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1.

Introduction

The IF CRG beamline is part of a program established in 1991 by the two French research
agencies: CNRS (Centre National de la Recherche Scientifique) and CEA (Commissariat a

|l 6Energi e Atomique et aux Energies Alternatives

study the physics and chemistry of surfaces, interfaces, thin films and nanostructures and to
investigate the mechanical properties at the micron scale. It was one of the first beamlines at
the ESRF available to users, in 1994. It first held three monochromatic-beam experimental
stations that were used alternatively, one equipped with a multipurpose goniometer (GMT),
one dedicated to X-ray absorption spectroscopy (XAS) experiments, and one devoted to
surface X-ray diffraction in ultra-high vacuum (UHV) called SUV (Surfaces under Vacuum). In
2000, the XAS station moved to a new, dedicated beamline BM30B (CRG-FAME), and SUV
evolved toward INS in 2016 (In situ Nanostructures on Surfaces), more oriented toward
studying nanostructures. In 2006, in the framework of the first major beamline upgrade, the
beamline optics was completely refurbished with two vertically focusing mirrors in addition to
a two crystals sagittal-focusing monochromator. A white beam microfocus configuration,
producing a sub-micrometric beam in the GMT hutch, was added. In parallel, a Laue micro-
diffraction setup was developed, first housed in GMT hutch, and now, in its third version,
LaueMAX, installed in April 2024 in a newly-built dedicated hutch, replacing the former XAS
hutch. In 2020, as part of the ESRF-EBS Programme upgrade, the beamline resumed
operations with a new source selected by the staff to achieve precise control over the beam
size at the sample positions in the hutches. The Short Bending Magnet (SBM32) maintains
the same flux as before but is now located at one of the smallest electron beam sizes in the
storage ring. To take full advantage of these new capabilities, a second major beamline
upgraded the MAGNIFIX projectd was launched in 2021. This upgrade primarily involved
repolishing the optics mirrors and building the LaueMAX instrument and its dedicated hutch.

Below is a description of the three instruments, which are designed for a wide range of X-ray
scattering techniques across multiple length scales and in diverse sample environments.

0 The new LaueMAX instrument is the third version for the Laue microdiffraction added
in 2006 on the BM32 beamline. This setup is similar to the ones developed at APS by
G.E. Ice, and ALS by N. Tamura. To date, only a few dedicated and operational
stations worldwide offer a beam size of 1 um or less and are routinely available to
users: 2 in US (34-ID-E @ APS, BL12-3-2 @ ALS, soon to be phased out), 1 in China
(O3HB Shanghai SRF), 1 in Canada (VESPERS 07B2-1 @ CLS), 1 in Taiwan (21A @
TPS), 1 one South Korea (1B2 at Pohang LS) and 1 in Switzerland (microXAS@SLS).
On BM32, a white (5-27 keV) microbeam (0.2x0.3 pm?) impinges on the surface of the
polycrystalline sample, under an angle of 40°. A 2D plane detector is usually mounted
on top of the sample in reflection geometry for most of the experiments. For poorly
crystallized materials measurements can be carried out in transmission geometry but
necessitate anticipated relatively heavy setup change. By scanning the sample, the
recorded laue patterns can be analysed to provide routinely a 2D map of local
orientation and deviatoric strain (purely-angular unit cell shape). Extensions of the
standard Laue technique are being developed such as (1) to get access to all unit cell
lattice parameters or equivalently the full strain tensor by means of Laue spot energy
experimental measurements, (2) to locate in 3D the origin of scattering signal by depth
resolved measurements from Differential Aperture X-ray Microscopy (DAXM).
Structural and physical properties in Materials and Nano sciences are the main
scientific fields covered by the studies with the LaueMAX instrument, with both
fundamental and applied aspects.
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0 The goniometer of the GMT station has three main characteristics, which makes it
unique for some investigations. The goniometer is very accessible and versatile, so
that many different scattering experiments can be performed, bulk or surface sensitive,
with the sample surface either horizontal or vertical. Different sample environments
such as a cryostat and a small vacuum chamber are available. Several others have
already been used: magnet and cold finger, Langmuir trough, dilution fridge etc... The
advantages of the IF beamline are the very clean X-ray beam with low background,
and the possibility to work with hard X-rays (energies up to 30 keV), which is necessary
for studies of interfaces between dense materials (liquid/liquid,liquid/solid or
solid/solid). Because of its very versatile design, the GMT instrument is a user-oriented
facility that fits the needs of a wide community. The research on the GMT
diffractometer has been balanced between studies of « hard » and « soft » condensed
matter. The latest developments in the instrument enable automatic measurements on
several hundred samples.

