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Spectromicroscopy of Nanoscale Materials in the Tender
X-Ray Regime Enabled by a High Efficient Multilayer-Based

Grating Monochromator
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Kristina Kutukova, Jian Zhang, Xinliang Feng, Zhan-Shan Wang, Ehrenfried Zschech,

and Gerd Schneider

The combination of near edge X-ray absorption spectroscopy with nanoscale
X-ray imaging is a powerful analytical tool for many applications in energy
technologies, catalysis, which are critical to combat climate change, as well as
microelectronics and life science. Materials from these scientific areas often

contain key elements, such as Si, P, S, Y, Zr, Nb, and Mo as well as lanthanides,

whose X-ray absorption edges lie in the so-called tender photon energy range
1.5-5.0 keV. Neither conventional grazing incidence grating nor crystal mono-
chromators have high transmission in this energy range, thereby yielding the
tender photon energy gap. To close this gap, a monochromator setup based
on a multilayer coated blazed plane grating and plane mirror is devised. The
measurements show that this novel concept improves the photon flux in the
tender X-ray regime by two-orders-of-magnitude enabling previously unat-
tainable laboratory and synchrotron-based studies. This setup is applied to
perform nanoscale spectromicroscopy studies. The high photon flux provides
sufficient sensitivity to obtain the electronic structure of Mo in platinum-free
MoNi, nanoparticles for electrochemical energy conversion. Additionally, it is
shown that the chemical bonding of nano-structures in integrated circuits can
be distinguished by the electronic configuration at the Si-K edge.

1. Introduction

Despite its enormous relevance for
emerging energy conversion technologies,
the tender X-ray regime is rarely exploited
because of fundamental X-ray optical
challenges. In contrast, the soft and hard
X-ray regimes are extensively used at
synchrotron radiation facilities based on
monochromators with gratingst? or crys-
talsP! to provide photon beams with high
photon flux and high energy resolution
for spectroscopy or microscopy.l*"%! Con-
ventional plane grating monochromators
(PGM) with a single layer coating are rela-
tively inefficient in the tender X-ray range,
and stray light is non-negligible due to
a very shallow grazing angle of the inci-
dent photon beam. Crystal based mono-
chromators operate in the tender regime
under almost normal incidence condi-
tions which causes heat load and thermal
instabilities.
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Figure 1. Schematic drawing of the optical monochromator setup at the U41-PGM1 beamline at BESSY || based on a multilayer coated blazed plane
grating and mirror to improve the photon flux in the tender X-ray photon energy regime. The inset shows a TEM image of the cross-section of the Cr/C
multilayer blazed grating structures. For better visualization of the grating period, the image was horizontally compressed 10 fold.

To overcome these limitations, we developed a volume Bragg-
grating X-ray monochromator that consists of a blazed grating
coated with a multilayer (ML) and a plane ML mirror operating
under Bragg conditions. Electromagnetic theory predicts that
volume diffraction effects of the 3D shape of the ML coated
blazed grating results in high efficiencies.! Due to the extremely
high precision with atomic accuracy of both ML periods to
simultaneously fulfill the grating and the multilayer Bragg equa-
tion at the same time, it remained unclear whether this concept
would work in practice. Here we show that the experimental dif-
ficulties can be overcome, and that this new ML monochromator
concept based on volume diffraction yields a huge photon flux
improvement, which enabled us to perform tender X-ray spec-
tromicroscopy of nanoscale materials. Besides the enormous
potential at synchrotron sources, our novel ML plane grating
monochromator (ML-PGM) setup will also enable new capa-
bilities in spectroscopy or microscopy applications at laboratory
sources like higher harmonic generation (HHG). In addition,
classical X-ray tube experiments requiring a small energy band-
width will have dramatically reduced exposure times.

