness of a film can be
determined.

Figure 4.2: FEI TEM TECNAI instrument, ER-C 1 Institute at Forschungszentrum Juelich.

Animage in TEM is formed either by using only the central spot or some of the scattered electrons.
An aperture into the back focal plane of the objective lens is used to block out selectively part of
the diffracted electrons, choosing the way to form the image. A unique mechanism inside the TEM
is that the user can drive the desired aperture so that either the direct electrons or some scattered
electrons are imaged. If the direct beam is selected, the resulting image is called a bright-field (BF)
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image; and if the scattered electrons of any form are selected, it is called a dark-field (DF) image.
The difference between these two modes is that the image contrast is inverted in the relation of
one to another. It happens due to the mechanism of image formation in each case. Since BF images
are formed by weakening the direct beam upon interaction with the sample, the correspondent
mass-thickness contrast takes place. The areas in the sample that contain heavier elements appear
darker. For DF images, the diffracted beams are the main contributor to the image formation; thus,
it provides information about the crystal lattice such as imperfections and a more reliable
composition contrast. When the contrast is formed by the phase differences of the electron wave,
then it is called a phase-contrast, happening when a large objective aperture is selected, allowing a
more extensive number of electrons with different phases to go through and form a high-resolution
image (HRTEM). A typical HRTEM micrograph contains information about the orientation of
atoms and spacing between them through the lattice fringes. In addition, a Fast Fourier Transform
(FFT) can be applied to a selected portion of an HRTEM image to generate a diffraction-type
pattern and to determine the crystalline structure of the deposited film.

STEM is similar to TEM. While in TEM parallel electron beams are directed perpendicular to the
sample plane, in STEM the beam is focused at a large angle and converging into a focal point. The
transmitted signal is collected as a function of the beam location as it is rastered across the sample
[55].

There are multiple detectors for STEM imaging:

1. BF (bright-field) detector: small angles (<0-10 mrad). If a small detector is placed on axis, this
records the bright-field intensity and yields images similar to BF TEM.

2. ADF (annular dark-field) detector: larger angles (10-50 mrad). A ring detector that integrates
the intensity scattered sideways over a larger angular range. The ADF intensity doesn’t include
a single diffraction spot but an azimuthal integral over all diffraction spots and diffusely
scattered intensity of the same distance from the optic axis, suppressing the diffraction contrast.

3. HAADF (high-angle annular dark-field) detector: Angles > 50mrad. It is used in the case of
very short camera lengths, where the range of collection angles can become very large and
comprise intensity scattered further out than any diffraction disk is visible. Using HAADF the
total scattered intensity is then given by summation over the range of collection angles and
over all atoms in the sample [55, 56].

The structural analysis of the samples in this work was accomplished in cooperation with the Ernst
Ruska-Centre at the Forschungszentrum Juelich, GmbH. Samples were prepared Using FEI Helios
Nanolab, and TEM images were performed using FEI Titan Tecnai G2 F20, Figure 4.2.

The FEI Helios NanoLab400S FIB-SEM is one of the world's most advanced DualBeam™ focused
ion beam (FIB) platforms for transmission electron microscopy (TEM) sample preparation,
scanning electron microscopy (SEM) imaging and analysis in semiconductor failure analysis,
process development, and process control. The FEI Helios NanoLab400S FIB-SEM combines an
Elstar™ electron column for high-resolution and high-contrast imaging with a high-performance
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Sidewinder™ ion column for fast and precise cross-sectioning. The FEI Helios NanoLab ™ 4008 is
optimized for high throughput high-resolution S/TEM sample preparation, SEM imaging, and
energy dispersive X-ray analysis. Its exclusive FlipStage™ and in situ STEM detector can flip
from sample preparation to STEM imaging in seconds without breaking vacuum or exposing the
sample to the environment. Platinum gas chemistry is the preferred metal deposition when a high
deposition rate and precision of the evaporation are required [57].

The FEI Titan Tecnai G2 F20 is a versatile transmission electron microscope that is equipped with
a Gatan Tridiem 863P post-column image filter (GIF) and a high angle energy dispersive X-ray
(EDX) detector. This set up allows for a variety of experiments such as conventional imaging and
diffraction, recording of bright- and dark-field scanning transmission electron microscopy (STEM)
images, or acquiring elemental maps extracted from energy electron loss spectra (EELS) or EDX
signals [58].

4.5 X-ray photoelectron spectroscopy (XPS).

Photoelectron spectroscopy is based on the measurement of the energy of electrons emitted from
a surface bombarded by a beam of x-rays [59]. Each atom has its signature. One of the essential
capabilities of XPS is its ability to measure shifts in the binding energy of core electrons resulting
from a change in the chemical environment of the emitting atom. In this way, the degree(s) of
oxidation of each atomic species can be measured. The penetration depth of this chemical analysis
is only a few nanometers (typically 25 A in-depth to a maximum of 80 A). Thus, surface
contamination and surface oxidation have a significant influence on the results, and samples must
be carefully prepared to obtain valuable information.

XPS measurements were performed on the sample by using the Phi5000 VersaProbe II, ULVAC-
Phi Inc., USA. The instrument is operated at Al K-alpha, with a monochromatic source of 1.486
keV. The measurements were carried on three 200um size spots, with 187.5 eV pass energy, 0.8
eV step, and 100ms/step. The results are presented with quantification in atomic percentage (at%)
and 15% relative error, normalized to 100 at%, with a Shirley background and empirical relative
sensitivity factors. The instrument is located at the Central Institute for Engineering, Electronics,
and Analytics (ZEA-3) at Forschungszentrum Juelich.

4.6 Optical Characterization.
4.6.1 Transmittance measurements using a gas puff target EUV source.

The EUV source is based on the double-stream gas puff target approach [60]. The targets are
formed by pulsed injection of high-Z gas (xenon, krypton, argon) into a hollow stream of low-Z
gas (helium, hydrogen) using the valve system composed of two electromagnetic valves mounted
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in a standard body and equipped with the double-nozzle setup. The outer stream of gas confines
the inner flow improving the gas pufftarget characteristics (higher density of high-Z gas at a longer
distance from the nozzle output). A strong EUV production from the double-stream xenon/helium
gas puff target irradiated with nanosecond laser pulses from an Nd:YAG laser, exceeding
production from solid targets irradiated in the same conditions, has been demonstrated [61].

Transmittance measurements of the filters were carried on at the Institute of Optoelectronics,
Military University of Technology (MTU); Warsaw, Poland. The described EUV light source
consists of a laser-plasma based on a double-stream Xe/He gas-puff target combined with a
transmission grating spectrograph coupled to a CCD camera.

High Z-gas
1
; (Xe)
Low Z-gas i
(He) — . focusing lens
! f=25 mm
1

- . S -+
.
1
| J[ {k
Outer nozzle

Inner nozzle
® 0.4 mm ® =07 -1.5 mm

Figure 4.3: Schematic diagram of the production of EUV plasma in a gas puff target setup.

The experimental setup has three major components: a laser system, an interaction chamber with
the electromagnetic valve to form a gas puff target, and soft X-ray measurement instruments. The
laser system consists of a commercial Nd: Y AG laser Continuum YG 682. Initially producing 10 ns
FWHM pulses with energy up to 0.430 J. The soft X-ray emission spectra from laser-produced gas
puff plasmas in the 1 — 22 nm wavelength range have been measured with the use of a transmission
grating spectrometer TGS. The TGS consist of 5000 I/mm, 200 nm period + 32 um entrance slit,
to measure the spectra in the 5 — 22 nm wavelength range. The transmission grating was placed at
460 mm from the plasma.
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All the spectra were recorded with a back-illuminated CCD camera Greateyes GE 2048 2948 BI

placed at 90 mm from the transmission grating. Measurements were taken using the following
parameters: 50 shots. 10 sec, 5 Hz.

Greateyes, CCD
2052x2046, 13x13um camera
pixel
90mm
Grating: 5000 I/mm,
Grating 200nm period, gold
4mm
= Slit : 30 microns
8 wide, 4-5 mm
£ long.
&
136mm
200mm
Source
plasma

Figure 4.4: Schematic diagram of the set up for doing transmittance measurements using a gas
puff target source.

Figure 4.5: Pictures of the setup for transmittance measurements located at the Institute of
Optoelectronics, Military University of Technology; Warsaw, Poland. The left image shows the
complete setup, The vacuum chamber connected through a metal tub with the grating and CCD

camera. The laser is located behind the chamber in a glass box. The right image shows the vacuum
chamber. The rotary holder with the samples can be appreciated.

51



Experimental. Part 2: Characterization Methods.

The vacuum chamber was equipped with a rotary holder with eight apertures, allowing us to
measure seven samples without the necessity of breaking the vacuum. The last hole is reserved for
measuring the direct light. A schematic drawing of the setup is shown in Figure 4.4 and a picture
of the setup used is shown in figure 4.5.

The results of the measurements performed are obtained in the form of spectrograms. The
spectrograms are analyzed to be converted into numerical data. The calibration from pixel to
wavelength is given by the diffraction equation customized with the geometrical configuration of
the setup and the specifications of the grating and CCD camera used. In figure 4.6 a schematic
drawing of the grating-CCD camera geometrical configuration is presented.

Grating period
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2052x2046,
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Figure 4.6: Geometrical configuration of the grating and CCD camera, also grating and camera
specification are shown.

A diffraction grating with spacing d will deflect light at discrete angles 0., dependent upon the
value nA, where n is the order of principal maxima. The diffracted angle, 0, is the output angle as
measured from the surface normal of the diffraction grating. Using the diffraction equation:

dsinf, = ni 43

where A is the wavelength.

From the geometrical configuration grating-camera, see figure 4.6, taking into account that for n=1
the angle 0 is very small so: sin 8 = tan@; then:

. X
sinf, = = 4.4

where the length X is the number of pixels in the spectrogram, max corresponding to 1023,
multiplied by pixel size in our case 13 pm. The result of that value is marked in the drawing.
Knowing that the period of the grating used is 200 nm; then, solving for equation 4.3

A~ d%z 29.9 nm 4.5
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This value corresponds to the maximum wavelength possible to detect, the upper limit. The values
of X and A are used to calibrate from pixel to wavelength during the analysis of the data. The
spectral resolution is:

AX = 0.029 nm 4.6

46.2 Transmittance measurements at synchrotron facilities.

The transmittance measurements of the filters also were carried out at two synchrotron facilities:
e BEAR beamline of ELETTRA — Synchrotron, Trieste, Italy
e Optics Beamline at BESSY Synchrotron, Berlin, Germany [62].

a) Experimental setup at BEAR.

BEAR is a bending magnet beamline dedicated, among others, to reflectance and transmittance
measurements [63, 64]. It covers an energy band from visible light to 1.6 keV, delivering radiation
with well-defined spectral purity properties.

Sagittal focusing  Monochromator
parabolic
64 miror (P2) ,

N p%
.. A
Sagital collmating °"o:f"°o
parabolic
mirror (P1)

Figure 4.7: BEAR beamline of ELETTRA — Synchrotron, Trieste, Italy. Movements of the beam
are monitored by a photon beam position monitor (BPM) installed at the beginning of the
beamline. Then, the beamline is equipped with a device for selecting the polarization of light. The
PMGM (Plane Mirror Plane Grating) configuration is based mainly on a first parabolic mirror,
collimating the light emitted by the BM source without any entrance slit, a monochromator.

The sample chamber is equipped with motors enabling movements of the sample holder in all
directions (six degrees of freedom), accurate alignment, and scans in a vast angular range. Finally,
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a sample insertion chamber with a locking transfer system allows to change and insert samples
without venting. Figure 4.7 shows a schematic of the beamline.
working in parallel light at variable deviation angle, a second parabolic mirror focusing the

dispersed beam onto the exit slit, and finally an elliptical mirror focusing the beam on the sample
[63].

b) Experimental set-up at BESSY II.

The Optics beamline at BESSY Il is a soft x-ray bending magnet beamline equipped with a plane
grating monochromator, operated in collimated light. It is optimized to offer a proper resolution at
very high spectral purity and efficient stray light reduction by a 4-mirror high order suppressor
(HIOS) and filter and slit units (FSU). A permanent end-station, located in a clean-room hutch,
accommodates a versatile reflectometer for at-wavelength metrology, covering the spectral range
from 10-2000 eV [62]. Images of the set-up are shown in figure 4.8.

Figure 4.8: Optics beamline at Bessy Il synchrotron. In the left picture, the assembly of the
samples can be appreciated; the holder used has three holes, one for measuring the direct light
and the other 2 for samples.
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Chapter 5.

Mechanical and optical characterization of Nb/Si3N4, Zr/Si3N4,
Zr/Nb/Si3N4, and Nb/Zr/Si3N4 filters (Experiment 1).

5.1 Introduction.

In this part of our research, we investigated the optical and structural properties of Nb/Zr and Zr/Nb
bilayer thin films for the development of free-standing transmittance filters in the EUV region
between 5-20 nm wavelengths. Samples were deposited on SizN4 membranes by magnetron
sputtering technique using metallic targets of niobium and zirconium. For a better understanding
of the performance of these structures and their optical and mechanical properties, single layers of
Zr and Nb on Si3Ns membranes have also been deposited and studied. The thicknesses of the
samples were measured by RBS spectrometry.

From multiple sets of samples that were deposited using magnetron sputtering technique, 7 of these
samples were selected to resume our findings. The transmittance of 6 of the samples was
characterized without etching the membrane. After the first round of transmittance
characterization, we proceeded to complete the fabrication process by RIE procedure. After
fabrication the samples were stored in air, each one mounted in a custom-made holder, in
Polypropylene boxes of a similar size to avoid movement of the sample during transportation.

Fragile samples did not survive the etching process, but it was achieved successfully the etching
of the membrane from Nb/Zr and Nb samples. These samples showed higher mechanical stability
and toughness.

By etching the silicon nitride membrane, Nb and Nb/Zr self-standing filters were successfully
obtained, with free-standing areas up to 3x3 mm? and 100 nm thickness. The transmittance of the
Nb/Zr free-standing filter was measured. The results show the highest peak transmittance of 60%
at 7.02 nm and very good performance in the target range. XPS, XRD, and SEM images were also
used to characterize sample structure and chemical composition.

