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In-situ stress measurement of thin film and multilayer deposition
Johan Reinink, Robbert van de Kruijs, and Fred Bijkerk

Industrial Focus Group XUV Optics, MESA Institute for Nanotechnology, University of
Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands

The growth of thin films is often accompanied by a strain induced surface stress. This strain
depends on the growth mode (e.g. amorphous, crystalline), and modifies the electrical,
mechanical and optical properties of the thin film, down to atomic film thickness.

We measure the stress development during deposition of Mo/Si based multilayers, used as
optical coatings in EUV photolithography. We use a laser deflection based measurement
setup. The measurements reveal the stress development of the crystallization of the Mo layer
and the interface formation of Si on Mo in a real-time mode during growth. The effect of ion
treatment of layers on stress is also investigated. Several deposition conditions are varied and
barrier layers are added to determine their influence. Measurement results show several
possibilities for stress engineering.



Development of multilayer coated replicated neutron focusing optics
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Abstract

We have been developing multilayer coated X-ray optics for future X-ray missions using an
electroformed nickel replication process to fabricate complete shells which are then coated with
multilayers using DC magnetron sputtering. However, for small diameter optics the cathodes used
to deposit the coatings can no longer fit inside the optic for direct deposition. Therefore we have
developed an indirect coating process which allows us to achieve multilayer coatings on the inside
surface of arbitrarily small diameter integral optics. The multilayer coating is applied to the
mandrel and is released with the optic as part of the electroformed nickel replication process. We
are now applying this same technology to fabricate multilayer coated neutron focusing optics. We
present results from the first prototype multilayer coated neutron focusing optic which was recently
tested at the National Institute of Standards and Technology.






Characterization of chemical processes and interfacial diffusion
in Pd/Y multilayers using HAXPES induced by standing waves
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We characterize Pd/Y multilayer and several derivative systems [1] designed to
work in A=7.5-11 nm range, using hard x-ray photoemission spectroscopy (HAXPES)
combined with x-ray standing waves [2]. Experiments will be performed in September at
the GALAXIES beamline of the SOLEIL synchrotron facility in France. Investigation of
the real physical structure of the samples (interface roughness and diffusion, compound
formation) and the relation to the experimental performance will help optimize the
deposition process and improve its optical properties. The Pd L3 and M5, Y L3 and M5,
B K, and C K HAXPES spectra of five samples with and without the B4C barrier layer of
different thicknesses will be measured. The incident photon energy will be 10 keV in order
to prbe a few periods of the stacks. The chemical processes taking place in the Pd/Y
multilayers without diffusion barrier, or with B4C layers of different thickness acting as
diffusion barriers will be identified. Structural information of the multilayers will be
revealed by comparing the experimental data with simulations. We expect to obtain a clear
in-depth description of the stack from its chemical structure point of view. The effect of
oxidation of the very first of the stack will be observed and the different chemical states of
the various elements located, either at the interfaces or in the center of the layers. The
positioning of x-ray standing waves enhancement for the emission is realized by rotating
the grazing incident angle around Bragg angle as shown in figure 1 where the x-ray
standing waves’ anti-nodal plans are placed on Y-on-Pd interfaces as a result of
constructive interferences, thus such the photoelectron emission on such interfaces will be
enhanced while the emission at Pd-on-Y interfaces is minimized because of the destructive
interferences.
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Figure 1: Simulation of field intensity in the Pd/Y multilayer stack. Grazing angle is set at the Bragg angle
calculated with incident beam energy (10 keV) and multilayer period (4 nm).
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Development of XUV multilayer coatings in IOF

Sergiy Yulin, Philipp Naujok, Robert Miller, Norbert Kaiser
Fraunhofer-Institut Angewandte Optik und Feinmechanik, Albert Einstein Straf3e 7, 07745 Jena,
Germany
Abstract

High-reflective XUV coatings are a key component for many applications including microscopy in the “water
window" (2.3 - 4.4 nm), next generation lithography (A = 13.5 nm), high-order harmonic generation (20 - 50
nm), astronomy and spectroscopy (5 - 8o nm) as well as plasma diagnostics and laser research.

At the Fraunhofer IOF Jena multilayer coating development covers the full spectral range from 1.0 nm to
vacuum ultraviolet around 200 nm. This paper covers some theoretical design considerations, prospects of
modern interface-engineered strategies (interface barriers and capping layers) and deposition techniques for
controlled fabrication of XUV multilayer coatings. The paper summarizes our recent progress in preparation of
high-reflective multilayer coatings with regard to minimum structure imperfections, enhanced stability and
different possibilities in broadening of the angular reflective response.