2. Multilayer Based Plane Grating Monochromator

The concept for the design of a ML coated blaze grating assumes
that both the grating equation and the multilayer Bragg equa-
tion have to be fulfilled at the same time.”l As illustrated in
Figure 1, the incident beam with wave vector K, and the dif-
fracted light with wave vector K, are parallel in an X-ray mon-
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ochromator with pre-mirror for all transmitted wavelengths,
which leads to the condition 20 = o + B. Combining the grating
equation, the ML Bragg condition and taking refraction effects
at the boundaries into account, we obtain for the period dy; of
the ML coating under the so called “on-blaze” operation mode:

1

8 .
\/1—)&—1;’512(%R sm)/)Z (1)

= dgg siny

with wavelength A, grating period dgg, blaze angle v and dif-
fraction orders for the grating m as well as the multilayer n.
6 denotes the average refraction coefficient decrement of the
ML material combination.®l Although Equation 1 provides a
first approximation, analytical theory based on a coupled wave
approach has shown that a further ML period optimization
should give the highest efficiency improvement.”! Thus, even
if Equation 1 yields dy; = 5.5 nm, detailed theoretical studies
revealed that a d-spacing of 5.9 nm should yield a higher trans-
mission of the ML based monochromator (see more details in
the Supporting Information).

However, due to the extremely demanding precision for the
ML deposition process, no monochromator setups exist that
have been equipped with ML coated blazed gratings and mir-
rors for applications in the tender photon energy range. To
demonstrate the capability of this X-ray optical approach, we
chose a combination of a blazed grating and a plane pre-mirror
to be coated together by a Cr/C ML manufactured by magne-
tron sputtering (Figure S1, Supporting Information).

To test the efficiency of our new ML based monochromator
setup, we incorporated it into the collimated plane grating mon-
ochromator (PGM) beamline at the undulator U41 at BESSY-
191 (Figure S2, Supporting Information). In a first step we
adjusted the tilt angles B and 0 of both the ML blazed grating
and the ML mirror based on values from efficiency and reflec-
tivity measurements of the respective optics (Figures S3-S5,
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Figure 2. Comparison of the simulated and experimental X-ray photon
flux for ML and Au coated optical elements at the U41-PGM1 monochro-
mator beamline at BESSY-II. Experimentally, the photon flux for the ML
based setup is increased by two-orders-of-magnitude. The magnification
factor cg = cos B/cos o. for the PGM is determined by the photon energy
in the case of multilayer coated optical elements. For comparison, the cg
values for the Au based PGM setup were chosen accordingly. Note, the
photon flux drop close to 3 keV photon energy is due to the L; absorption
edge of Rh which is the coating material of two additional mirrors in the
beamline. The minimum in the photon flux curve for Au coated optics at
around 2.2 keV is caused by the Au-Mj absorption edge.

Simulation workflow

www.small-methods.com

Supporting Information). The fine alignment of the monochro-
mator setup was done by an optimization of the photon flux
at each photon energy. These steps were repeated over the
full photon energy range. Finally, an energy calibration of the
beamline was performed with an ionization chamber con-
taining sulfur hexafluoride (SF¢) gas. For this purpose, the
sulfur K-absorption edge in the tender X-ray range was used
(Figure S6, Supporting Information). In order to cover the full
available photon energy range, we also checked the energy
calibration at the neon and aluminum K-absorption edges.
The measured photon flux of the ML based setup is shown in
Figure 2 (solid blue line). In order to compare the photon flux
provided by the ML-PGM with the standard Au-PGM setup, we
additionally measured the photon flux of the beamline equipped
with standard Au coated optics™ (Figure 2, solid red line). We
observed a drastic photon flux increase by up to two-orders-of-
magnitude for the ML-PGM. As a result, nanoscale spectromi-
croscopy is possible with significantly improved signal-to-noise
ratio. Assuming that the X-ray photons are Poisson distributed
an increase in photon flux by a factor 100 results in a 10 times
better signal-to-noise ratio in the X-ray images.™!