The transmittance of the samples has been measured using EUV radiation; the first try out was
using a plasma source, based on gas puff target. Then, for more accurate measurements, samples
were characterized entirely at BEAR beamline at ELETTRA and Optics beamline at Bessy II
synchrotrons.

Using the plasma source, 30 samples were measured but due to grating defects and plasma
fluctuations during the experiment, the measured values of transmittance are more qualitative than
quantitative. Therefore, we will present only few results.

55



Mechanical and optical characterization of Nb/Si3N4, Zr/Si3N4, Zr/Nb/Si3N4, and Nb/Zr/Si3N4 filters
(Experiment 1).

The samples used for this part of the research are presented in fable 5.1, together with the
characterization techniques applied to them.

Table 5.1: The description of the samples used for the resume of the results of the research and
measurements performed on them.

Samples | Substrate Nominal The total Measurements performed
(100 nm) | thicknesses | thickness
of of the
individual metal
layers (nm) | layer (nm)
measured AFM Transmittance XX
by RBS roughness R|P
D|S
At BESSY BEAR
I One year
Three after
months deposition
after
deposition
Nb Si3N4 100 104 * *
Zr 1 Si3Ng 100 108 *
Zr 2 Si3Ng 150 169 *
Zr/Nb Si3Ny 50/50 103 * *
Nb/Zr 1 Si3Nyg 50/50 107 * *
Nb/Zr 2 Si3Nyg 50/50 107 *
Nb/Zr 3 Etched 50/50 107 * R
(no -
substrate)

5.2 Results and discussion.

After deposition, the samples were characterized by RBS in order to detect contaminants due to
the fabrication process and raw materials impurities. The specimens mostly show oxygen
contamination. The oxygen concentration is not uniform with depth: in some samples oxygen
probably diffused from the outside due to the air exposure, in other cases a relatively large presence
of oxygen at the interface substrate/film could suggest a gettering effect at the start of the
deposition.

Table 5.2 reports a summary of the RBS results: for each sample, the main stoichiometry of the
different layers was calculated. Since the density of the different detected compounds is unknown,
the reported layer thickness was retrieved by assuming a hypothetical pure metal layer, the bulk
metal density, and the detected amount of metal. Samples Nb/Zr 1, Nb/Zr 2, and Nb/Zr 3, were
deposited together; then we are assuming the three samples have the same chemical composition.
The oxygen contamination mainly affects the Zr 1, Zr 2, and Zr/Nb films.
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Both Zr and Nb oxidize when they are exposed to air. Zr oxidizes at a faster rate than Nb as it is
shown in fable 2. From literature we know that the most common oxidation state of Zr, in thin
metallic films, is ZrO,, while for Nb is Nb>Os. The material’s density changes with oxidation,
producing the expansion of the thicknesses of the layers, resulting in the appearance of some
intrinsic stress in the film. The lower rate of oxidation and possible plastic deformation of Nb
layers could allow the relief of the residual stress [65-68].

Table 5.2: The mean stoichiometry of different deposited layers calculated from RBS data.
Thickness* is related to a hypothetical pure metal layer containing the detected amount of metal

and having bulk density.
Nominal Top layer Bottom layer
Sample total (mean composition — | (mean composition
thickness thickness*) — thickness¥)
(nm)
Nb 100 NbOo3 — 104 nm -
Zr 1 100 ZrO1.1Hfo.01 — 108 nm -
Zr 2 150 Z1r00.1Hfo.01 — 169 nm _
Zr/Nb (Zr top layer) 100 ZrOHfo.01 — 49 nm NbOo2 — 54 nm
Nb/Zr (1,2,3) (Nb top layer) 100 NbOo.1 — 50 nm ZrO0.4Hfo.01 — 57 nm

Also, the strain strongly depends on the selected top layer. Figure 5.1 depicts examples of filters
grown with compressive and tensile stress. The top images of Figure 5.1 refer to Nb and Nb/Zr 1
samples, with Nb on the top. In this case, a smooth homogenous structure with tensile stress is
observed. The bottom images show Zr 1 and Zr/Nb specimens: the surface is wrinkled by
compressive stress.

Regarding the nanoscale observation, the surface roughness of the Nb and Nb/Zr samples is almost
the same as that of the substrate, while in the case of Zr and Zr/Nb structures the surface
experiences an increase of roughness, particularly in the Zr specimen. The results of the
morphology analysis performed by AFM are summarized in table 5.3.

The roughness and the stress of the films can affect the properties of the wave-front passing the
filter, by inducing distortion of the incoming beam, also can affect the quality of the films and the
mechanical stability of the filters. Furthermore, Zr and Zr/Nb samples exhibiting high surface
roughness and compressive stress are not the best candidates for the etching process. In fact, they
did not survive the etching.

The filters with the tensile strain (Nb and Nb/Zr 1), on the contrary, demonstrate a flat surface,
suitable for achieving a successful etching process and for the manufacturing of the filter. The
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reduction of the compressive stress is due to the presence of Nb as the top layer. The stress in Zr
thin films could be related to the pronounced oxidation of Zr during deposition and the continuing
escalated oxidization due to exposure with the air, after deposition [66, 67].

Figure 5.1: Optical images of the surfaces of the different material samples on SizNs. Nb and
Nb/Zr, flat samples, grown with tensile stress (top images). Zr and Zr/Nb, wrinkled samples, grown
with compressive stress (bottom images).

Table 5.3: Summary of surface roughness values measured by AFM

Sample Nominal thickness (nm) Roughness (nm)
Si3Ny (substrate) 100 1.4+£0.2
Zr 100 34+0.2
Nb 100 1.4£0.1
Zr/Nb 100 1.8+0.2
Nb/Zr 100 1.4£0.1

Figure 5.2 shows the optical microscope images of the Nb/Zr filter surface structure before and
after the etching procedure. Due to the detachment of the silicon nitride membrane, we can observe
how the membrane releasing changes the stress on the surface of the sample. The reason why the
stress behavior goes from tensile to compressive is not completely certain; it could be because,
without the substrate, the expansion of the Nb film due to oxidation is not compensated by the
adhesion to the substrate.
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Figure 5.2: Optical microscope images of the Nb/Zr sample before etching procedure (left) and
after the etching procedure (right).

5.2.1 Transmission measurements using a plasma source based on gas puff target.

The setup for the transmission measurements is described in the experimental part of this thesis,
section 4.6.1.

During the measurement campaign, thirty samples were measured. Due to the fluctuations of the
plasma and the lack of a reference monitor, the measurements of the sample can give us only a
qualitative idea about the performance of the sample; because of that, later on, synchrotron
transmittance measurements were pursued. In this thesis we will show only a few results.

For measuring the transmittance of the filters, the samples, already ensembled in a custom-made
holder, were placed in the rotary holder of the measurement chamber. The rotary holder capacity
is eight samples, one sample per aperture; Seven samples were placed, and one empty custom-
made holder was situated in the eighth aperture to record the spectra of the direct beam. The spectra
of the direct beam were recorded using the following parameters for the incoming radiation: 50
shots. 10 sec, 5 Hz.

After preparing the setup, a short trial measuring the direct beam was performed, in order to
understand the behavior of the incoming radiation. In figure 5.3, two spectrograms obtained from
the measurement of the direct beam are shown together with the Image J graph evaluating the zero-
order radiation intensity.
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Figure 5.3: Spectrogram obtained from the direct beam, 3 shots, at 5 Hz to the left. Image J
analysis of the zero-order radiation.

The measurements above were taken the same day with the same calibrations and specifications,
3 shots at a frequency of 5 Hz. From the images we can observe well-noticed fluctuations in the
intensity of the zero-order. Besides, defects in the grating are detected, the zero-order is not
homogeneous instead is split into two arms. A black band of missing information traverses the
entire spectrogram.

60



Mechanical and optical characterization of Nb/Si3N4, Zr/Si3N4, Zr/Nb/Si3N4, and Nb/Zr/Si3N4 filters
(Experiment 1).

Input:
Spectrogram

@

Input:
Spectrogram
direct Beam

Input Spectrogram
Background noise
signal.

Input Spectrogram
Background noise
signal.

Eliminate
background noise.

Eliminate
background noise.

{
Correcting tilt in
the spectrogram.

&
\'4

)}
Correcting tilt in
the spectrogram.

o
\'4

Identify position of the

Identify position zero order radiation.

of the zero order 7
radiation,
= Defining X and Y axis.
yN
v

Defining X and Y axis.

v Relocated Zero order radiation in
Relocated Zero order the origin of X axis.

radiation in the origin of

X axis. Evaluating right and left side of the
Evaluating right and left side of the s-pectrogra.m fr‘?m z?ro order to
spectrogram from zero order to find the side with higher amount
find the side with higher amount of data accumula@ted.
of data accumula\{:}ed.

Yes

Is the right

Ye! .
s side larger?

]

Is the right
side larger?

Select . . Select o Re-define the first quadrant of
" q—3Re-define the first quadrant of left side. the coordinate system with the
left side. the coordinate system with the data of the selected size
data of the selected size. 2
4 |

|

Select manually part of
the data in the Y axis
without interferences
keeping the full range
in X axis.

Select manually part of
tfe data in the Y axis
without interferences
keeping the full range
in X axis.

A

v

Obtaining average of Y values for
each X value. Defining Y axis as
“Filtered spectrum” corresponding

Obtaining averagé'of Y values for each
X value. Defining Y axis as “Direct
spectrum” corresponding Intensity.

intensity.
A
. s
Defining pixel Defining pixel
value value
A

) J
Calibrating X axis from Calibrating X axis from
Pixels to wavelength, Pixels to wavelength,
defining A defining A

Plot: Direct Define Transmittance Plot: Filtered
spectrum=f(A) Fe Filtered Spectrum spectrum= f(A)
" Direct Spectrum

I
& T

END

Figure 5.4: Flow diagram of the MATLAB code created for analyzing transmittance data.
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For processing the transmittance data obtained during the experiment, an original MATLAB
code was created. For a better understanding of the analysis of the data, the flow diagram of the
created code is shown in figure 5.4 and the code lines are described in Appendix A.

As we can observe, also in figure 5.3 the spectrograms appear with a small tilt; which is corrected
with a special function in the code. For managing the effects of the grating defects on the data
obtained, only one of the two observed bands is selected and integrated for obtaining the total
count numbers. This selection has to be done manually (for each filter and each direct spectra)
obtaining the positions of the pixels that contain the desired data and inserting them in the code.
Since the band from which the selected data will be chosen is decided by an optimization process
in the coding, the positions of the data selected for the direct and the filtered beams are not always
the same, this could create inaccuracy in the results. In addition, for the calibration from pixel to
wavelength, explained in sub-section 4.6.1, an approximation for small angles is assumed to
establish the wavelength’s positions, this could also contribute to the uncertainties of the
measurements.

The first sample measured was the Si3N4 membrane window. The background noise is also
measured to be subtracted during the analysis. In figure 5.5, we can observe the results. In the top
image, the comparison between the direct signal and the filtered signal through the membrane is
presented. From a simple view, it is possible to deduce the average performance of the membrane.
The bottom part shows that the transmittance performance of the measured membrane is
resembling the expected simulated values. However, since we are not dealing with a
monochromatic source, with the possibility of tuning to a particular wavelength, also taking in
account the fluctuation of the emitted radiation by the plasma, and the grating defects: the accuracy
of the measurements, in this case, is not as high as at a synchrotron-based setup. The highest peak
of transmittance in the target wavelength range is 57% at 12.7 nm.

Figure 5.6 compares the transmittance of an Zr/Nb filter measured at MUT, using the plasma
source as well as measured at BEAR beamline. Using the set of data obtained for the same samples,
measured with synchrotron radiation and with the radiation produced by this source, a new
improved MATLAB code can be written to improve the results. We can appreciate that the
background base-line is high, maybe due to a low signal in specific ranges. Since the set-up was
used without any mirror filter or transmittance filter but only the samples measured, the
contributions of the second and higher diffraction orders of shorter-wavelength emission lines
overlaying the measured spectra as well as grating deficiencies must be considered to improve the
code.

The maximum transmittance peak for BEAR measurement was about 15% at 12.42 nm while the
measured at Warsaw was about 12% at 12.46 nm; proving that Plasma set-up gives us a proper
knowledge about the transmittance performance of the filter when the source signal is good. But
it seems that for the transmittance from Warsaw there is a small displacement in the positions of
wavelength in comparison with those measured at Bear, the reason of this displacement could be
the assumed approximation in the calibration from pixel to wavelength inserted in the MATLAB
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code; a correction factor should be calculated and integrated into the code to correct and improve
the results. The deviation of the results obtained at MUT from the results obtained at BEAR are
shown in figure 5.6 and 5.7 in gradient colors.
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Figure 5.5: In the top image, the signal of the Xenon spectrum (direct signal) is compared with
the transmitted signal (sample). Bottom images show a comparison between the simulated
transmittance of SizNys membrane (left) and the measured transmittance of a membrane window
used for the fabrication of the samples.
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Figure 5.6: Comparison of the results between the measurements performed at BEAR and the
measurements performed at the MUT, Warsaw obtained for the transmittance of a Zr/Nb on Si3N4
membrane sample. The deviation of the MUT results in respect to BEAR results is presented in
orange gradient color.

In the case of the comparison of the measurement performed at BEAR with the one performed at
MUT for Nb/Zr 3 sample shown in Figure 5.7, the transmittance peak value of the sample at
BEAR is of about 27% at 12.42 nm while at MUT was about 24% at 12.61 nm. Here again, as in
the comparison with the sample measured at BEAR, we can appreciate a difference in the position
of the maximum value, confirming that a correction factor for calibration of energies should be
pursued.
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Figure 5.7: Comparison of the results between the measurements performed at BEAR and the
measurements performed at the MUT, Warsaw obtained for the transmittance of the sample
Nb/Zr 3 on SisNs membrane. The deviation of the MUT results in respect to BEAR results is
presented in gradient blue color.
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In general, plasma-based sources are proven to provide reliable and precise transmission and
reflection measurements, not only in academic setups but also in stand-alone industrial tools.
However, with line-dominated emission, careful wavelength calibration and processing of spectra
are required; furthermore, a dedicated reference monitor is indispensable, but in our case the
accuracy of the quantitative part is limited. A thorough characterization of the instrument should
be done, and a more profound analysis method to process the results, specialized for this
instrument, should be created in order to have more reliable results.