Interface engineering method for ultra-thin Cr/Ti soft x-ray multilayer
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Abstract: Cr/Ti multilayers are one of the suitable candidates in the “water window” wavelength
range (2.4—4.4 nm) because the theoretical near-normal incidence reflectivity is as high as 64% at
wavelengths just above the Ti 2p edge (2.73 nm). However the reported reflectivity of real Cr/Ti

I The large disparity between the

multilayers at near-incidence angles is lower than 3%.!
theoretical and the measured reflectivity is caused by several physical limitations, among which
the most important is the extreme sensitivity to interfacial imperfections for the ultra-short periods
(A~1.4 nm) used. Recently, there has been a huge effort to develop techniques that can reduce the
interface width of multilayers. One recent attempt involved the intentional incorporation of
light-element impurities such as N into multilayers. It has been shown that the incorporation of N
in Cr/Sc® or B4C/Lal multilayers can form nonstoichiometric nitride multilayers with reduced
inter-diffusion or reaction between the constituent layers and leads to major improvements in the
soft x-ray reflectivity. Concerning Cr/Ti multilayers, B or C is a better choice than N because of
the stronger absorption of N in the applicable wavelength range of Cr/Ti multilayers, which is
slightly lower than the N K edge (3.02 nm). In this work, we intentionally incorporated B and C
into ultra-thin Cr/Ti soft x-ray multilayers by co-deposition of B4C at the interfaces during DC
magnetron sputtering deposition. The effect on the multilayer structure and composition has been
investigated using x-ray reflectometry, x-ray photoelectron spectroscopy, and cross-section
electron microscopy. The B and C is mainly bonded to Ti sites, forming a nonstoichiometric
TiBCy composition, which hinders the diffusion of Cr into the Ti layers and dramatically
improves the interface quality of Cr/TiBC, multilayers. As a result, the near-normal incidence
soft x-ray reflectivity increases from 4.48% to 15.75% at wavelength of 2.73 nm.
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Fig. 1. Soft x-ray reflectivity from the Cr/Ti multilayers with and without B4C.
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EBL2: high power EUV exposure facility
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TNO is integrating EBL2, an open access facility to investigate the effects of EUV radiation on surfaces to
enable future EUV HVM production.

A Sn-fueled Ushio LDP source is used to generate EUV. A two-stage grazing incidence collector system
projects the EUV onto the mask location.

EBL2 will meet the intensity roadmap for all foreseen EUV litho tools and EUV sources, exposing at ~10
W total power. EBL2 will accept small test samples as well as EUV masks for both EUV exposure and XPS
analysis. Masks with pellicles are also accepted.



MULTILAYER LAUE LENSES FOR HARD X-RAY MICROSCOPY
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Recent progresses in thin film deposition and nanofabrication techniques have broadened the
possibilities for the fabrication of new devices with larger design flexibility. Thus, Multilayer Laue
lenses (MLLSs), which consists of a depth-graded multilayer which is subsequently sectioned into
a high—aspect ratio structure to become a usable optic have been receiving increased attention
in the past few years [1]. Sectioning of multilayer films into high aspect ratios structures
presents enormous challenges in order to produce high quality MLLs, especially as the aperture
size continues to increase. Many grand challenges in growth, post-processing and
characterization have been overcome in the past few years, allowing the production of a nearly-
perfect MLL with focusing resolution approaching the diffraction limit [2]. Our developments led
to the fabrication of MLL optics delivering a 15 x 15nm? focus at 12keV [3] to users for science
experiments at the HXN beamline of the NSLS-II, and the fabrication of the largest MLL
reported to date (102 microns) [4]. To reach higher spatial resolution and efficiency, wedged
MLLs optics are needed. Wedged MLLs are based on the challenging deposition of profiled and
depth-graded layers to form the multilayer. Our recent advances on wedged MLLs fabrication
will also be presented.
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CeMOX, a Collaborative facility for Development of High Performance
Multilayer Optics
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An X-ray optics community is organizing among Paris-Saclay University around the
synchrotron and XUV ultrafast sources, in order to extend the user access to short wavelength
experiments. This community is raising new demands of multilayer optics, with a particular
stress to achieving small periods and precisely controlling period gradients.
In this context the CeMOX (“Couches Minces pour 1’Optique X’) managing collaboration has
been renewed around Laboratoire Charles Fabry (CNRS UMRS8501), SOLEIL Synchrotron
and others laboratories form Université Paris-Saclay which are part of the Fédération Lumiere
Matiere (CNRS FR2764). The CeMOX facility including multilayer magnetron sputtering and
Cu Ko grazing incidence x-ray reflectometry located at Institut d’Optique was moved in new
and larger clean room.
Present work is mostly focused on three subjects.
- High efficiency gratings for synchrotron X-ray monochromators in the 1 — 4 keV
energy range.[1]
- Normal incidence multilayer coating for soft-X microscopy in the water window,[2]
- Mirrors for the ultra-fast X-UV sources within Paris-Saclay campus such as
ATTOLAB [3], where a precise selection of the bandpass is required while
maintaining a minimum pulse length.[4]