To better understand the contributions of the optical beam-
line components to the measured photon flux, we simulated
the performance of the PGM monochromator beamline with
an undulator source equipped with ML and Au optics (Figure 2,
dashed lines). Figure 3 illustrates the simulation workflow. The

X-ray undulator source

by WAVE

Input: storage ring and undulator parameter
Output: spatial and spectral distributions of synchrotron radiation,
irradiated power, integration of spatial distributions over an aperture

Simulation of spatial and spectral emitted photon distribution

Reflection toroidal mirror M1

Input: shape, roughness, slope error
Output: reflected wave front

Reflection ML mirror M2

Input: measured reflectivity

Raytracing Output: reflected wave front
simulation

at wavelength Diffrcation ML blazed grating G
by RAY

Input: measured efficiency
Output: diffracted wave front

Reflection toroidal mirror M3

Input: shape, roughness, slope error
Output: reflected wave front

Optical devices
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'
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Figure 3. Scheme of the simulation workflow to calculate the photon flux of the ML based monochromator beamline at an undulator source. The
emitted X-ray beam was simulated by the WAVE software package.l”l The raytracing of the X-ray propagation through the optical system of individual
beamline components was performed by the RAY software package.[d The right side shows the individual, optical elements of the beamline that are

taken into account (see also Figure S2, Supporting Information).
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simulation starts with the undulator source giving the emitted
radiation for the illumination of the first beamline optic (mirror
M1). Then, using raytracing accounting for the reflectivity
and diffraction efficiency of the optical components of the
U41-PGM1 beamline, we calculated the incident photon flux
on the condenser of the X-ray microscope installed at approx.
9 m distance from the monochromator exit slit. The raytracing
simulation was performed using the RAY software package
(version 25.53),2l while the emitted photons from the undu-
lator were calculated by the WAVE software package (version
4.00/06).1%1 The simulations accounted for imperfections in the
optical components including roughness as well as slope errors,
and the efficiency values of the standard Au plane grating and
the ML blazed grating as well as the reflectivity of the Au and
ML mirrors, which have been determined by actual measure-
ments (Figures S3-S5, Supporting Information).

The experimental results for the photon flux shown in
Figure 2 (solid lines) are in good agreement with the theoretical
simulations (Figure 2, dashed lines), confirming that the new
monochromator design is highly efficient in the tender photon
energy range. The advantage of the ML setup arises mostly from
the high efficiency of the ML blazed grating and the reflectivity of
the ML mirror (see Figures S3 and S4, Supporting Information).
The large drop in photon flux at ~3 keV photon energy shown in
Figure 2 is caused by the toroidal mirrors M1 and M3. Both mir-
rors are coated with rhodium having at 3 keV photon energy its
Rh-L; absorption edge. The strong absorption in these mirrors
explains the large loss in photon flux. Future beamlines designed
to operate at higher photon energies will require different coating
materials, for example a triple material combination of Pt, Cr,
and B,C. The increasing deviation of simulated and measured
flux in the photon energy above 3 keV is also caused by a perfor-
mance limitation of the current U41 undulator source. For the
theoretical simulation of the emitted photon flux an ideal X-ray
source was assumed. In practice, operation at photon energies
above 3 keV requires very high harmonics of the undulator. This
introduces imperfections and results in smaller emitted photon
numbers in comparison to theoretical values. A further improve-
ment of the beamline performance can be achieved by installing
a new type of undulator source, for example an UE32 in-vacuum
APPLE-II device,™ which is under development. This undulator
will provide higher photon flux at tender X-ray photon energies,
as well as more flexibility regarding the polarization control of
the X-ray beam. The potential of the presented ML-PGM concept
can be further improved by using an increased number of ML bi-
layers in the ML grating and ML mirror. Theoretical calculations
show that our ML based approach should provide high photon
flux even in the wider photon energy range between 1 to 10 keV if
the ML material is chosen accordingly (see Figure S7, Supporting
Information) and the beamline is equipped with adapted optical
elements and an improved undulator source is installed in a
storage ring with higher electron energy.