5.2.2 Transmission measurement results using synchrotron sources.

Transmission measurements were performed before the etching for the samples of interest in the
EUYV region 40-410 eV (3-31 nm) with steps of 0.2 eV.

In Figure 5.8, we present the results of transmittance measurements for Nb/Zr 1 (BESSY II) and
Nb/Zr 2 (BEAR) samples. As mentioned before, they were deposited together in the same
chamber; sample Nb/Zr 1 was measured three months after deposition while sample Nb/Zr 2 was
measured one year after the deposition to evaluate possible effects of aging and contamination on
the transmittance performance of the filters.
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Figure 5.8: Measured transmittance comparison between sample Nb/Zr 1 and Nb/Zr 2. Samples
were fabricated together, in the same chamber; they have equal thicknesses. The transmittance of
Nb/Zr 1 was measured three months after and Nb/Zr_2 was measured one year after fabrication.

There is a minimal difference in the transmittance spectra of the two samples between 3 - 31nm.
Since the samples characterized are not precisely the same, we cannot directly conclude that the
slight reduction of performance is due to the aging. However, taking into account that the samples
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were fabricated during the same deposition run and were kept in similar packing conditions, the
results are a good indication of the chemical stability and wear resistance of Nb/Zr bilayer.

After one year, also the samples Zr 1, Nb, and Zr/Nb were characterized in terms of transmittance
at BEAR beamline. The total thickness of the metal layers for all the samples is around 100 nm
plus 100 nm of the Si3N4 membrane. The idea was to compare structural and optical performance
of them. The 100 nm Zr sample appears more fragile than Nb one and bilayers. It is possibly due
to the higher compressive stress that showed after deposition. During handling and measurement,
the 100 nm Zr sample got broken. Then, we decided to use a thicker sample of around 169 nm of
Zr (Zr_2) to study the properties of a single Zr layer.
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Figure 5.9: Comparison of the transmittance values of all samples and the calculated values of
transmittance for the Si3N4 membrane substrate.

Figure 5.9, shows the experimental transmittance of the measured samples together with the
transmittance curves obtained by IMD simulation using theoretical optical constants of the targeted
materials assuming the RBS thickness results and no contamination. All the samples exhibit lower
transmittance compared to the calculated data (the Si3sN4 membrane was considered in the
simulated curves). Besides the optical constants used for the simulation (LLNL CXRO from IMD
database), the discrepancy of transmission could have two possible causes:

1. A level of oxidation at the surface and inside the sample different from that calculated by RBS
data.
2. A different kind of contamination on the surface of the samples.

The transmittance measured data of the filters was evaluated using the IMD optimization algorithm
FOM Minimization-Genetic Binda, in order to determine the structure of the filter and the
thicknesses of the layers. The mathematical formulation of the optimization procedure is found in
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the IMD user’s manual [34]. Figure 5.10 shows a comparison between the measured curves of Nb
and Zr 2 deposited on Si3N4 and the fitted theoretical curves. For the fitting the most common
contamination elements carbon and metal oxides were added as layers. The composition of the
filter’s structure resulted from the fitting is shown in figure 5.11.
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Figure 5.10: Transmittance curves for Nb and Zr_2 deposited on Si;N, membrane substrates, (not

etched samples). The graphs show the comparison between the fitted curves and the measured
values of transmittances for the different samples.
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Figure 5.11: Structures of the Nb and Zr filters on Si;N, membranes resulted from the fitting of

the measured data.
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Some studies have linked the compressive stress in sputtered zirconium thin films to the low
pressure during the deposition and to the transition from metallic to oxidized film [66, 67]. As it
was shown before, in Table 5.2, a higher concentration of oxygen was present in Zr/Nb specimens.
It could mean an increase in oxidation of the sample, which explains the lower transmittance
response.

For the same thickness, the stiffness of the Nb guarantees stable structures on the membrane [15],
but with lower transmittance performance than Zr. The transmission of the Nb is slightly below of
the widely used zirconium filters and below of the Nb/Zr free-standing filter, proposed in this
thesis work (see figure 5.12). The bilayer structure of Nb/Zr combines the higher mechanical
stability of Nb with the higher transmittance performance of Zr in this specific spectral region,
resulting in the best candidate for free-standing filters.

Figure 5.12 shows the comparison between the measured curve of the bilayers structure Nb/Zr 2
and Zr/Nb deposited on Si3N4 and the fitted theoretical curves, again carbon and oxide layers were
added for the fitting algorithm. In figure 5.13 the fitted structure is presented.
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Figure 5.12: Transmittance curves for the bilayers Nb/Zr and Zr/Nb deposited on Si ;N, membrane

substrates, (not etched samples). The graphs show the comparison between the fitted curves and
the measured values of transmittances for the different samples.

68



Mechanical and optical characterization of Nb/Si3N4, Zr/Si3N4, Zr/Nb/Si3N4, and Nb/Zr/Si3N4 filters
(Experiment 1).

Fitting parameters

Nb/Zr
C=3.1nm C
Nb,Os=7 nm N bZOS ] i >
Nb =52.2 nm Zro, Nb
ZrO, =10 nm 7r
Zr =54 nm Si.N
Si;N,=125 nm 3

Zr/Nb
C=3nm
ZrO, =20 nm Zr0, ¢
Zr =35 nm yAS
Nb =54 nm Nb «— .
Si;N, =120 nm —SisN,

Figure 5.13: Structures of the Nb/Zr and Zr/Nb filters on Si;N, membranes resulted from the fitting

of the measured data.

In all the cases the fitting results suggest a Si;N, membrane thicker than the manufacture’s values,

carbon contamination is suggested to be around 3 nm in the four cases and the level of oxidation
of Zr always exceeds the level of oxidation of Nb as it was expected.

After transmittance measurements the etching process was tried out on the four different types of
samples, and as it was mentioned before, only Nb and Nb/Zr samples survived the etching process
proving to have high mechanical stability.

5.3 Nb/Zr free-self-standing transmittance filter.

In this part, we mainly focus on the new free-standing Nb/Zr filter, which, based on simulated
data, could offer higher transmittance performance than monolayer Nb of the same thickness.
Sample Nb/Zr 3 (see table 5.1) corresponds to the Nb/Zr free-standing filter (etched sample). We
did not test the Nb free-self-standing filter.

We performed XRD measurements of this sample. The spot of the x-ray beam with a size of 10
mm x 5 mm is larger than the membrane. Therefore, the Si frame is also measured in the x-ray
scan, with a sharp peak around 70.0°. Besides the Si substrate peaks, signatures of the Nb/Zr
epilayers were found. These peaks are attributed to the Zr in the hcp crystal structure at 32.2° and
Nb in the bec lattice configuration at 38.0°, as it is shown in Figure 5.14.
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Figure 5.14: XRD measurements. Signatures of Niobium and Zirconium were found, and also the
signature of Silicon due to the frame of the samples.

Due to the polycrystalline nature of the sample’s structures, the picks are not strongly sharp but
well identifiable. SEM images depict the surface of the Nb/Zr 3 (Figure. 5.15). In the left image,
the filter window area and silicon frame can be distinguished; in the right, the polycrystalline

structure is observed.

— 100 pm HFN 0nm HEN

Figure 5.15: SEM images of Nb/Zr 3 free self-standing filter of about 100 nm thickness. In the
left image, it could be appreciated how the tensile stress was released. In the right, image of the
surface nanostructure is shown.

The transmittance of Nb/Zr free-standing filter was measured at BEAR beamline between 40-420
eV (3-31 nm). The beam passes through the sample entering from the vacuum to the Nb layer.

70



Mechanical and optical characterization of Nb/Si3N4, Zr/Si3N4, Zr/Nb/Si3N4, and Nb/Zr/Si3N4 filters
(Experiment 1).

A rough transmittance scan, using the reading on the diode signal, was performed on the sample
along horizontal (Y-axis) and vertical (Z-axis), using 40 eV photon energy for studying the
uniformity of the filter. The results are presented in figure 5.16. The membrane window is about
3 mm x 3 mm. The signal is very stable inside the window area along both axes, demonstrating a
uniform bilayer structure.

Subsequently, the transmittance was measured in the complete wavelength range. The results are
in Figure. 5.17. The difference in transmittance before and after the etching procedure is shown
in Figure 5.17 left. A considerable increase in transmittance is notable as it is expected after the
membrane is removed. The filter possesses the highest transmittance’s peak at 7.02 nm of about
60%. At 11nm the transmittance is 47.5%, a little bit lower than the results presented by S. Brose
et all in 2012, but higher than for filters proposed by other authors [15, 25, 26]. Brose measured a
Nb free-standing filter with 48% of transparency at 11 nm [15]. We present a broad-band
characterization of the high throughput Nb/Zr free-standing filter developed in this work and
thought for a wide wavelength range. The relative uncertainties in transmittance measurements at
BEAR were less than 1%, the detail analysis of the calculation of uncertainties is described in
appendix B.

Figure 5.17 right shows the comparison between theoretical transmission curves and measured
one of the investigated filters. We present two theoretical curves: “Nb/Zr Calculated 17
corresponds to the IMD simulated transmission for 107 nm ideal Nb/Zr filter by ignoring any
contamination or oxidation of the materials. As we can observe, the measured and Calculated 1
curves have significant discrepancies, then we simulated the transmission of a more realistic
structure. In the “Calculated 2” curve, we considered the RBS thicknesses results, we simulated
the Nb/Zr filter assuming a thin layer of Nb2Os most common oxidation state for Nb thin film [68,
69], on top of the Nb layer and a thin layer of ZrO: at the interface [35, 66, 67].
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Figure 5.16: Y and Z scan of the sample at a photon energy of 40 eV to study uniformity of the
sample. The filter window is about 3 mm x 3 mm, and the transmitted signal looks very stable.
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Figure 5.17: Left: Comparison of transmittance values of Nb/Zr (Nb/Zr 2) before and after the
etching process (Nb/Zr 3). Right: Comparison of measured transmittance values of Nb/Zr free-
standing filter (Nb/Zr _3) in contrast with the IMD simulated transmittance considering only the
nominal thickness of the sample in the Calculated 1 curve. The calculated 2 curve is simulated
considering the nominal thickness, layers of oxidation of the materials, carbon contamination, and
5 nm of a residual Si;sNysmembrane. ‘Calculated 3’ curve is simulated using the same structure of
‘Calculated 2’ but assuming complete etching (no residual membrane).

Furthermore, since carbon is a common type of contamination on metal filters exposed to the
environment, we added in the simulation 4 nm of carbon on the surface. In the model, a 5 nm thin
layer of Si3N4 has also been added to the bottom of the structure to take into account the possible
residuals of the membrane after the etching process. The final structure (Figure. 5.18) used for the
simulation of the Calculated 2 curve is the following, from top to bottom:
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Figure 5.18: Filter structure used for obtaining the transmittance simulated curve Calculated
2, which agreed more closely with the measured curve.

Indeed, the measured and ‘Calculated 2’ curves are very similar. We can deduce that our
hypotheses of contamination have some grounds. In the ‘Calculated 3’ curve, we consider the same
carbon and oxygen contamination as in Calculated 2, but in this case, we are assuming a completed
etching (no presence of residual membrane). The transmittance of the filter is improved in case of
achieving complete etching. Furthermore, we can conclude that carbon contamination and
oxidation of the metal layers are the higher contributors to the reduction of the transmittance
performance of the filter. Some absorption features can be found in the measured data at 4.39 nm
and 4.45 nm corresponding to the carbon K absorption edge and at 12.2 nm and 12.4 nm, where
the LII and LIII silicon absorption edges are present. These lines are found not only in the
experimental analysis but also in the ‘Calculated 2’ curve.

To test the hypotheses of surface contamination other than the initial oxidation levels found in the
RBS results after the fabrication of the samples, XPS mapping in three different spots of the free-
standing filter was performed. Figure 5.19 shows the image of the three spots randomly selected
to determine the homogeneity (about 8 nm in-depth) of the contamination at the sample surface.
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Figure 5.19: XPS analysis was performed in the 3 different shown spots. The measured were
performed on the top layer.

In figure 5.20, the XPS spectrum from one of the spots is presented, and in fable 5.4 results from
the survey of the three spots are displayed.
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Figure 5.20: XPS spectrum of one spot measured on the Nb/Zr free-standing filter.
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Table 5.4: Quantification in at% of elements found on the surface of the free-standing filter. The
analysis can reach between 5 to 8 nm deep.

Elements Spot 1 (At %) | Spot 2 (At %) | Spot 3 (At%)
found

C 35.7 35.0 37.0

0] 43.0 423 41.3

Nb 13.2 13.1 12.4

Si 3.9 4.7 4.5

F 4.2 4.9 4.8

The results indicate the presence of carbon contamination on the surface on top of a natural oxide
layer of NbxOx. Furthermore, some Si and F traces were found on the surface, not sure the source
of Si contamination, but F contamination could be some residue from the etching procedure. The
XPS results agree with the transmittance performance of the filter as we have shown in Calculate
3 curve.

5.4 Conclusions.

Nb and Zr have good transmittance performance between 5-20 nm, they are good candidates for
EUV filters for FEL 2 at FERMI that cover specifically this range. The transmission of the Nb is
slightly lower than that of widely used zirconium filters, but the higher stiffness of the Nb allows
obtaining more stable filters of the same thickness. The use of the combination of these two
materials, in bilayer structures, brings together the excellent transmittance performance of Zr and
the stiffness of Nb which makes Nb/Zr an excellent choice for fabrication of thinner free-standing
EUV filters.