Finally, The INS2 endstation is based on a UHV diffractometer devoted to Surface X-
Ray Diffraction (SXRD), Grazing Incidence X-ray Scattering at wide (GIXS) and Small
(GISAXS) angles and X-ray reflectivity and (less frequently) Surface X-ray Absorption
Spectroscopy (S-XAS) on surfaces and interfaces, and during thin film and
nanoparticle growth. More recently this set-up was also used for resonant x-ray
diffraction experiments (RXD), taking advantage of the easy energy tunability of the
beam line optics. The main advantages of INS2 with respect to other existing stations
are the possibility to perform in situ deposition with up to seven sources in the X-ray
chamber, as well as a very good RHEED system and Auger analysis under grazing
incidence, which can be operated simultaneously with x-ray measurements during
deposition or annealing. In addition to physical evaporation, an injector enables
chemical vapor deposition (CVD) under ultra-high vacuum, also called Chemical Beam
Epitaxy (CBE). The INS2 instrument underwent a complete reconstruction in 2016,
supported by funding from the French government (Equipex program). The
technological choices implemented at that time have positioned it as one of the most
competitive instruments in its field today.

[@]3

With these three instruments, the beamline has a large impact in the French research
community in nanoscience and materials science. In addition, these instruments serve each
year as a support for practicals and tutorials dedicated to students during their Master at the
local Grenoble University, and for HERCULES (the Higher European Research Course for
Users of Large Experimental Facilities) students. The local team is then involved in the
corresponding teaching.

As part of our mission, the beamline and its staff strive to act as a supportive link for the
scientific community, facilitating access to advanced facilities such as the ESRF. While large-
scale instruments offer unparalleled capabilities, their complexity can sometimes be daunting.
Our role is to help researchers become familiar with these tools, providing training and
guidance to ensure they can effectively utilize the resources available for their experiments.

The last Beamline Review Panel took place in 2020, just before the machine was restarted. In
the following table, we will attempt to summarize the progress made on the beamline in relation
to the recommendations of the previous beam line review Committee.
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Summary of
Recommendations of BLRP
2020

Actions implemented

1. Pursue the proposed
MAGNIFIX CRG upgrade

a. Develop beamline optics
that allow realizing the full
potential of the EBS source

b. Upgrade detectors to
realize the benefits of the
optics upgrade

c. Develop sample
environments for in situ and
operando studies

a. From BM32 to SBM32 (same flux but narrower
beamsize) and new optics (M1, M2, monobloc C2 bender
holder): Flux X3 at 27keV (GMT), Flux X 15 (Laue in EH1). The
beam position is much stable. Beam size a bit smaller vertically,
with new KB beamsize in Laue is 200x300 nm2 (smaller)

b. New EIGER 4M CdTe (first test in December 2025,
commissioning Jan 2026)

c. GMT: new cells for battery studies, sample changer,
GMT+Laue: purchase of cryo furnace (including operando
connections) new QMAX f ur na

2. Succession planning: recruit
and develop two early-career
research staff on permanent
positions to provide continuity
in leadership and vision for the
CRG beyond the next review
period

F. Rieutord left in 2024, Raquel Rodriguez-Lamas joined in Nov
2024, G. Renaud retired in Sept 2025. The position of a scientist
on INS2 is highly required for the beamline but should fit with the
CEA strategic plans and needs. Several PhD students and
postdocs active and fruitful in CEA/IRIG/MEM.

3. Install the cryostat on INS2,
completing the
recommendation of the
previous beamline review

Not done.

This feature has been requested very rarely and, considering
the limited manpower available especially on the mechanical
design, we have decided to prioritize other developments, such
as the development of a crystal analyzer mount for the INS2
instruments, and the modification of the gas injection system
and the plasma-assisted-gas-cracker for working at lower
pressure.

4. Install a Si drift detector at
microLaue

To achieve energy HR measurement, pnCCD 2D detector was
rejected after tests on beamline of a PNSensor detector in real
experiment conditions, because of lack of stability with time,
inhomogeneous signal and energy resolution, speed. Energy
measurement will be done with EIGER4M_CdTe in combination
with diamond filter scans.

5. Work with external users on
the development of sample
environments for GMT
(operando, battery studies,
etc.)

BM32 beamtime was used in the two successive battery hubs of
ESRF (approx 15 shifts per semester including IHR) with several
published papers. Samples changer with reliable and accurate
(re)positioning was installed, compatible with several types of
samples (S. Tardifbés wor k)
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2.
2.1.