3. Spectromicroscopy Studies using Tender X-Ray
Photon Energies

Having demonstrated that the ML-PGM significantly
improves the photon flux in the tender X-ray range, we cou-
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pled it with nanoscale transmission X-ray microscopy (TXM)
to study advanced materials for catalysis and microelectronics.
A grand challenge today is to identify efficient and robust sys-
tems for electrochemical energy conversion.”! Advanced Mo-
and Ni-based electrocatalysts have the potential to outperform
conventional precious-metal-based materials (e.g., Pt-based
precursors), given their electrocatalytic activity and long-
term stability. In addition to the determination of the atomic
structure of these catalysts using X-ray or electron diffraction
techniques, it is critical for the understanding of their func-
tion to determine their electronic state, i.e., the particular type
of chemical bonds that are formed. The electronic state can
be predicted theoretically by density-functional theory with
large efforts only, and traditional experimental approaches
fail. Specifically, the electronic state of many advanced func-
tional materials cannot be measured by electron energy loss
spectroscopy (EELS) since the ionization energy of their
constituent elements is too high for the acquisition of the
respective ionization edges with sufficient intensity,'¥ and
furthermore most real catalyst particles are too thick for EELS
measurements. Combined near edge X-ray absorption spec-
troscopy and transmission X-ray microscopy (NEXAFS-TXM;
see optical setup in Figure S8, Supporting Information) at
the Mo-L, Ni-L, and O-K absorption edges with high spatial
resolution permits examination of the electronic structure of
individual hierarchically structured catalyst components at the
nanometre scale.

To demonstrate this, we used the described ML-PGM to
investigate the chemnical bonding in novel platinum-free MoNiy
electrocatalyst nanoparticles under study for hydrogen evolu-
tion reaction in alkaline solutions. The nanoparticles were
20 to 100 nm in diameter and anchored on MoQ, cuboids
(see SEM images in Figure S9, Supporting Information). The
cuboids had a rectangular cross-section of 0.5 x 1 pm? and
lengths of 10 to 20 pm, and were aligned on conductive Ni foam
(MoNi,/MoO,@Ni).l”] These nanoparticles were formed by con-
trolling the outward diffusion of nickel atoms during annealing
of precursor NiMoO, cuboids.¥l The coordination of Mo®
ions of the precursor cuboids is octahedral in the a-NiMoO,
phase, while it is tetrahedral in both the B-NiMoO, phase and
the NiMoO,+nH,0 phase.”) MoO; — a wide band gap semicon-
ductor — is electrically insulating, and MoO, is electrically con-
ductive.?%21 The MoQy octahedrons in MoO, show a distortion
with Mo-O bond lengths in the 1.97-2.07 A range.?2?*]

To verify that the new ML-PGM permits spectromicroscopic
studies at the Mo-L absorption edge, we compared spectral data
acquired with the ML and the standard Au based monochro-
mator setup (Figure S10, Supporting Information). We found
that only the ML optics setup provides the required photon
flux to extract valuable spectra, even if the exposure time is
drastically increased and the monochromator exit slit is wid-
ened within an acceptable range using the standard Au optics.
For a detailed study of the Mo- and Ni-based electrocatalysts,
we determined NEXAFS spectra for NiMoO, cuboids and for
MoO; cuboids with outdiffused MoNi, nanoparticles since the
Mo-L NEXAFS of Mo-containing compounds (oxides, interme-
tallics) reveal the transition from Mo(2p) to Mo(4d) electronic
states (Figure 4). For the metal oxides, they are sensitive to the
oxidation state of Mo (see also Figures S11 and S12, Supporting
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Figure 4. NEXAFS spectra at the Mo-Ly; and Mo-L; absorption edge
extracted from energy series acquired on NiMoO4 and MoO,/MoNi,
catalyst samples. Data were recorded at the U41-PGM1 monochromator
beamline using ML-optics. The inset shows the corresponding sample
regions of the X-ray microscopy images used for NEXAFS analysis.

Information).?Y The splitting of Mo-L features is caused by
the metal-ligand interaction representing the Mo(4d) orbitals
{eg and t,5), and it is an indication of the symmetry of the crystal
structures.