The plasma source based in gas puff target set-up is useful to characterize the transmittance of thin
films when high accuracy is not needed. It can be helpful to have an insight of the average
performance of the filter or to have knowledge about the completeness of the etching procedure;
comparing the measurements with expected values obtained by simulation. Since several samples
can be measured in a short time without the necessity of open the vacuum chamber, the instrument
set-up is time-saving. Synchrotron campaign measurement required months to be complete, from
the time of submitting the proposal to the time of the actual measurements. Also, the measurement
chamber, in case of transmittance measurement, can hold max two samples at the time, (at BEAR
and BESSY) which means that only a few samples can be measured in each campaign.
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Nb/Zr free-standing filters were obtained, showing a peak transmittance of 60% at 7.02 nm, this
is the best-reported transmittance value until now, to our knowledge, for this wavelength. In the
case of the filters on SizdNs membranes, the maximum transmittance achieved was approximately
24% around 12.55 nm. Due to the high compressive stress of Zr and Zr/Nb on Si3N4 samples,
etching the membrane was not possible. On the other hand, for the samples that showed flat, tensile
stress surface, the etching process was successful, obtaining free self-standing Nb, Nb/Zr filters.

Additionally to the presence of a residual thin layer of Si3Ny at the bottom of the sample, assumed
because the presence of the Si LII and LIII edges on the transmittance measurements, the XPS
analysis of the Nb/Zr free-self-standing filter indicated that the reduction of the expected values of
transmittance could be due to the surface contamination and some level of oxidation of the metal
layers. It is recommended to grow an oxidation protection layer in situ with the metal material
deposition to avoid progressive oxidation of the filters.
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Chapter 6.

Structural Analysis of Zr/Nb, Nb/Zr, and Nb/Zr/Nb on Si3N4 membranes.

6.1 Measurements descriptions

We are interested in understanding the reason why Nb/Zr filters resulted, regardless of the type of
deposition technique used during the fabrication, in a tougher thin film than the Zr/Nb filters. The
study of the crystal structure of the sample and the interface properties using TEM, SEM, and
STEM analysis could give us some insight into the answer. With TEM images we will be able to
identify the crystal structure of the layers and see if there is any dislocation present in the layers
or interdiffusion.

For this campaign of characterization, a new set of samples were fabricated. The fabrication of the
samples was done following the procedure explained in chapter 3. On this occasion e-beam
deposition technique was used to deposit the metal layers instead of magnetron sputtering. The
samples were fabricated at HNF, Forschungszentrum Juelich.

To understand better the interface properties of the bilayer structures, besides the Nb/Zr and Zr/Nb
samples, one sample Nb/Zr/Nb (three-layer) was also fabricated. Samples analyzed are presented
in table 6.1. The calculation of the instrumental uncertainties, made by the technicians responsible
for the e-beam deposition, predicted an error of +/- Snm each layer.

Table 6.1: The samples used for the structural analysis.

Sample | Composition | Nominal thickness | Characterization Si3N4 membrane
(nm) +/- Snm/layer technique (Substrate) thickness

(nm)

1 Nb/Zr 47.5/47.5 TEM 10

2 Nb/Zr 50.0/50.0 XRD-TEM 100

3 Zr/Nb 70.0/50.0 TEM 10

4 Nb/Z1/Nb 25.0/50.0/25.0 TEM 100

5 Zr/Nb 50.0/50.0 XRD 100

6 Zr 100.0 XRD 100

The substrate used for the fabrication of samples 2, 4, 5, and 6 corresponds to the regular SizNy4
membranes described in section 3.1, while for the samples 1 and 3 a smaller substrate was used.
The substrate has 1 mm x 1 mm SizNs membrane window, 10 nm thick with a Si frame of 200 um
thick. The substrate has a total area of 3 mm x 3 mm.

Before proceeding with the TEM study, samples 2, 5, and 6 were used for XRD analysis in order
to have an insight into the structure of the samples, to find out if they were amorphous or
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polycrystalline. As we expected, the samples resulted to be polycrystalline as we can observe in
figure 6.1.
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Figure 6.1: XRD spectrum of 3 samples. In the left image Nb/Zr filter, and the right-side image,
Zr and Zr/Nb filter XRD'’s spectrum.

In the XRD spectrum of Nb/Zr, sample 2, figure 6.1 left, we have found three distinctive peaks;
one very sharp peak at around 70°, this is the signature of Si wafer [70, 71], since the XRD beam
is larger than the membrane window and it detects also the Si frame of the sample. The other two
peaks, very soft, at 34.6°, and 38.9° tell us that the composition of Nb/Zr filter is formed by Zr
(hep) (0 0 2) and Nb (bee) (1 0 1) respectively [71, 72 73]. In figure 6.1, right, the spectra of 2
samples (5 and 6) are shown. The distinctive signature of Si is evident in both samples. The
composition of the Zr/Nb filter is made by Zr (hcp) (0 0 2) and Nb (bee) (1 0 1), as indicated by
their respective peaks at 34.6° and 39.0°. Whereas in the Zr sample, an extra very soft peak at
31.9° is evidence of another orientation of Zr crystals present in the sample, which corresponds to
Zr (hep) (0 1 0) [74]. Furthermore, another crystal orientation for Si is also present. Although XRD
analysis gives us some idea of the structure of the samples, since samples are polycrystalline with
different crystal orientation and the XRD reveals very weak peaks, these results are not necessarily
conclusive.

To perform the TEM study, four samples were used, samples are listed in table 6.1. These four
samples were not etched, since in any case during the preparation of the sample for TEM specimen,
(lamella) the filter is cut to be put in a TEM grid. To prepare the lamella, a platinum (Pt) protection
layer is deposited on top of the sample, in this way, the layers of interest are “sandwiched” between
the Pt layer and the substrate, figure 6.2.”
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Figure 6.2: FIB method sample preparation for TEM. Top: Cutting of the sample specimen and
placement in the TEM holder. Bottom left: A quick view of a “sandwiched” TEM sample ready for
measurements. Bottom right: A schematic of the profile view of a TEM sample in the way we will
observe it in the next sections.

SEM, TEM, and HRSTEM images were taken and processed depending on the different situations
of each sample. Due to the limited time with equipment, not the same procedure was followed for
each sample. BF STEM images in dm3 (Digital Micrograph Image) files were used to obtain the
diffraction pattern from the Fast Fourier Transform (FFT), this pattern was processed to index the
crystal structure of the samples.

6.2 Diffraction in TEM.

When a collimated electron beam kg pass through a thin sample, the beam is diffracted and a
diffraction spot is formed. The vector connecting the diffracted beam k and the incident beam k
correspond to:

Where g is called the diffraction vector, see Figure 6.3.
If the sample is crystalline, the distances of the diffraction spots from the origin ||gpnx;|l can be

used to determine the corresponding planar spacing:

1
d = — 6.2
REL ™ i gl
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when the diffraction condition is fulfilled, the geometry of the direct and scattered beams is similar
to the reflection of light from planes. From Bragg’s law:

Zdhk sinf = % 6.3

In which sinf denotes the Bragg angle of diffraction, n = 1 the order of the diffraction, and A the
electron wavelength [75].

For very thin samples, the Fourier transform of the diffraction pattern gives the projected
interatomic distances. For the analysis of the FFT, ImageJ 2 from FIJI software [76] was used to
find the experimental values of g vectors magnitudes. Imagel’s circle tool was used to measure
the spot/ring patterns concentric to the (000) direct beam. From the area measured, the radius
corresponding to ||g || is found. From the values of ||gpy || = 1/d},; in reciprocal space, the d-
spacing is calculated for each measurement made, see figure 6.4. For the calibration and analysis
of the images, camera length and photon energy values must be known. The calibration of the
instrument for the analysis of all samples and the camera length was determined using the Si
diffraction pattern from the frame of the substrate confronted with the well-known Si standard
diffraction pattern.
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Figure 6.3: Transmission electron diffraction geometry, Kk represent the incident beam while k
represents the diffracted beam.

These g values were compared with the theoretical values for the different crystal structures
corresponding to the materials involved in each sample, Using the ICSD database [77].
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Figure 6.4: Selected concentric diffraction rings from the diffraction pattern of a polycrystalline
sample.

6.3 Nb/Zr.
a) Sample 1.

BF TEM images of the surface of the cut lamella can be observed in figure 6.5. In BF mode the
unscattered (transmitted) electron beam is selected with the aperture, and the scattered electrons
are blocked. Since heavier atoms scatter electrons more intensely than lighter atoms, the regions
with heavier atoms appear darker; in this way, Nb that is heavier than Zr is identified by the darker
areas on the surface while Zr is identified by the lighter areas. Even though a thinner membrane
was used, the sample is still very thick to appreciate in more detail the surface structure.

The diffraction pattern was obtained from the FFT of the bright-field TEM image (Figure 6.5 top).
The diffraction pattern reveals a polycrystalline structure. We can observe five very intense rings
while the rest are less bright. In table 6.2, the comparison of the g values for different crystal
structures of Zr and Nb are presented. The best fit is marked in yellow cells.

Comparing the measured g values with the g values database, the best fit for Zr corresponds to Zr
(fcc) of Fm-3m space group. All peaks of this structure are present and the ratios from the
experimental pattern agree with this structure model, as it is shown in table 6.2. It is possible also
that hcp Zr (P63/mmc) is present, its strongest intensities of (101) and (110) would overlap with
the first ring, and this would agree with the previous results from XRD spectrum. In table 6.2, g
values of hcp Zr appear in light blue cells.
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Figure 6.5: Top: Bright field, TEM surface images of Nb/Zr/Si3N4. Zr and Nb phases can be
observed. Bottom: Diffraction pattern obtained from the bright field image of the Nb/Zr sample;
The calibration and measuring of the rings to obtain crystal structure are shown.

Although all Nb reflexes overlap with some Zr intensities, taking into account the accuracy with
the calibration of the images, possible cell size variations, and the broadness of the experimental
intensities, the best fit for Nb corresponds to the Nb Im-3m (bcc from Bravais lattice) space group.
Nb best fit is also marked with yellow cells.

Si diffraction pattern was used for the calibration of the instrument but also was analyzed. The
structure model of Si was assumed to be Fd-3m space group (structure of mostly used Si wafers).
However, Si could be excluded because its strongest peak of (111) planes is missing in the
experimental pattern but some g values for Si could be overlapping with Zr pattern.

To finalize analyzing sample 1, a quick EDX analysis was also performed. Figure 6.6 shows the
results. Besides the elements of the composition of the sample and substrate, traces of Cu appear
in the results. Cu contamination is not common in this kind of sample, but since the custom holders
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(section 3.1) fabricated to keep the samples were made with bronze clamps, some residues of Cu
could have been transferred to the surface of the filters.

Table 6.2: Comparison between Experimental g values and Zr and Nb g values for different crystal
structures. The best-fitted values are in yellow.

g 7r g Nb g Si g 7r g 7Zr
Experimental Fm-3m Im-3m Fd-3m (nm" P63/mmc P6/mmm
g (nm™) (nm™) hkl | (nm™') |hkl h hkl (nm™) hkl (nm?)  |hkl
3,57 100 3,92 101
3,8-4,0 3,82 111 3,19 111 3,88 002 3.97 110
2 4,2 4,28 110 4,06 101
3| 4447 442 200
5,1 111
5,21 022 5,28 102 5,5 201
6.36 002
6,2 100
6.85 211
4 6,6-7,0 6,24 220 6,06 200 6,11 113 6,8 103 6.88 300
5 75 7,32 311 7,42 211 7,37 004 7.5 112
6 7,8-8,2 7,65 222 8,03 113 7.94 220
7 9,193 8,83 400 8,57 220 9,02 224

Counts

0.0 5 10 15 20
Energy (keV)

Figure 6.6: EDX analysis of the Nb/Zr/Si3;Ny Filter, peaks of Zr, Nb, and Si are present in the
sample as it was expected. Surprisingly, Cu peaks are identified.
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b) Sample 2.

A Nb/Zr sample was used to study further the structural properties of this type of bilayer, having
a close look at the interfaces. Figure 6.7 shows SEM images of the cut lamella of the sample. In
the top picture, the substrate can be appreciated. Since the TEM specimen was prepared using a
cut from the Si frame of the filter, the red square is underlaying the Si at the bottom of the filter.
The green square encloses the area of interest where the bilayer Nb/Zr is located. The yellow
square denotes the Pt protection deposited on top of the filter. In the bottom picture the
experimental values of the thicknesses of the Nb and Zr layers were obtained using SEM tools,
revealing 47.50 nm for Nb layer and 47.50 nm for Zr.

Area of
interest,
metal layers

Pt protection layer

ISi +Si3N4 substrate

mode det mag O tilt HFW | S—r1 11}

HV curr
20.00kV 0.10nA SE  TLD 35000x 0.0° 118 pm Kruth ERC-2/RWTH-GFE

& H cu mode det mag O tilt HFW | — L L

Q v urr
1 20.00kV 0.10nA DF3 STEM 3+ 350000x 0.0° 1.18 ym Kruth ERC-2/RWTH-GFE

Figure 6.7: Lamella cut of Nb/Zr sample, SEM images. Top: Three color areas identified, in red
the substrate, in green the area of interest with Zr and Nb metal layer and in yellow the Pt
protection layer. Bottom: Layers thicknesses were measure with SEM tools, both Zr and Nb have
about 47.50 nm.

TEM BF detector images were used to study the crystal structure of the different layers and their
interfaces. As we can observe in figure 6.8 the Nb/Zr bilayer is “sandwiched” between the platinum
protection layer used for the preparation of the TEM specimen and the Si3sNs membrane + Si
substrate. Five different positions were chosen to obtain five selected area diffraction patterns
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(SADP), in order to study the various adjacent components and their respective interfaces. The
positions are numbered in the image from 1-5.

Figure 6.8: TEM BF image of the cut lamella. Different positions on the sample image were
marked in colored circles for analysis purposes. There are five positions, indicating the positions
of the selected area aperture. Positions 2, 3, and 4, marked in blue, yellow, and green respectively
cover the area of interest. The scale bar in the image is 50 nm.