CeMOX has been mostly relying on its Plassys MP800 magnetron deposition machine which
can host mirrors up to 260 mm long. It will soon receive a new MP1000 machine which will
be able to host optics up to 350 x 100 x 100 mm®, and will be equipped with an auxiliary ion
gun. This new equipment will help to achieve precise layer thicknesses and accurate period
gradients, even on the large optics needed by synchrotron applications.

For the water-window microscopy project, the period gradient has to be exactly matched to
the strong curvature of Schwarzschild mirrors. A new reflectometer under construction will
allow to characterize these new optics on SOLEIL synchrotron beamlines.

Examples of main achievements and new developments within CeMOX facility will be
presented and discussed.

1] F. Choueikani et al., Optics Letters 39, 2141 (2014)
2] C. Burcklen et al., Journal of Applied Physics 119, 125307 (2016)

3] http://attolab.fr
4] F. Delmotte et al., Proc. SPIE 9589, 958907 (2015)
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In-vacuo growth studies and thermal oxidation of ZrO2 thin films

ZrO; thin films might be used as capping layers for protecting extreme ultraviolet (EUV) optics
against oxidation and other chemical degradation processes. These coatings should be
homogeneous and form a closed layer, not degrade the underneath barrier/mirror, and have a
thickness in the nanometre range to keep good reflection properties of the mirror. The initial
growth of ZrO> films by reactive magnetron sputtering on top of amorphous Si was monitored
by in vacuo low-energy ion scattering (LEIS). With this technique, the atomic composition of
the outermost atomic layer of a surface can be probed. By monitoring for which deposited
amount of ZrO> the signal from the underlying Si vanishes, the ZrO; thickness required for
forming a closed layer was determined. In this way, LEIS was employed to study how
deposition parameters influence the sharpness of the interface between the cap layer and Si. In-
vacuo X-ray photoelectron spectroscopy (XPS) was used to find the optimal deposition
conditions and the stoichiometry of the produced layers. Depending on deposition conditions,
a fully closed layer can be formed with a deposited ZrO; thickness of 1.7 nm. Passivation of
the Si underlayer by nitrogen or oxygen was found to have no influence on the sharpness of the
interface with the ZrO> cap. Based on the smoothness of the as deposited layers, as probed by
AFM analysis, it was concluded that intermixing, rather than island formation, is limiting the
sharpness of the ZrO»/Si interface. Finally, XPS was used ex-situ for probing oxygen diffusion
through the capping layer after thermal oxidation in ambient. A 2 nm ZrO, cap on top of Si
showed further intermixing up to 400 °C, without increase of the oxidation of the underlying
Si. For higher temperatures, the cap does not block oxygen diffusion, resulting in further
oxidation of the Si layer.

(Abstract PXNMRS 2016, University of Twente)



The new 1 - 5 keV high efficiency alternate multilayer grating for SOLEIL
SIRIUS beamline.
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Sirius is a beamline designed for studying soft interfaces and semiconductor or magnetic
nanostructures. It has recently got a new multilayer grating monochromator covering the 1 — 4
keV band which complements its already existing two crystal monochromator covering the 3 -
11 keV energy range. Besides the grating, this kind of monochromator requires a mirror with
a matched multilayer coating to reflect the beam back in it initial direction at any wavelength.
The grating and the matched mirrors of Sirius monochromator have been fabricated at the
CeMOX facility of Laboratoire Charles Fabry (LCFIO) and characterized both there and on
SOLEIL Metrologie beamline. The monochromator is under commissioning and its first
results look very promising. A first experimental EXAFS spectrum will be presented.

Cr and B4C have been selected as a suitable couple of material for the targeted range. The
characterization of the achieved ML grating with 35 periods of Cr (2.5 nm) /B4C (4.1 nm),
showed a 1* order of diffraction efficiency of 55% at 4.4 keV. A very special care has been
given to the optimal match between the grating and the deflecting mirror. A very high
sensitivity to period mismatch has been simulated and measurements have been done in order
to reduce the impact of period inhomogeneity along the 250 mm length of the mirror. Design
simulations, reflectivity measurements of actual grating and mirrors will be shown and
compared to fits with different multilayer and grating models.