With our new setup, we found for NiMoO, that the Mo-L;
absorption edge shows a main peak at 2630.8 eV and an
additional shoulder at 2629.4 eV, while the Mo-L;; absorp-
tion edge shows a main peak at 2526.0 ¢V and an additional
shoulder at 2524.6 eV (see Figure 4, blue graph). These obser-
vations demonstrate Mo{4d) orbital splitting of 1.4 €V at both
the Mo-L;; and Mo-Ly;; edges (the Mo(4d) orbital splitting for
0-NiMoO, with octahedral coordination is >3.0 eV). Further-
more, the shape of the peak/shoulder features (Mo-L;; features
with a more pronounced shoulder than Mo-Lyy; features) are
indications for tetrahedral coordination,/?4 i.e., the mixed oxide
is either hydrated MoNiO, or B-NiMo0,.'*?’] X.ray diffraction
(XRD) data of this sample published by Eda et al.,?*l Moura
et al.,”! Chen et al.,”® and Du et al.?! confirm that the pre-
cursor cuboids crystallized in the hydrate phase NiMoO,nH,0
with a triclinic unit cell (space group P-1), which is different to
the monoclinic o and B-NiMoO, phases existing under atmos-
pheric pressure (space group C12/m1).

The determined Mo-L;; and Mo-Ly;; absorption edges of
MoO,/MoNi, (Figure 4, red graph) consist of a superposi-
tion of spectra generated from MoO, (oxidation state 4+)
and MoNi, (intermetallic compound). The broad peaks at the
Mo-Lj; and Mo-Lyj; edges include no resonance peaks, which
indicates the superposition of two metal-like spectra from
“metallic” MoO, and from the intermetallic phase MoNi,
(mainly metallic bonding with ionic contributions). This
observation confirms XRD and TEM data of this sample that
the Mo oxide investigated is metallic MoO,, a rutile-like struc-
ture with a monoclinic unit cell (space group P2,/c).’828 It is
also in line with NEXAFS studies at the Mo-Lyj; edge of MoOs
(double peak) and MoO, (one broad peak) published by Hara
et all*% and Lede et al.BV
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In sum, the NEXAFS-TXM data demonstrate a complete
conversion of MoNiO, into MoO, cuboids and the formation
of electrocatalytically active MoNi, nanoparticles. Further inves-
tigations might include operando studies of kinetic processes
and NEXAFS investigations of individual MoNi, nanoparticles
with even higher spatial resolution. In addition, since synchro-
tron radiation is inherently highly polarized, X-ray dichroism
could be explored to gather a deeper understanding of crystal-
line orientations in MoNi, catalysts. The capabilities to study
dichroic materials using NEXAFS-TXM have been demon-
strated by Guttmann et al.,”! Kriiger et al.’¥ as well as Bitten-
court et al.B¥ An elliptical in-vacuum undulator device allowing
full polarization control combined with the presented ML
blazed PGM setup will permit dichroism studies in the tender
X-ray regime in the near future.

In microelectronics, silicon plays an important role since
different dielectrics containing silicon are used as insulating
materials in on-chip interconnect stacks of advanced integrated
circuits (IC). To increase the performance of advanced micro-
electronic devices, conventional silicon oxide (SiO,) has been
substituted by organosilicate glass (OSG) with low dielectric
permittivity, and silicon carbon nitrides (SiCN) are used as an
etch stop layer in the patterning process (see Figure S13, Sup-
porting Information). The challenge is to balance dielectric and
mechanical properties of these nanostructured layer stacks,
which can be tuned by the chemical bonding of the insulating
thin film materials and further optimized by the geometrical
arrangement of the metal interconnects. NEXAFS spectromi-
croscopy at the Si-K absorption edge, combining high lateral
and spectral resolution, yields the chemical bonding in different
types of dielectrics in the nanopatterned interconnect stack.