In table 6.3 we present the crystal structure of the elements founded in each one of the five
positions marked in figure 6.8. The g values of the possible structures founded in each position are
color code. The respective colors are black for ZrO, green for Zr (fcc —brighter green or hexagonal
P63/mmc- darker green), blue for Nb, red for Pt, and orange for Si. Grey g values are from
unknown structures due to some spots that are superposed making difficult the identification.
Since our area of interest is covered by positions 2, 3, and 4, we will review in detail the analysis
done in those two positions while the analysis done to positions 1 and 5 will be summarized.
Position 1 only contains the material of the Pt protection layer, as indicated in the BF image.

In figures 6.9, 6.10, and 6.11 the diffraction patterns of the selected areas belonging to position 2,
position 3, and position 4 respectively are shown. The measure of the rings DPs is done with the
rotation average shown to the upper right in each figure, which shows the intensities and the
position of each ring founded in the DP.

The DP acquired for position 2, figure 6.9, contains different materials: Pt protection layer and the
upper (Nb) layer (as indicated in the previous BF image).

85



Structural Analysis of Zr/Nb, Nb/Zr, and Nb/Zr/Nb on Si3N4 membranes.

Rotation average for the DPI

T
I J
[ I
[ [
| ]
s

|

Nb/Zr/Substrate

- = e e o = o= o e =
R R R e |

|
I
I
I
|
|
I
I
|
|
I
1
-+
I

Figure 6.9: Diffraction pattern of position 2. The blue circle in the image above, which represents
the position of the selected area aperture used for the acquisition of DP, (i.e., Pt and Nb layer-
mainly). The rotation average indicates the positions and intensities of the rings to obtain the g
values.

Due to inaccuracy of the positioning of the SA aperture it is not excluded that other material layers
are contained in the selected area; g values corresponding to ZrO were found during the analysis,
which means that position 2 is covering also the upper part of the Zr layer. The possible structures
to which the spots can be ordered are indicated in the table with their respective colors, defined
above.

The DP acquired for Position 3 (figure 6.10) contains mostly the bilayer formation corresponding
to the filter. In position 3, we could identify two different crystal structures for Zr (hcp and fcc),
and different crystal orientations as is typical for polycrystalline structures. The crystal structure
found for Nb was always bcc, but also with varying orientations as is shown in table 6.3. Some of
the g values corresponding also to ZrO were found.
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Rotation average for the DP
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Figure 6.10: The yellow circle in the image above represents the position of the selected area
aperture used for the acquisition of DP in position 3 (both layers and the SiNx part).

In position 4, figure 6.11, DP of Si (Fd-3M) in [110] zone axis is clearly recognized. The additional
spots should correspond to the bottom layer (Zr + Nb), crystals with different orientations where
found, see table 6.3. Unfortunately, the amount of the bottom layer material is restricted, and only
a few spots are present. The possible structures to which the spots can be ordered are indicated in
the table with the respective colors. The corresponding values of g, given in the table, in the last
column, indicated in orange, are used as a reference for analysis of DP in position 4. Next to the g
values measured from the experimental pattern, also values for model Si (with cubic unit cell
parameter a = 0,54309 nm) are given in brackets.

DP acquired for the position 5 contains the material of Si substrate and Si-nitride layer (as indicated
in BF image, figure 6.8) It could be identified as DP of Si (Fd-3M) in [110] zone axis.

In figure 6.12, BF TEM image shows closely the bilayer structure Nb/Zr and the interface between
them. In Nb side as well in Zr side, different planes due to the different crystal orientation present
in the layers can be appreciated.
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Table 6.3: The g values founded in each position in the diffraction patterns for Nb/Zr. Color code:
black for ZrO, green for Zr (fcc —brighter green or hexagonal P63/mmc- darker green), blue for
Nb, red for Pt, and orange for Si. Grey g values are from unknown structures.

g values Pos | g values Pos 2 g values Pos 3 g values Pos | g values Pos5
1 4 Measured/model
3.27Zr0 (111) 3.2 3.2/@3,19)
3.7 3.5 Zr P63/mmc 3.7 +Si 3.7 (3.68)
(100)
3.8 3.8 Zr fecc (111) 3.9
Zr P63/mmc (002)
3.9 +ZrO (200) 4.1 Nb (110)
4.4 4.2+Pt 4.2 Zr fec (200)
5.1 5.2+Pt 5.2 Zr P63/mmc 5.2+Si 5,2/ (5,21)
(102)
5.47r0 (220) | 5.4
5,7 5.9
6.0 6.0 6.1INb (200) | 6.1/(6.11)
+Si
6.2 6,15 Zr fcc (220)
Zr P63/mmc (110)
6.4 ZrO (311) 6.3 6.4/ (6.38)
6.8 6.7 Zr P63/mmc 6.7
(103)
7.1 7.3+ Pt+Zr 7.2 +Zr fee (311) 74Nb (211) | 7.4/(7,37)
+Si
Ul 7.6 Zr fcc (222) 7.8
8.0 8.0/ (8.03)
8.3 8.4 ZrO (331) 8.4 8.6 Nb (220)
+Pt
9.1 9.1/(9.235)
9.4+ ZrO (422) | 9.4 9.6 Nb (310) | 9.6/(9.57)
9.7
10.2 10.2 10.4 Nb (222) | 10.4/ (10.42)
11.0 11.1 11.0 11.1 11.1/ (11.05)
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Figure 6.11: Diffraction pattern of position 4. The green circle in the image above represents the
position of the selected area aperture used for the acquisition of DP. (Si + Si3N4 + Zr + bottom

part of Nb layer).

Figure 6.12: BF image of the bilayer Nb/Zr. In the picture the sharp interface between the layers
can be observed. The white arrows show points where planes with different crystal orientations

are visible.
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In summary for this sample, Interfaces between layers looks very sharp, intermixing is not
appreciated in the BF images, it is recommendable an EDX analysis to evaluate interdiffusion.
DPs were very difficult to analyze due to the small amount of the materials in the area of interest
included in the SA aperture due to the shallow thickness of the layers (TEM specimen too thin).
Since the materials of these layers were Nano-polycrystalline, each time only a few grains (with
variable crystallographic orientations, (see figure 6.12) of the layers of interest could contribute to
the DP, which resulted in very few spots.

Due to very similar values for the different g for all material considered, some structures could not
be identified (the same g can be attributed frequently to several materials). The only clear
contributions are in pos. 1 and 2 and correspond to Nano-crystalline Pt and in positions 4 and 5
corresponding to single-crystalline Si. The best method to identify the structure is the analysis with
the aid of HRSTEM, but it was not possible to be performed for this sample due to limited time
with the instrument.

6.4 Zr/Nb (sample 3).

A Si3N4 membrane window of 10 nm thickness, used especially for TEM imaging, was used to
deposit the sample to be studied. The nominal value of thicknesses of the bilayer structure Zr/Nb
was 50 nm/ 50 nm. However, but due to fluctuation of the voltage during the evaporation of Zr,
the thickness of the Zr layer is higher. Furthermore, because of the oxidation of Zr, the Zr layer is
expanded, so at the time of the measurement Zr thickness was about 70 nm as can be observed in
figure 6.12, which corresponds to the SEM image of the cut lamella.

% HV curr mode  det mag O tit | HFW E——1 L L e———
20.00kV 0.10nA BF  STEM 3+ 500000x 0.0° 829 nm Kruth ERC-2/RWTH-GFE

Figure 6.12: SEM Image of the Lamella cut of Zr/Nb. The thicknesses of Zr and Nb are shown,
and also the thickness for the SizNs membrane.
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For the study of this sample, HRSTEM images were used, which convey in more reliable results,
determining with high accuracy the crystal structure of the materials involved.

First, an EDX analysis was performed, and it is presented in figure 6.13. EDX 1, the top right
image, only Zr and Nb are highlighted. The interface between these layers is very sharp and we
can notice that no inter-diffusion is present between the two layers. EDX 2 shows the full
composition of the specimen. Each element is represented with a different color: yellow for Si,
orange for SisN4 membrane, marked as N, for the nitrogen content. Follow by Niobium, which is
red, Zirconium green, the oxygen content is represented by light blue, the Platinum protection
layer is dark blue, and Carbon is purple.

EDX2b BF STEM

No inter-diffusion between Nb
Zr oxides is present.

Figure 6.13: EDX analysis of the sample. It was not found interdiffusion between Nb and Zr layer.
Each layer of the sample is color code in order to appreciate the interface between layers. EDX1
(bottom right), shows only the bilayer section with Zr and Nb. EDX2 shows all the layers that
compose the sample. EDX2 shows the presence of ZrO (light blue) at the top of the sample, also
son carbon contamination (purple).
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Since Zr is in the top layer and it gets oxidized very easily when it is exposed to the air, it was
expected to be oxidized. In the results we can observe that the outer layer of Zr (10 nm top layer)
is oxidized; the very high blue area shows that. Carbon contamination is also present in the sample.

In figure 6.14, the TEM BF was processed, four areas were selected to study more closely the
composition of these areas to acquire the crystal structure of the elements involved using the FFT.
The four regions are shown in four different colors. From left to right: First area, color red, it has
been processed to study Nb. The second area, the color purple, it is used to study Nb, Zr, and the
interface between them. The third area, color light blue, it is intended for studying just Zr. Finally,
the fourth area, color green, has been processed to study the Zr layer but including the oxidized
part of the film; it means the ZrO crystal structure was also obtained.

Figure 6.14: FFT diffraction pattern of the four different areas chosen to study the crystal
structure of the materials of each layer, obtained from high-resolution Bf STEM image (center
picture). Four aperture selected areas were chosen to study the sample (colored squares). The
crystal structures found for Nb, Zr, and ZrO are marked in red, blue, and green respectively.

Again, Imagel tools from FIJI software were used for the acquisition of the g values and lattice
parameter from the ring formed on the diffraction pattern. Those values were compared with
different models to obtain the crystal structure of the materials. The resume of all results is
presented in fable 6.4. HRSTEM images were also used to process three areas, studying carefully
and separately Zr, ZrO, and Nb.
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In figure 6.15 top left: A HAADF STEM image of the bilayer and the well-defined interface is
shown. Some lines that go from one layer to the other can be appreciated, possible marks of defects
and dislocations present on the bilayer structure.

Figure 6.15 top right: BF STEM images are presented, to have a better visualization of the unit
cells due to the different contrast depending on the type of image. For Zr, Hexagonal, honeycomb
shape it well observed, with agrees accurately with XRD results and the FFT images results.
Fourier Transform (FT) images, were indexed with the unit cells of d Zr hep (i.e., high-temperature
hexagonal structure of Zr with space group P63/mmc). The model used for the lattice parameters
are: a=0,323 nm ¢ = 0,515 nm. For this model g (002) = 3.88 nm™! and g (100) = 3.57 nm™'. While
from experimental images we got g (002) = 3.8 nm™! and g (100) = 3.5 nm™! so the unit cell
parameters will be respectively bigger than that of the model.

The top part of the Zr layer was studied, this part of the layer is oxidized, it corresponds to an about
10 nm ZrO layer. Remembering that in BF image the contrast is higher in heavy elements, so the
oxygen atoms can be appreciated since Oxygen is lighter than Zr. The Fourier Transform (FT)
images were indexed with the unit cell of cubic ZrO (space group Fm-3m), which is well defined
in the image (figure 6.15 bottom right). The lattice parameter of the used model was a =0.513 nm.
The model predicts g (200) = 3.896 nm™ and g (220) = 5.51 nm’!, while from experimental image
FT we got: g (200) = 3.7 nm™! and g (220) = 5.2 nm™’. So, also, in this case, the unit cell parameter
will be respectively bigger than the one for the model used.

In figure 6.15 bottom left: We focus on the Nb layer. Nb is not oxidized. Cubic crystals with
different orientation planes can be easily identified. Fourier Transform (FT) images were indexed
with the unit cell, of cubic cells, of Nb (Lm-3m) with a=0.33 nm. For this model g (200) = 6.06
nm™ and g (220) = 4.28 nm™!, while from experimental image FT we got: g (200) = 5.8 nm™' and
g (220) =4.15 nm™!,). So, for Nb also, the unit cell parameter will be respectively bigger than the
cells of the model.

Each time the experimental lattice parameters (a and c¢) appear to be 5% bigger than those of the
model. Considering the calibration overestimation of 2% evaluated for Si, 2-3% difference in the
lattice parameter can be assumed.

Table 6.4: Crystal structure of the elements that composed the Zr/Nb sample.

Elements | Crystal Orientations | experimental g values Model g values
structure (nm™) (nm™)

Zr Hecp (P63/mmc) (002) 3.80 3.88
(100) 3.50 3.57

ZrOx Fcc (Fm-3m) (200) 3.70 3.90
(220) 5.20 5.51

Nb Bcc (Im-3m) (200) 5.80 6.06
(220) 4.15 4.28
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BF STEM

N

HR of Nb_BF STEM HR2 of Zr_0 BF STEM

Figure 6.15: HAADF STEM and BF STEM images of the crystal structure of Zr. A close view of
the shape of the crystal structure is observed and an estimation of the size of the unit cells.

6.5 Nb/Zr/Nb (sample 4).

Since Zr oxidizes faster than Nb, a three-layer structure was fabricated assuming Nb would protect
Zr from oxidation and it will make the structure mechanically tougher. In the hypothesis the
transmittance performance of the three-layers should be very similar to the free-self-standing
Nb/Zr filter, since the total thickness of the sample also will be around 100 nm after etching. For
the three-layer sample (sample 4), we will focus just on EDX analysis and Nb crystal structure
since there was no novelty in the Zr layer in comparison with the last samples and there was limited
time using the instrument. For the fabrication of this sample, a standard 100 nm membrane window
was used as a substrate for the e-beam evaporation of the materials.

The SEM cut lamella cross-sectional image is shown in figure 6.16. Optical measurements of the
thicknesses of the layers were performed with SEM tools.
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SisN,

Si
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Figure 6.16: SEM Image of the cross-section Nb/Zr/Nb. The thickness of each layer is shown.

In figure 6.17 BF images are shown, the interfaces don’t look so sharp, some roughness can be
appreciated. Some planes with different crystal orientations can also be identified marked with
white arrows.