Design, Development and characterization of thin film filters for high brilliance sources in the UV-X-
ray Spectral range.

Kety Jimenez
Padova University, information engineering department

High brilliance sources such as synchrotron and Free Electron Laser (FEL) are very important nowadays
due to their multiples application in the development of science and technology. One strong
requirement on the beam delivered by these sources besides brilliance, coherence and bandwidth is
often related to the spectral purity; in fact, the beam can be the superposition of various harmonics.
The rejection of high harmonics or diffuse light in order to improve the quality of the beam can be
achieved by suitable optical systems acting as band pass filters [1-7].

Since materials present high absorption in the EUV spectral range, the selection of devices acting as
filters in order to select suitable spectral bandwidth or reject harmonics is quite challenging. This project
will be focused in the searching for potential materials, design, fabrication and characterization of self
standing transmittance thin films filters between 4-20 nm and 20-100nm spectral range, which
correspond to intervals into the Extreme Ultraviolet and soft- x ray spectra Region, to be inserted along
Synchrotron and Free Electron Laser (FEL) transport optics.

Some properties like fragility, resistance against oxidation and carbonation of the films and resistance to
the high power of these light sources have to be taken in consideration.
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Nonequilibrium electron-phonon dynamics in ruthenium thin
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Abstract

The application of high repetition rate Free Electron Laser sources requires the development of
robust optical coatings that will survive after being exposed to ultra-short, high peak intensity
laser pulses. As a mirror for the case of grazing incidence reflectance, metal thin films are widely
used. To study the lifetime of such optical coatings, the interaction of ultra-short laser pulses with
metals must be understood. Since the pulse duration is comparable to or shorter than the
thermalization time of the system, one needs to consider nonequilibrium electron-phonon
dynamics that takes place after the laser pulse heats electrons at the surface.

The two-temperature model, with electron-phonon coupling, was used to calculate surface
temperature changes of ruthenium thin films due to ultrafast laser heating. Time-domain
thermoreflectance measurements were performed with 300 fs visible pump and probe pulses to
monitor the surface reflectivity change.



Thermal stability and mechanical stress of B-based multilayers
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Abstract

In the last years, much effort has been put into the development of high reflective multilayer mirrors
for a BEUV-lithography working at 6.x hm wavelength. It was previously shown that two main
approaches lead to higher values of reflectivity: the introduction of ultrathin C-barriers in La/B,C
multilayers by Chkhalo et al." as well as the transition from La/B to LaN/B multilayers by Tsarfati et
al.? considerably enhanced the multilayers near normal reflectivity near the Boron K absorption edge
(A = 6,6 nm).

In this contribution the authors will have a close look on the thermal stability of high reflective B-
based multilayer mirrors, i.e. investigating their structure, reflective properties and chemical processes
in the multilayer and at the interfaces for elevated temperatures up to 800 °C. La/B,C and LaN/B,C
multilayers will be compared with various characterization methods like XRR, XRD, HRTEM, XPS
and EUVR.

Furthermore, the coatings for various applications should have low residual stresses to avoid form
deformation of precise substrates. The authors will present results on the residual stress of different B-
based multilayer coatings. The physics of the temperature dependent development of the stress will be
discussed, too.

[1]  Chkhalo, N. I. et al., Appl. Phys. Lett. 102(1), 2013.

[2] Tsarfati, T. et al., Thin Solid Films 518(5) ,2009.



Fabrication, characterization and application
of large aperture multilayer Laue lenses
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Multilayer Laue lenses are an emerging type of X-ray lenses in hard X-ray microscopy at photon
energies of 8 keV and beyond. Their application is related to beneficial properties in terms of efficiency
and focus quality in comparison to Fresnel zone plates. The total thickness of the multilayer stack
equals the size of the aperture of the resulting X-ray lens. Thus, the fabrication of multilayers with a
total thickness of > 50 um consisting of currently up to 12500 individual layers with a defined lateral
and depth gradient is showed. Individual lenses are manufactured with micromachining methods and
optionally bended to enhance the diffraction efficiency. The final assembly to a compact lens device
allows a convenient integration in scanning and full-field X-ray microscopy instruments. Extensive
characterization is performed during manufacturing in advance of the final measurement of the focu-
sing properties using synchrotron radiation. A main application is point or line focusing of synchrotron
radiation to dimensions well below 50 nm. Various methods such as nano X-ray diffraction, X-ray
fluorescence and ptychography benefit from the small and intense X-ray focus. The status of the
integration to a full-field X-ray microscope with a laboratory X-ray source is shown as well.