In X-ray spectromicroscopy, the quality of the NEXAFS
spectrum derived from an image series taken within a photon
energy range is directly linked to the signal-to-noise ratios in the
single images. The photon flux increase of the ML-PGM over
the Au-PGM should also be reflected by the effective exposure
times required for imaging in the TXM. Both monochromator
setups were used to take images of different IC samples with
the TXM. With the Au-PGM, the exit slit width and the expo-
sure times were increased until similar image qualities were
obtained compared to the images acquired with the ML-PGM.
The respective exit slit width (ESW) multiplied by the exposure
time (tey,) of the two monochromators results in the factor by
which the photon flux in the ML-PGM is higher. As shown in
Figure 5, the photon flux increase is slightly more than two-
orders-of-magnitude at 2.5 keV, independent of the sample
thickness. Around the Si-K edge, the photon flux increase is
more than one-order-of-magnitude. These results are in good
agreement with the photon flux measurements shown in
Figure 2. In general, high-resolution imaging strongly benefits
from short exposure times, since degradation of the image
quality due to sample drift or instabilities in the optical setup
is much reduced. Moreover, the operation with small exit slit
width is desirable to provide maximum spectral resolution.

In addition, we investigated the effect of the number of
photons used for imaging on the quality of the NEXAFS
spectra, in particular the noise level (see Figure S14, Supporting
Information). Another parameter influencing the signal-to-
noise ratio in the NEXAFS spectra is the sample thickness.
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Figure 5. Comparison of TXM images of IC samples with different thicknesses (100, 200, 400 nm, and 2.5 um) acquired at photon energies around the
Si-K absorption edge and 2.5 keV. The images show recordings of the IC structures with the Au-PGM (left column) and the ML-PGM (right column). In
order to obtain similar image qualities, we found that the exposure times (t.,) and the exit slit widths (ESW) had to be significantly larger to compensate
for the much less efficient Au-PGM setup. Moreover, the images taken using the ML-PGM seem to have an improved image contrast.
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Figure 6. a) TXM images (3rd order imaging) of a 400 nm thick lamella cut out of an IC interconnect stack. The images were taken from an energy
series at the Si-K absorption edge. b) Corresponding NEXAFS spectra extracted from the acquired energy series for SICN and OSG materials. The cor-
responding energy peaks are related to the dominating Si—C bonds for SiCN and the dominating Si—O bonds for OSG dielectrics.

We tested different sample thicknesses, and found that the
IC lamellas with 400 nm thickness offer the best compromise
between an optimized image contrast and a sufficient signal-to-
noise level for the NEXAFS analysis at the Si-K absorption edge.
Figure 6a shows TXM images acquired at 1844.0 and 18478 eV
of such a 400 nm thick lamella cut from an IC manufactured
in an advanced CMOS technology node with an interconnect
stack consisting of 12 layers of copper. Local NEXAFS spectra
at the Si-K-edge were measured from two nano-size marked
regions: SiCN (red) and porous OSG (blue) (see Figure 6a,b).
We obtained for SiCN (red) an energy peak at 1842.5 eV and for
OSG (blue) at 18470 eV. These energies are related to the domi-
nating Si-C bonds for SiCN and the dominating Si—O bonds
for OSG dielectrics.

The OSG has mainly small angle/network Si—O—Si bonds,
and in addition Si—OH and Si—CHj bonds (based on FTIR and
29Si NMR studies).?¥ The energy difference of 4.5 eV also con-
firms the expected shift of the Si-K absorption edge to higher
photon energies for increasing O coordination and decreasing C
coordination and is in agreement with reported measurements
for SiC and OSG.3**% In addition, a broadened resonance peak
in the Si-K NEXAFS spectrum for the SiCN region is observed.
This most likely reflects a double peak corresponding to anti-
bonding Si 3p-N 2p and Si 3p-C 2sp hybridized states,?*! as
the broadening was well fit by two Gaussian functions with an
energy difference of 2.9 eV (Figures S15 and S16, Supporting
Information).