Figure 6.17: BF TEM images for closer views of the three-layers structure. The white arrows show
planes where different crystal orientations can be appreciated.

In the HRSTEM images in figure 6.18, the crystal structure of Nb is studied. In the case of HAADF
mode, the heavier elements appear lighter, so Nb in the sides appears with less contrast than Zr.
Previously, the calibration of the images was done using the HRSTEM images of Si. The unit cell
from the model of cubic Si used corresponds to the lattice parameter a = 0.543 nm, while the
experimental measurements give us a value of a = 0.556 nm. That means that the unit cell
parameters measured from STEM will be overestimated by 2%.
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Since Nb get oxidize slower than Zr, not an expansion of the upper Nb layer is present. The unit
cell of Nb was measured in the outer layer, corresponding to Nb bcc with different crystal
orientations: Nb (200) with g = 5.8 nm™!, with a unit cell of about 0,338 nm, (after consideration
of 2% overestimation calculated via calibration from HRSTEM images of Si) and Nb (110) with
g=4.1 nm™,

Finally, we cannot explain the origin of the additional Nb crystal structure with g = 3.6 nm™'. This
g value does not fit to Nb or NbO (Pm3m) but could be some other state of oxidation of Nb like
Nb2Os [78], or maybe the formation of a superstructure.

Following the procedure of indexation of the crystal structure, EDX analysis was performed; the
results are shown in figure 6.18. As for the last sample, each layer is color-coded, corresponding
to yellow for Si, orange for N, which corresponds to the Nitrogen contents of the membrane.
Continuing with red is for Nb, green for Zr, dark blue for Pt protection layer, and very light blue
for the oxygen content.

Figure 6.18: EDX analysis of the difference interfaces interactions, each element is color code,
no interdiffusion was found.

No interdiffusion was observed between the Zr and Nb layers, neither at a higher resolution.
Nevertheless, as we can see in the images, the internal boundary is not perfectly flat. The roughness
of the interphase is in the range of 1-2 nm.

The top layer of Nb present oxidation, the thin layer is of about 4-5 nm. Not expansion of the Nb
oxidized layer can be determined without previous thicknesses measurements.
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6.6 Conclusions

e The filters are composed of polycrystalline layers. Different crystals structures of Zr were
found mostly in sample 1, but due to the less accuracy of those measurements in compare with
the HRSTEM measurements for sample 3 and the XRD results, we conclude the Zr hcp
structure is the most reliable structure to be found in this type of thin films.

e Nb layers were composed for different crystals orientations but always bce Nb, agreeing very
well with XRD results presented in section 6.1.

e The structure for ZrO founded corresponds to fcc ZrO. Zr expands when it gets oxidized, but
we cannot know precisely the amount of expansion without previous measurements of sample
thickness. The expansion of this layer can lead to an increase of stress on the films and it could
be the reason why Zr/Nb filters are more fragile than Nb/Zr ones.

e Oxidation was always found in the top layer of the filters.

e Carbon contamination, typical in this type of filter, was found in sample 3.

e There was not inter-diffusion between the interfaces of Zr/Nb, Nb/Zr, but the boundaries
between materials were not completely flat. The roughness of the interfaces in sample 4 was
estimated to be between 1-2 nm.
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Chapter 7.

Study of EUV radiation damage on free self-standing Nb, Zr, Nb/Zr, and
Zr/Nb thin-film filters.

7.1. Introduction.

Optical devices in high brilliance sources, such as thin-film absorption filters, mirrors, and others,
which operate under vacuum of about 107 Pa or lower, are exposed to radiation in the presence of
residual contaminants (more often water vapor and hydrocarbons) and so their surfaces are
susceptible to oxidation, carbon deposition, and other chemical reactions.

The main chamber is filled with optics, sensors, electric wiring, and numerous other components
[79]; All these components not only produce outgassing but also make baking of the vacuum
system impossible, which can also lead to the contamination of the filters. Moreover, the
contribution of hydrocarbons produced during the exposure process itself cannot be ignored, most
filters are very susceptible to carbon contamination, which results in reduced transmittance.

The photochemistry of the relevant processes at the surface of the optical elements is found to be
intensely dependent on the type and pressure of background gas constituents and the incident flux
of the EUV photons. Under the illumination with EUV radiation, photoelectrons of less than 10 eV
energy are typically created [80]. The cracking of the adsorbed molecules at the optical surface by
those photoelectrons or due to EUV photodissociation results directly in contamination of the
surface of the optical devices with molecules and radicals [81, 82, 83].

Water and oxygen act as oxidizers, most of the materials available for filters in EUV oxidize
quickly, which reduces their performance and results in rapid aging. This effect can be prevented
or mitigated by using an oxidation-resistant protective capping layer.

Hydrocarbons lead to carbon growth. Three steps lead to carbon growth: adsorption, diffusion, and
photon or secondary electron-induced dissociation [80,79]. Unfortunately, most capping layers do
not prevent the build-up of carbon contamination, leaving this as the primary surface
contamination process [80]. The high absorption of EUV radiation by carbon makes the
contamination layer a critical issue.

Thin-film filters for extreme ultraviolet are used to remove multiple-order radiation. They are also
used as gas barriers, allowing the introduction of contaminant gas that could damage the filters
and of course, cause of contamination [10, 14, 18]. The contamination of the films reduces the
performance of the multilayer filters. So proper study of the contamination due to environment
and radiation exposure is necessary to determine appropriate protective coating solutions for these
transmittance filters.
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7.2. Experiment Description.

The free self-standing filters designed and fabricated in this project are intended to be used in EUV
and soft x-ray FEL sources. In these types of sources, the filters will have to face high peak power
radiation, high repetition rate, long-term operation and short pulses, which could deliver enough
energy to the filter’s structures to cause re-crystallization and an increase in the number of defects
in thin films inducing damage on this kind of optical devices even if the irradiance doesn’t exceed
the single-shot damage threshold [84, 85].

The durability of free self-standing thin-film filters at normal incidence as well as the
contamination process due to the exposure to high-density EUV radiation has been experimentally
studied. Due to the difficulty of obtaining FELs time to study the behavior of the filters under FEL
conditions, an alternative experiment has been developed using a high-density radiation set-up to
expose the samples to certain doses of EUV radiation; with the possibility to determine the critical
dose where the samples show any change on their surface due to the exposure.

For this experiment, one set of 6 samples formed by 4 different types of free self-standing filters
was used: Nb, Zr, Nb/Zr, and Zr/Nb, see figure 7.1. The samples were fabricated in the HNF center
at Forschungszentrum Juelich, following the fabrication procedure described in chapter 3. The
filters have a 3 mm x 3 mm window area. Doses variations are determined by the time of exposure.
2 min, 4 min, and 6 min along the horizontal axis.

As the deposition method, e-beam deposition technique was used; deposition conditions are given
in sub-section 3.2.4 and etching recipe in section 3.4. As a side note, it is worth mentioning that
the samples prepared by e-beam technique, before etching presented a very flat and smooth surface
but after etching procedure, Zr and Zr/Nb samples became wrinkled as the Zr and Zr/Nb filters
prepared by sputtering for chapter 5 experiment.

Four samples were exposed to high-density EUV and 2 samples were kept as a control. Having
control samples is important because it helps to differentiate between contamination or damage on
the surface due to environmental conditions and handling during characterization from those due
to radiation exposure. Samples are described in table 7.1, with the particular objective for each
sample.

After the fabrication, optical microscope’s images and XPS measurements were performed on the
surface of the samples to be able to identify any macro-change after the radiation exposure. A
Phi5000 VersaProbe II XPS was used, the instrument was described in chapter 4. XPS was
performed in 3 points of each sample.
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Figure 7.1: Free self-standing filters to be exposed to high-density EUV radiation.

Table 7.1: Description of the samples that will be used for the experiment and each particular
objective during the different parts of the study.

Sample | Nominal thickness Objective
(nm)
+/- 5 nm error
each layer

1 Nb 1 100 To be exposed at ILT + before and after
characterization

2 Zr 1 100 To be exposed at ILT + before and after
characterization

3 Nb/Zr 50/50 To be exposed at ILT + before and after
characterization

4 Zr/Nb 50/50 To be exposed at ILT + before and after
characterization

5 Nb 2 100 nm Sample control

6 Zr 2 100 nm Sample control

The transmittance of the samples was characterized before exposure tests in BEAR beamline at
ELETTRA synchrotron. Due to the limited time available for using the beamline the samples could
not be characterized in the full spectral range from 4 nm to 20 nm. In order to be able to monitor
any changes on transmittance after high-density EUV radiation exposure, only four wavelengths
were chosen to scan the horizontal axis using the Y manipulator (which allows the horizontal
movement along the sample) of the instrument: (6, 7.02, 13.5, 17) nm. The radiation exposure was
intended to be performed along the horizontal axis. All filters have a small blue mark in one corner,
which is used to recognize the horizontal axis orientation and thus ensure the same position of the
sample during the radiation exposure and characterization procedures.

An EUV pulsed xenon plasma discharge source combined with a high-NA optics (two-shell
ruthenium-coated Wolter collector) and a molybdenum/ silicon multilayer mirror optimized for
13.5 nm, to achieve high peak irradiance at sample was used to apply three doses on each sample,
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for a total of three radiation exposure spots. The focus point position was determined with the help
of a scintillator, which was also used to estimate the size of the beam spot; The spot size is about
0.05 mm?.The setup is located at the Fraunhofer Institute for Laser Technology and the Chair for
Technology of Optical Systems at the RWTH Aachen University. Figure 7.2 shows the schematic
drawing of the samples with the positions where the different exposures were performed. Samples
were kept in vacuum during EUV exposures; The vacuum level was around 107 Pa.

During the experiment the beam was not characterized due to time limitations; the setup was built
and characterized around two years before the experiment and a re-characterization of the beam
was performed by the lab team some time after the experiment. The values of peak intensity and
fluence obtained during the re-characterization of setup are used in this thesis to estimate the doses
applied to the samples. The peak intensity in the spot was approximately 0.19 W/cm?; the fluence
was kept constant at a level below the single-shot damage threshold while the variation of the
doses applied on each spot depends on the time of exposure and the pulse frequency.

The fluence per pulse F is determined by

Fofp_ 1.9 uJ

- _ 2
o 00005cm? — 3.8m]/cm 7.1

Where €, is the average energy per pulse, value taken from the information about the

characterization of the source and optical setup described in the next section, and A is the effective
area.

The theoretical dose applied in each spot is given by:

Doseiorqr = F XX t 7.2

Where f is the pulse frequency and t is the total time of exposure in seconds.

To characterize the beam on the spot, a Zr filter placed before the photodiode was used to eliminate
out-of-band radiation, in this way, the peak intensity measured by the photodiode is lower than the
peak intensity radiation applied to the samples, meaning that the experimental total doses applied
to the three spots on each sample are estimated to be larger than the theoretical values presented
in table 7.2.
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Pos1 Pos 2 Pos.3

2 mn 4 min 6 min

Figure 7.2: Schematic picture of the exposure spots. The first spot was at the center of the filter’s
window. The other two spots were separated by 1 mm from the center, left and right. All samples
have a reference blue spot to ensure the position orientation of the samples.

Table 7.2: Time of exposure and the calculated total dose applied in each selected position.

Time of Total theoretical

Position exposure (s) dose on the spot
J/cm?
1 120 22.8
240 45.6
3 360 68.4

After the EUV exposures were performed, filters were re-characterized by microscope optical
observation and XPS measurements around the same spots of the radiation exposure. Both XPS
analysis before and after the experiment were carried out at ZEA3 institute at the
Forschungzentrum Juelich.

Unfortunately, sample 4 (Zr/Nb) was broken while it was mounted for XPS measurements.
Transmittance measurements after exposures were not possible by the time of writing this thesis.

7.3. High-density radiation setup.

As a light source, AIXUV pulsed xenon plasma discharge source is used, figure 7.3. This type of
source produces a plasma pinch with a sub-millimeter diameter and strong emission lines in the
XUV. The light output for this type of source has been measured in previous projects from ILT
and RWTH Aachen, to be 0.401 mJ/sr per pulse within a 2 % bandwidth around 13.5 nm [86].
This value includes self-absorption in the xenon that leaves the source together with the light.
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To filter a smaller band around the desired EUV wavelength, a molybdenum/silicon multilayer
mirror optimized for 13.5 nm is used. The source is connected to vacuum chamber. Via this
chamber, pressure measurement devices, a turbomolecular pump, and gas inlets for venting are
connected to the setup. The vibration frequency of the turbomolecular pump is about 500 Hz,
filters to be tested must be tougher enough to resist the vibration. The complete information about
the setup can be found in the master thesis of Oskar Hofmann [87]; Part of his project at RWTH
Aachen was the full characterization of this source and optical design of the setup (first
characterization). The characteristics of the source and the beam re-characterization are presented
in table 7.3.
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Figure 7.3: Scheme of the experimental setup [87] with the source (1), 6-way-cross connector (2),
multilayer mirror (3), reference diode (4), removable collector blocker (5), gate valve (6),
collector chamber (7) and sample chamber (8). Controllers for the source and motion motors,
power supply, oscilloscope, and computer (9).

Table 7.3: Information about the source and beam characterization.

Repetition rate 50 Hz.

Bandwidth 2% around 13.5 nm
Plasma produced with | Xenon gas

Spot size Around 0.05 mm?
Peak intensity in spot | 0.19 W/cm?
Fluence 3.8 mJ/cm?

Energy per pulse ~1.9wW

The setup was built under the concept of how constantly monitor the light output of the source.
The multilayer mirror is positioned in such a way that some light from the source can pass above
the mirror. This light then is reflected by a smaller multilayer mirror, of the same type, onto a
reference diode. Another photodiode (signal diode), of the same type as the reference diode, is
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placed at the position of the sample to measure the fluence of the radiation that would arrive to the
sample spot. After calibrating both diodes against each other, the radiation arriving onto the sample
can always be calculated from the signal of the reference diode [87].