Numerical modelling of reflective multilayer based X-ray optics
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Acrtificially stratified films deposited on a mirror surface are envisaged as optical elements capable to either propagate a
perfect wavefront from the source to the sample without degradation or to correct for wavefront imperfections.

Current multilayer-coated mirrors have shown to degrade the beam coherence and distort the reflected wavefront,
although significant efforts were made to minimise them [1-3]. The propagation of phase distortions may result in the
presence of undesired intensity variations in the recorded images as stripe-line modulations perpendicular to the
diffraction plane. The most likely interpretation of these modulations is based on the explanation already given for silicon
mirrors, i.e. imputing the wave distortion to the height deviation from a perfect surface [4-6]. However, this problem may
get rapidly complicated if one tries to consider the role of every layer in the coating.

To address these issues the following project was initiated:

Firstly, images of W/B,C multilayers were characterised at the ESRF instrumentation beamline BMO05. The reflected
monochromatic beam was recorded at various distances to detect a possible dependence of the stripes on the figure errors
of the multilayer. Further experiments were performed to gain an insight into the way X-ray propagation in a multilayer in
order to build an effective model for the reflection of a multilayer with imperfections. For instance, the speckle metrology
technique [7] is used to recover the beam wavefront. The multilayer is also flipped from the vertical to the horizontal
position to investigate the role of the diffracted beam coherence length on the image pattern.

Secondly, we started developing a numerical model capable of simulating the wave reflected by a multilayer. For a
comprehensive simulation of the layered medium, topographies of the multilayer coating and/or substrate surfaces as
recorded by Fizeau interferometry are needed. The model should provide height deviation maps as well as X-ray profiles
propagating in the multilayer. Our first approach consists in modifying a model based on the Takagi-Taupin equations
developed originally for a perfect flat or elliptical multilayer to simulate X-ray propagation in layered media perturbed by
figure errors. In this case, these height deviations are implemented as suitable offsets of the susceptibility of the layered
medium.

The ultimate goal of this work (in progress) is to explore and eventually propose ways to improve the quality of multilayer
mirrors for forthcoming applications in present and future X-ray source facilities.
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Thin film based Optical Elements for Analytical X-ray Applications
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In this contribution we will be giving an overview on current developments of multilayer optics used for
diffractometer instrumentation in the home-lab. We will be explaining the manufacturing process of the
optics, summarizing the different types of optics and giving some examples of typical applications
which benefit from the new possibilities, especially in combination with modern microfocus X-ray
sources.

In the home-lab multilayer based Montel Optics are widely used as an essential component in modern
X-ray diffractometers. These optics consist of bent substrates with shape tolerances below 100 nm,
upon which multilayers are deposited with single layer thicknesses in the nanometer range and up to
several hundreds of layer pairs. The multilayers are designed with lateral thickness gradients within
+ 1% deviation of the ideal shape. Very low shape tolerances below 100 nm and figure errors below
5 arcsec are required for multilayer mirrors to ensure a superb flux density of up to several
10" photons/s/mm? in combination with high-brightness microfocus X-ray sources, such as the air-
cooled Incoatec Microfocus Source IuS or novel liquid metal jet X-ray sources. We use magnetron
sputtering technology for deposition, optical profilometry in order to characterize the shape and X-ray
reflectometry in order to characterize the multilayer thickness distribution both laterally and as in-
depth. For X-ray analytics the important beam parameters are monochromaticity, flux, brilliance and
divergence. They demonstrate the quality of the combination of suitable X-ray sources with selected
multilayer optics.

We will be showing some applications measured by diffractometers equipped with an IuS. The IuS is a
low power air cooled X-ray source and is available with Cr, Co, Cu, Mo, and Ag anodes. The
implemented multilayer optics form either a highly collimated beam with a low divergence (below 0.5
mrad) or a focusing beam with higher divergence (up to 10 mrad) and very small focal spots (diameter
below 100 pm).

Applications realized with an IuS are small-angle X-ray scattering, texture, stress analysis, p-
diffraction, single crystal diffraction to name but a few.

In our presentation we will be presenting how multilayers can be characterized in-situ during their
deposition by the method of grazing incidence small-angle X-ray scattering (GISAXS). This kind of
experiments was done only at synchrotrons. With an IuS it becomes feasible in the home-lab.
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