4, Conclusion

We have shown that the gain of two orders of magnitude in
photon flux in the tender photon energy range enabled by our
novel ML-PGM setup permits determination of the electronic
states of hierarchically nanostructured materials from both
energy technologies and microelectronics. Thus, with our new

Small Methods 2022, 2201382 2201382 (7 of 9)

setup many more artificial and natural materials containing
elements with absorption edges in the tender X-ray regime
become accessible for a combined structural and electronical
analysis under significantly improved experimental conditions.
Our finding that the monochromator is about two orders of
magnitude more efficient than conventional solutions makes
this optical setup superior for the tender photon energy range
1.5-5 keV (or even higher up to 10 keV). Therefore, we expect
that this monochromator setup will become the method of
choice for imaging in the tender X-ray photon energy range
not only at synchrotrons worldwide, but also with free electron
lasers (FELs) and laboratory sources. Single shot experiments
with FELs or laboratory high harmonic generation (HHG)
sources will dramatically benefit from two orders of magnitude
more photons. Also classical X-ray tube experiments requiring a
small energy bandwidth will have substantial shorter exposure
times. All of this demonstrates the importance of this novel
monochromator concept for modern technologies with all their
key elements in the tender X-ray regime. This applies not only
at large-scale facilities, but also at different types of laboratory
sources, which are widely used for many imaging and spec-
troscopic applications in science and industry. In other cases,
like RIXS (resonant inelastic X-ray scattering) experiments, this
monochromator can be utilized as an analyzer monochromator
resulting in 100-fold less radiation damage to the sample, plus
shorter exposure times. Additionally, the combination of our
approach with further gains provided by the higher brilliance of
4th generation light sources that are coming to life will enable
the exploration of previously unattainable scientific questions.

5. Experimental Section

For the experiments in the tender photon energy range, a multilayer
coated blazed grating in combination with a multilayer coated plane
mirror was manufactured, and is now installed at the X-ray microscopy
beamline U41-PGM1-XM at the BESSY-I| electron storage ring. The ML
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grating is based on a mechanically ruled® blazed grating with a line
density of 2000 lines mm™ fabricated on a 100 mm long plane super
polished substrate. The blazed grating as well as the super polished
pre-mirror of 310 mm in length (both show a micro-roughness of
<0.2 nm rms and a slope error of <250 nrad rms) have been coated with
30 bilayers of Cr/C-multilayer in one deposition sequence at the same
time by means of direct current magnetron sputter technology at Tongji
University (see Figure S1; Supporting Information).P® Further details of
the ML deposition process are in the Supporting Information. All other
mirrors in the beamline are coated with Rh and have a grazing incidence
angle of 1° to provide a high reflectivity up to a photon energy of 3 keV.

In order to demonstrate experimentally the advantage of the
ML coated in comparison to the conventional Au coated optics, we
exchanged only the two pairs of optical elements without changing
any of the other beamline mirrors. The photon flux was measured
in front of the TXM at a distance of 9 m from the monochromator
exit slit using a GaAsP-diode with a 2 mm diameter aperture. In a first
alignment step, the angles § and 6 for the ML-PGM setup were chosen
according to values determined by at-wavelength pre-measurements
of the efficiency and reflectivity of the individual optical elements at the
BESSY-II optics-beamlineP and PTB-KMC at BESSY-II1* (Figures S3-S5;
Supporting Information). Furthermore, we optimized the photon flux
for photon energies in the tender X-ray range by matching these angles
to values calculated by raytracing simulations, resulting in a well-defined
energy calibration for the ML coated PGM setup. In addition, the gap of
the U41 undulator was optimized at each photon energy. The undulator
was used in the 3rd harmonic for 700-1000 eV, in the 5th harmonic for
10001700 eV and in the 9th harmonic for 1700-3500 eV photon energies,
respectively. The monochromator exit slit width was set to 20 um.

The NEXAFS spectra for the NiMoO, and for MoO,/MoNi, studies
were extracted from TXM image sequences acquired in the photon
energy range covering the corresponding Mo-L;;; and Mo-L, absorption
edges using the monochromator setup based on ML coated optics at
the U41-PGM1-XM beamline at BESSY-Il. The TXM was equipped with
a zone plate objective with 25 nm outermost zone width,l and the
monochromator exit slit width was 7 um for NiMoOy4 and 5 um for
MoO,/MoNiy, respectively. The exposure time was set to 2 s per image.
The IC interconnect stacks were imaged with the same zone plate
objective, a monochromator exit slit width of 20 um and 5 s exposure
time per image.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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