Figure 7.4 shows pictures of the actual setup, in ILT (Fraunhofer Institute for Laser Technology),
joint lab with the Chair for Technology of Optical Systems at RWTH Aachen University. The two
photos on the right side, show the holder used to perform the exposures. The circular piece is a Zr
filter coupled with a scintillator to determine the position of the focal point of the beam. The small
square piece is the sample placed in the custom-made holder. In the bottom picture, the sample is
placed in the direction of the beam.

When the focus point position is determined with the help of a scintillator, the sample is placed in
the desired position with the help of the sample station, which is located inside the measurement
chamber. The sample station can move in two dimensions; left-right and in-out of focus. The
sample station does not run in the vertical direction, which implies a limitation on the selection of
the spots to be exposed.

Figure 7.4: Picture of the actual set-up located in ILT institute of Aachen University. In the top
image, right side: Scintillator side by side with one of the samples. The holder allows the placement
of two samples together with scintillator. In the bottom, ride side: Sample placed in the beam pass
is shown.

7.4 Results and discussion.

An infrared camera was intended to be used during the exposure of the filters in order to monitor
the procedure, having the possibility to ensure the position of the beam on the sample and obtaining
a mapping of temperature changes due to the radiation absorption and the infrared emission of the
metal layer. Unfortunately, the infrared camera was not working during the planned experiment.
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The malfunction of the infrared camera let us working blindly since we could not be secure if the
beam was focused on the sample, and analysis of infrared emission was not possible. After
focusing the beam using the scintillator placed next to the filter in the custom holder shown in
figure 7.4, using a horizontal motion manipulator the sample is moved to a calculated position that
should correspond to the center of the filter. From there the positions of the other two spots were
located moving the manipulator 1 mm to the left and 1 mm to the right from the center.

The setup can manage only one sample each time, so opening the chamber and breaking the
vacuum is necessary to place the next sample.

During the first try out of the setup for the experiment, an extra sample of around 100 nm Zr was
used. The starting time of exposure was chosen 8 min, for a total dose of 91.2 J/cm?. Unexpectedly,
when the chamber was opened the filter was broken. Since there was no way to monitor the sample
during exposure, we cannot be sure when it happened and what was the reason for the filter getting
broken. Due to the limited number of samples available for the experiment and the limited time
available for the experiment, the times of exposures were shorter than programmed, resulting, as
we assume, in administrated doses below the critical dose. Furthermore, slight misalignment of
the sample stage could result in sample displacement from the optimum focus position, obtained
with the help of the scintillator, causing further doses reduction.

After the rounds of exposure, samples were inspected with an optical microscope, no sign of
ablation or any kind of damage was possible to detect with the instrument, so, from a simple
observation point, the filters are strong enough to support the doses administrated and the
vibrations inside the chamber.

7.4.1  The surface chemical composition.

XPS analysis of the filters was performed before and after high-density EUV radiation exposure.
Unfortunately, Zr/Nb sample (sample 4) was broken during the mounting of the sample for XPS.
Because of that, we won’t present XPS results taken for sample 4 before exposure, since the results
are very similar to the other filters. Instead, in a collection of data presented in table 7.3, the
comparison between the surface composition of the filters before and after the experiment is
presented as well as the comparison of the control samples before and after the time of the
programmed experiment. Five months are the time between the taken measurements.

As one can observe, similar to previous analysis of these kinds of filters in chapter 5, the presence
of oxygen, carbon, and fluorine on the surface of these samples are characteristic. It must be
remembered that the analysis reaches only between the first 5 to 8 nm into the sample’s surfaces.
After the radiation doses were applied, some traces of Si are found on the surface of the filters;
We cannot be certain about the cause.
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Table 7.3: XPS analysis comparison of each filter before and after EUV high-density radiation
exposures as well as the comparison of the control samples before and after the complete
experiment.

Sample 1, (Nb) before EUV exposure Sample 1, (Nb) after EUV exposure
Elements | Point 1 Point 2 Point 3 Elements Point 1 Point 2 Point 3
found Percentages Percentages Percentages found Percentages | Percentages Percentages

% % % % % %
C 21.4 21.2 22.3 (& 38.7 41.1 40.4
0O 53.8 53.0 52.4 [0) 40.5 39.0 40.2
F 2.8 3.5 3.1 F 2.4 2.8 2.4
Nb 22.0 22.3 22.2 Nb 15.9 14.7 152
Si 2.5 2.3 1.8

Sample 2, (Zr) before EUV exposure Sample 2, (Zr) after EUV exposure
Elements Point 1 Point 2 Point 3 Elements | Point 1 Point 2 Point 3
found Percentages | Percentages | Percentages found Percentages Percentages Percentages

% % % % % %
C 20.4 21.2 19.8 & 41.0 40.9 46.0
0 47.7 46.8 45.9 O 319 32.9 29.3
F 9.5 9.8 12.5 F 11.2 9.6 10.3
Zr 22.4 22.2 21.8 Zr 15.3 15.8 13.5
Si 0.6 0.8 0.9
Sample 3, (Nb/Zr) before EUV exposure Sample 3, (Nb/Zr) after EUV exposure
Elements Point 1 Point 2 Point 3 Elements Point 1 Point 2 Point 3
found Percentages | Percentages | Percentages found Percentages | Percentages | Percentages
% % % % % %
C 31.8 29.7 28.8 C 41.6 41.5 39.6
O 34.8 31.5 30.7 O 39.4 39.7 37.4
F 18.0 24.9 27.1 F 3.4 3.0 8.4
Nb 15.4 13.8 13.4 Nb 14.3 14.1 13.4
Si 1.4 1.7 1.2
Sample 5, control (Nb) before Sample 5, control (Nb) after
Elements Point 1 Point 2 Point 3 Elements | Point 1 Point 2 Point 3
found Percentages | Percentages | Percentages found Percentages | Percentages Percentages%
% % % % %
C 21.4 21.2 223 C 34.5 38.3 33.1
(0] 53.8 53.0 52.4 (0 44.7 42.0 45.2
F 2.8 3i5 3.1 F 2.1 1.8 2.4
Nb 22.0 223 22.2 Nb 18.1 17.3 18.7
Si 0.6 0.7 0.6
rol f
Elements 3::::, :lle > contP(c:in(tz ;) e Point 3 Samplelfycontyoli{Zc)Rfte
P P " P " P : Elements Point 1 Point 2 Point 3
oun oercen ages ercentages ercentages found Percentage | Percentage | Percentages%
% % % o i
s% s %
< 204 212 198 C 34.7 34.0 35.0
0 47.7 46.8 45.9 0 40.5 40.3 39.3
F 9.5 9.8 12.5 F 5.1 5.7 6.3
Zr 22.4 22.2 21.8 Zr 18.8 19.2 18.6
Si 0.9 0.9 0.7

Regarding carbon contamination, there was an increase in the percentage of carbon found on the
surface of the filters after exposure but also on the control samples. In the case of the control
samples, in sample 5, an average increase of 62% of carbon with respect to Nb was found and a
68.6% increase in sample 6 with respect to Zr. In the case of the samples submitted to the
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exposures, there was an average increase of carbon of about 85% in sample 1 with respect to Nb;
108 % percent increase in sample 2 with respect to Zr, and only a 35 percent increase in sample 3
corresponding to Nb/Zr. Since we cannot ensure that the measurements were taken in the exact
points where the doses were applied, the results are not conclusive. Furthermore, we cannot infer
any relationship between the amount of dose applied and the percentage of carbon found on the
surface since the increase was similar for the 3 spots on each sample. However, the results confirm
the presence of stronger contamination due to carbon growth for the exposed samples.

Oxygen percentage got a reduction in the measurements after exposure in mostly all the samples,
inclusive in the control samples. We could say that since XPS can detect just a few nanometers of
elements on the surface, then maybe, the increase of carbon pushed for a reduction of the oxygen
content at the surface, becoming part of an oxidized metal layer. A more detailed XPS is needed
to be able to identify the oxidized states of the metal layers.

7.4.2  Optical characterization.

The transmittance performance of the first four samples (Nb, Zr, Nb/Zr, and Zr/Nb self-free-
standing filters) was measured at BEAR Beamline before exposures to high-density EUV radiation
at 13.5 nm. Four wavelengths were chosen to track the possible changes, on transmittance
performance, due to exposure damage.

The samples were scan along the horizontal axis to measure transmittance at each one of the chosen
wavelengths (6, 7.02, 13.5, 17) nm, taking the central point of the filter window as one reference.
The second reference, to ensure the correct position of the sample, as it is mentioned before, is a
blue spot located in each sample. For the measurements, the samples are positioned keeping the
blue spot always in the bottom-left corner. The window of the filter is 3 mm x 3 mm in size. Using
the Y manipulator, the motors of the instrument moved the samples in steps of 0.1 mm. A
transmittance map of the samples, for each wavelength, is presented in Figure 7.5.

As we can observe from figure 7.5, the transmittance curves resulted from the measured data
demonstrate certain homogeneity. We can even infer the type of etching outcome from RIE
procedure. It looks like it was an isotropic etch since curves are not completely flat but kind of
rounded at the edges.

The four free-self-standing filters demonstrate a remarkable performance. As it was expected from
the transmittance results of Nb/Zr free-self-standing filter presented in chapter 5 the highest value
of transmittance for all filters occurred at 7.02 nm. Nb presented the highest transmittance
performance with 77% of transmittance for 6 nm and 7.02 nm and 65% at 13.5 nm, to our
knowledge these are the highest values of transmittance for Nb free-standing filters at these
wavelengths, presented so far [17]. Also, Zr filter shows good transmittance performance with
67% at 7.02, followed by Zr/Nb with 66% and at last Nb/Zr filter. Paying attention carefully to the
transmittance curves of Nb/Zr, even though the results on transmittance are similar to the Nb/Zr
filter characterized in chapter 5, it looks like that the Si3N4 membrane was not completely detached,
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the convex shape of the curves is proof of the non-uniformity of the etched part showing the highest
inhomogeneity of all samples. The presence of a residual SizN4 membrane reduces the
transmittance performance of the filter. Besides, the thicknesses of the filters deduced by fitting
the measured data will explain in more detail below the results obtained. The comparison of the
measured transmittance data is presented in figure 7.6.
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Figure 7.5: Transmittance map of the samples, for 6 nm (green), 7.02 nm (black), 13.5 nm (red),
and 17 nm (blue) wavelengths.
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Figure 7.6: Transmittance relation of the four samples measured at four wavelengths.
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IMD optimization algorithm was used to fit the curves of the measured data of each filter. Taking
in account the results from XPS measurements of the filters before exposure, and the results from
TEM analysis from similar structures studied in the last chapter: a layer of carbon was added as a
top layer and layers of metal oxides were added in order to try to simulate the most realistic
structures for our filters. In figures 7.7 and 7.8 the fitted curves are shown together with the resulted
proposed structure for each filter.
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Figure 7.7: Measured curves and fitted curves for Nb and Zr free-self-standing filter.

Since the measured data is composed of only four points, it is very difficult to fit the curves
perfectly because the degrees of freedom of the variables for the algorithm get limited. Similar to
the fit for the filters in chapter 5, the carbon layer on top is always around 3 nm, and the level of
oxidation of Zr is higher than that of Nb.

To find the best fit for Nb filter, figure 7.7 top, the total thickness of the Nb layer had to depart
significantly from the nominal value. The total thickness of the filter is found to be 58 nm. The
optical constants used for the fitting of the measured data also influence the results. For all
theoretical simulations of the measured data, values from “nk” IMD files were used as optical
constants. These files cover a wide range of wavelengths and use data compiled from different
databases such as the data from lInl _cxro.nk, Palik.nk, and other contributors, expanding the range
from 0.124 angstroms to 3.33-10° angstroms depending on the element [88].

109



Study of EUV radiation damage on free self-standing Nb, Zr, Nb/Zr, and Zr/Nb thin-film filters.

For Zr filter (figure 7.7 bottom), the transmittance performance was lower but the total thickness
of the filter is higher in comparison with Nb filter, around 107 nm, very close to the nominal value.
For the best fit of this filter a residual 3 nm Si3N4 membrane had to be added and oxidation of the
Zr layer at the top as well at the bottom.
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Figure 7.8 Measured curves and fitted cures for Nb/Zr and Zr/Nb free-self-standing filter.

In the case of Nb/Zr filter, figure 7.8 top, we were assuming also a residual SizNs membrane, as
for the Nb/Zr filter in chapter 5, in that case since there was a broader characterization of the filter,
the absorption L edge signature pointed out that possibility. But in the end, in this case there was
another alternative: the best fit was achieved by assuming a completely detached membrane and
as the consequence of not having it at the bottom, a layer of ZrO; due to the exposure to the air
after the etching process. The total thickness of the best-fitted structure was about 99 nm.

For Zr/Nb filter (figure 7.8 bottom), different combinations of parameters were used to find the
best fit of the structure, however fitting did not converge very nicely. There was no need of
assuming a residual membrane and since Nb is in the bottom layer, and Nb oxidize in a slower
rate, we did not propose an oxidized layer at the bottom, but just and oxidized layer of Zr on the
top.. The total fitted thickness was about 112 nm.
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As we mentioned before, the re-characterization of the filter after EUV exposures was not possible
by the time of writing this thesis. Those measurements are necessary to determine any reduction
of the transmittance performance of the filter due to the exposure. A better way to track the position
of the exposure spot is also necessary in order to ensure the reliability of the results.

7.5 Conclusion

e The doses applied are possibly far from the critical doses where the filters can present any
visible damage.

e The experiment could be extended to applying higher doses of radiation and then re-
characterizing the samples.

e An infrared camera or another way to monitor the samples during exposure is needed to
ensure the position of the exposure spots.

e The fitting of the measured transmittance data suggests that Nb filter is thinner than
expected. Furthermore, even though e-beam deposition technique seems to achieve more
mechanically stable filters, magnetron sputtering has better control on the target
thicknesses of the layers.

e XPS results are not conclusive because even though the increase of the percentage of
carbon contamination is mostly higher in the samples that were exposed, we are not able
to ensure that the positions of the XPS measurements are the same as the exposure spots.

e Because during the exposure of the samples there was no additional Zr filter to suppress
out-of-band radiation, which was used for the characterization of the beam, and due to an
uncertainty regarding the best focus position and spot size, it is not possible to determine
exact dose on each spot. The dose is however large enough to result in some contamination
on the exposure spots, which was, in some way, confirmed by XPS measurements.
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Chapter 8.

Conclusion, recommendations, and future work.

During the long way of this project, and from all the results obtained, several conclusions can be
addressed.

Thin-film filters are used in all kinds of short-wavelength sources, such as plasma-based sources
and synchrotron radiation-based sources. Thin-film transmittance filters are needed to ensure the
quality of the beam delivered from those sources. In the EUV, materials have broad absorption, so
good candidate materials are limited. Furthermore, the properties of the radiation delivered from
high-brilliance sources (high peak power and short pulses), like FELs, demand not only a good
transmittance performance of the filters but also thermal, mechanical, and chemical stability when
exposed to this kind of radiation. Taking into account all of those considerations, the selection of
materials for the fabrication of the filters is not a trivial task.

In our case, we found that Nb and Zr are the best candidates for the fabrication of free-standing
thin-film filters. Studying the properties of these two materials and analyzing the simulation of
their transmittance performance, we conclude that the combination of Nb and Zr in bilayer
structure filters was the best option for filters in the range from 4.5 to 20 nm. For the project, we
studied the properties not only of the bilayer structure but also of the monolayer filters as well. A
more careful etching procedure is needed to achieve the optimized performance of this bilayer
structure.

During the fabrication steps, differences in the quality of the filters were noticed depending on the
deposition technique used, at least for Zr and Zr/Nb filters. These two types of filters, when they
were fabricated using sputtering deposition techniques, presented compressive stress featured by
a wrinkled surface. They resulted in very fragile structures, to survive the etching procedure. It is
possible that the quick oxidation of Zr, during or after deposition, is the cause of the fragility of
those filters, taking into account that sputtering takes a considerably longer time than e-beam
evaporation and in those combinations, Zr is on top, where it is always exposed to air.

When e-beam evaporation was used, all samples were strong enough to survive the etching
procedure; but again, even though after deposition all samples presented flat smooth surfaces, after
etching Zr and Zr/Nb samples became wrinkled showing apparent signs of compressive stress.

Nb and Nb/Zr samples presented flat and smooth surfaces and were strong enough to survive the
etching procedure, even when they were fabricated using the sputtering technique. In this case,
when they were fabricated with magnetron sputtering; after being etched, the filters also featured
compressive stress with wrinkled surfaces. This was not the case when Nb and Zr were fabricated
using e-beam deposition techniques; Samples remained flat and smooth even after etching. On the
other hand, magnetron sputtering offers more control over the thicknesses of the deposited layers,
besides that, for the fabrication of these filters, the e-beam technique is preferred.
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Conclusion, recommendations, and future work.

Self-standing Zr, Nb, Nb/Zr, and Zr/Nb filters have been achieved. The transmittance performance
of all four kinds of filters was characterized before etching, as is presented in chapter 4. However,
for the limited time during the synchrotron measurements campaign, we presented only the results
of the full characterization of our Nb/Zr self-standing filter, with the highest peak of transmittance
of 60 % at 7.02 nm, which represent excellent results. We also presented the remarkable results of
the transmittance measurements, at four wavelengths, of the achieved self-standing filters
fabricated using e-beam evaporation. Due to the imperfection of the etching procedure for some
of the samples, the results are not all as expected. Nb presented the best performance, with a
transmittance of about 77% at 6 nm and 7.02 nm and about 65% at 13.5 nm. For Zr filter, the peak
transmittance, for the wavelengths measured, was 67% at 7.02 nm. In the case of Zr/Nb filter it is
66% at 7.02 nm. In the case of Nb/Zr, the possible oxidation of the bottom layer after the
detachment of the membrane reduced the transmittance of the filter. But even with the reduction
of its performance due to this problem, the filter achieved around 56% of transmittance at 7.02
nm, very similar to the value obtained before; It is possible to let around 2 nm residual membrane
to protect the bottom layer from oxidation and improve the transmittance, but a very precise
etching process needs to be carried on.

Plasma source- based on gas puff target, coupled with a spectrometer set up, was also used to
measure the transmittance performance of the samples. It resulted in a suitable technique, but only
when high accuracy of the measurements is not needed. It is a time-saving method compared with
synchrotron beamlines. Higher accuracy could be achieved with the proper characterization of the
source, also the development of better analysis code, using better approximations for the grating
equation, is needed to analyze the obtained spectrum data. This is part of our future work!

The structural analysis of the samples revealed that two different crystal structures were preferred
by Zr (hep and fcc) both with multiple crystal orientations. In the case of Nb, only bec Nb was
found in the respective analyzed samples. Results are in agreement with the results obtained by
XRD. Both Zr and Nb presented a certain level of oxidation when they were the top layer, but
while Zr presented about 10 nm of the oxidized layer, Nb only had around 3-4 nm. Samples were
fabricated both the same day. The oxidation of Zr has resulted in some expansion of the Zr layer,
while on Nb layer was not noticed any expansion by the time of the analysis.

XPS analysis of the samples found Oxygen, Carbon, and some Fluoride contamination on the
surface of the samples. Also, EDX analysis showed oxygen contamination and carbon
contamination in some layers. Carbon contamination is very common in this type of optical
devices. EDX showed no interdiffusion between the interfaces of Nb and Zr. HRSTEM showed
that the lattice parameters of the samples are larger than those predicted by the theoretical model
used. If the oversize is due to the different lattice size of the elements in the bilayers, intrinsic
stress could be the cause of the fragility of some samples.

For the study of the radiation damage of the filters, samples have been exposed to high EUV doses
in a setup based on a plasma source. No visible damage could be appreciated with the doses
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applied. It would be recommendable to repeat the experiment in a free-electron laser source;
increasing the applied doses, looking for finding the critical doses for each type of filter, and the
single-shot damage threshold. This could be pursued as future work.

Since samples are sensitive to oxidation, it is recommended to perform the in-situ deposition of a
protective coated layer to avoid the progressive oxidation of the filter and ensure a longer lifetime.
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Appendix A

MATLAB code created to process transmittance data obtained during the measurement campaign
in the Military University of Technology; Warsaw, Poland.

%Analysis of Transmittance Data.

% The code is used to obtain the transmittance spectrum of the filters from the spectrogram
produced by the measurements performed with the coupled spectrometer-CCD camera
transmittance setup.

The code returns a plot of Transmittance vs. wavelength.

%First Step, Working with Direct.

Data =imread('name signal file.tif");

Bkground= imread('name background signal file.tif");
Sample = Data-Bkground,

% eliminating the noise background from data.

Sample = double(Sample);
%making data easier to manage.
figure

image(Sample)

% For finding the position of the max value on the matrix the next three
% steps have to be used together.

G= sum(abs(gradient (sum(Sample,2))));
test = G(Sample);

f=@(ang)Rot(ang, Sample);

angle = fminsearch(f, 1);

sample opt = imrotate(Sample, angle);
figure;

imagesc (Sample);

figure;
imagesc (sample_opt);
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function rough = Rot(ang, img)
rough= -G(imrotate(img, ang));
end

function rms = G(img)
rms=sum(abs(gradient (sum(img,2))));
end

Sample (:);

% Use the column representation of my matrix to find max value

[~,I]= max(sum((Sample),2));
% Return max Value and index

x = 1:size(Sample,1);
%defining position of the axe X

y = l:size(Sample,2);
%defining position of the axe Y

imagesc(y,x-I,Sample,[0 20000]);

Y%relocation of zero position and limiting contrast.

% value of contrast must change depending on the image
colorbar;

11=x<I;
% Evaluating which part from the maximum is larger, upper

12=x>1;
% part or lower part.

a=sum(sum(Sample(il,:)));
b=sum(sum(Sample(i2,:)));

if (a-b>=0)
% condition deciding what part to take.

S = Sample(il,:);
else
S = flipud(Sample(i2,:));
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end
imagesc(S,[0 20000]);

CutS= S(1:800,1027:1036);
% clipping S to use a selected part of data to be analyzed

Direct= sum((CutS),2)/10;
%average.
pixel= 13000;

x= (1:size(S,1))* pixel;
%Calibration from Pixel to Wavelength

lamda= flipud((x(end-799:end)*(0.0000023))");

% lines calibrations are (799) is different for each sample, depending of the image of the spectrum.

figure;
plot(lamda,Direct);

% % Second Step: Doing the same procedure for the Filter sample.

Dataf =imread('filter.tif');
Bkgroundf= imread('bckg filter.tif');
Samplef = Dataf-Bkgroundf;

Samplef = double(Samplef);

Samplef (:);
[~,I]= max(sum((Samplef),2));

xf = 1:size(Samplef,1);

yf= l:size(Samplef,2);
imagesc(yf,xf-I,Samplef,[0 10000]);
colorbar;

11f=xf<I;

12f=xf>I;
a=sum(sum(Samplef(ilf):)));
b=sum(sum(Samplef(i2f,:)));
if (a-b>=0)

117




Appendix A

St = Samplef(ilf,:);

else

St = flipud(Samplef(i2f,:));
end

imagesc(Sf,[0 10000]);
colorbar;

CutSf= Sf(1:800,1037:1046);
Filter= sum((CutSf),2)/10;
pixel= 13000;

xf= (1:size(Sf,1))* pixel,

lamda2= flipud((xf(end-799:end)*(0.0000023))");
% values are selected manually depending on the spectrum of each sample.

figure;
plot(lamda2,Filter
plot(lamda,Direct,'r', lamda2,Filter, 'b');

T=(Filter/Direct);
%  Transmission calculation

plot(lamda,T);

118




Appendix B

Appendix B

Uncertainty Analysis

It is very important in every experimental research to evaluate and express the uncertainties of the
results derived from the measurements. The uncertainty of a measurement is a quantification of
the doubts about the measurement results.

The uncertainties come from errors. They are two types of errors: systematic or random
(statistical). These two types of errors are connected to the concepts of accuracy and precision. A
repeatable (precise) measurement is one where the spread of results is ‘small’, while an accurate
measurement is one in which the result is in agreement with the ‘true value’.

The uncertainty of a single measurement is limited by the precision of the measuring instrument,
along with any other factors that might affect the ability of the experimenter to make the
measurement and it is up to the experimenter to estimate the uncertainty [89].

Synchrotron Measurements [BEAR]

To obtain the transmittance T of a sample at a certain photon energy E,, and incidence angle 0 (
in our case normal incident beam), It is required to monitor the followings identities: Transmitted
intensity, direct beam intensity (without the sample in the beam path), and two intensity monitor
readings that correct the instability of the beam with time. These intensity pairs are measured by
the photocurrent responses of the photodiode and refocusing mirror respectively.

Since the transmittance measurements were performed at normal incidence and a surface scan was
performed to take the measurements at the center of each sample, we will neglect the possible
uncertainties derived from the alignment of the sample, and we will focus in the calculation of the
systematic error derived from instrumental uncertainties.

The transmittance T has been evaluated using 2 different normalizations: using mirror current and
the sum of the 4 BPM (beam position monitor) currents. In the 2 cases, the transmittance is given

by:

T = < I — Idark )/( IO - Idark )
Im,BPM ~— Im,BPM dark Im,BPM - IOm,BPMdark
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The instrumental error analysis has been done by measuring 1000 times at the same energy the
following quantities:

I: Transmitted intensity (diode signal).

I,: Transmitted intensity monitor (refocusing mirror drain current —
sum of BPM current).

Iy: Incident intensity (diode signal).

Iym: Incident intensity from the monitor (refocusing mirror drain current —
sum of BPM current).

Liari: The dark of the transmitted signal.
Liarko: The dark of the incident signal.
L BpM daark: The dark of the transmitted monitor signal.

lom,ppmaark: The dark of the incident monitor signal.

The error was analyzed with a model in which the diode intensity and the monitor intensity are not
separated. The dark error was considered as a constant. Under those conditions, the error is given

by:

A( I = Laari ) Y T
AT \Lnppm — Imppm dark Lngpm — lom BPMdark

T I = Igarg ( Io — Igarko )
I gpm — Im BPM dark Im,ppmo = Im,ppMdark

For each energy, the diode current, the mirror current and the sum of bpm were analyzed. Each
region used in the measurements has been evaluated using the ranges of the instruments used for
the measurements. The distribution of the measurements and the dark was fitted using a Gaussian
curve. The standard deviation ¢ of the distribution is considered the error.

The transmittance measurements were performed using a G1200 (1200 1l/mm) grating, the
measurements were divided in five energies regions depending on the filter used to cover each
range. The total extended range is from around 3.02 nm to approximately 29.52 nm (42-410) eV.
The results are shown in table B1. The analysis of single measurement by region has been used to
estimate the error percentage in transmittance and to plot the results in Figure B.1.
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Region | Energy regions (eV) Relative error by region
1 40 -75 1.9391560e-03
2 70 - 102 2.8923039¢-03
3 98 - 200 1.0996316e-03
4 190 - 300 1.0996316e-03
5 290 - 420 7.9762806¢-03

Relative error by region

1.00E-02
Region 5
8.00E-03 ° o
6.00E-03
g
b=
<
4.00E-03 Region 1
< =l
2.00E-03 Region4
’ s—5 Region3 Region2
@ L) ] L ]
0.00E+00
0 5 10 15 20 25 30 35

A (nm)

Figure B.1: transmittance relative error by wavelength region.

Instrumental uncertainty represents the accuracy of the ammeter readings and can be calculated
using the tool specifications provided by the manufacturer. The error is given by + [gain error +
offset error]. For the photocurrent measurement, a multimeter Keithley Model 6517A was used
and for the ranges of photocurrent used depending on the energy region the relative error was about
0.2%.

Since the measurements were performed at normal incidence and the samples were placed in an
especial holder custom made to fit the measurements chamber buildup holder, the total relative
uncertainty of the transmittance measurements was around 1%, neglecting the samples alignment
error.
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