6. Develop online data analysis
and instrument automation
software, ideally working
together with other related
instruments and facilities (e.g.
SOLEIL)

We made progress in data acquisition, and in online analysis in
the 3 instruments. The suited software design is strongly
connected to the ESRF software ecosystem (BLISS, data
structure, hdf5 file). Online data reduction and offline analysis
are performed on HPC servers at ESRF.

Development of a backend for data reduction of INS2 data in
O0binocularsé file format, to
surface diffraction beamlines

7. Provide opportunities to
engage new scientific user
communities, for example
through dedicated workshops

No dedicated workshops were organised. The promotion of the
beamline activities and capabilities were significantly intensified
recently in French and international congresses after a
demanding period of design and implementation to achieve
MAGNIFIX objectives, while maintaining user operation.

8. Encourage industrial and
applied research use of the
instruments, again through
workshops and working with
the ESRF industry liaison

We waited for the completion of the MAGNIFIX project (new
instrumentation setup 2024, and new fast detector in 2026).

Description of the technical configuration of the beamline

X-ray source

Following the ESRF-EBS upgrade, several sources were available for BM beamlines: a short
bending magnet with the same magnetic field (0.85T) as the pre-EBS source, a 2-pole wiggler
source with double the flux but polluted by a parasite source in the lattice, and finally a 3-pole
wiggler with double flux but a non-planar beam shape.

In order to guarantee the best possible focussing on our end-stations we choose a SBM (short
bending magnet) source, providing the same flux and energy spectrum as the previous source,
but with a 20x gain in brilliance and a huge improvement on beam stability.
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Beam flux and shape at the front end for the different sources available with the ESRF-EBS
(courtesy J. Chavannes).

2.2. Optics Hutch

The beamline optics layout comprises a set of primary slits, followed by a first water cooled
mirror, a double crystal monochromator (crystals are retracted off the beam path for the
microLaue setup), a second mirror and finally secondary slits.

Contrary to most beamlines at ESRF, all the elements had to be realigned after the ESRF-
EBS upgrade, on an horizontal axis pointing at -7.23 mrad direction, slightly different from the
common nominal one at -6.96 mrad for national CRG beamlines. Indeed, the alignment on the
new nominal axis would have required moving the INS2 diffractometer at the end of the
beamlineby over 100 mm, a range we did not have on t
range had been defined based on information provided by the ESRF during the design of INS2
in 2013. At that time, the lattice structure of the new machine had not been finalized, and we
had considered the extreme displacement values of the axis presented at the time.

Since the horizontal beam was spatially homogeneous and wider than the acceptance of our
optics, we chose to work off-axis by 0.27 mrad. The INS2 diffractometer could thus be moved
simply by 80 mm using the translation under its base. This avoided the heavy task of
disassembling and reassembling with realignment of the axis geometry, resulting in
substantial savings of around 100 Kka.

The two mirrors, 1.1 m-long, initially installed in 2006 were refurbished in 2023-2024 for taking
advantage of the new, smaller and more stable source. The refurbishment concerned the
replacement of the optical elements and their benders, while the vacuum vessels and the 3
jack mechanical positioning system were kept.

The new mirrors have a 70 nm thick Ir coating, and a longitudinal slope error of less than 0.3
prad (0.15 prad on the central 200 mm long region, used in the Laue configuration), to be
compared to the value of 2.5 prad for the old mirrors.
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For the new LaueMAX instrument we abandoned the use of a secondary source on slits 2,
and we now directly image the SBM source. This modification, made possible by the improved
beam stability of EBS, allows for a much larger demagnification factor and working with flat
mirrors, limiting the optical aberrations of the mirrors at large bending, and increasing the
available photon flux on the sample. The high-energy cutoff of the pink beam can be set
between 18 and 27 keV by changing the mirrors angle (and the instrument vertical position).
A configuration with only a mirror in the beam path for maximizing the flux on the sample is
also available.

EH1 OH1

LaueMAX Pink beam 5-27 kev
new intrument in new hutch

2 Mirrors configuration

- ! | —_
| I
| | ——— .
2 new focalizing mirrors |

2 new mirrors with slope
slope error < 0.12 prad rms on 300 mn slope error < 0.3 prad rms on 900 mm

I | I | E—
_ 1 °®
I [ [ E— |
beam size HxV 1 ESRF BM32! soufce
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‘-
1 Mirror
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|
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Optical schematic of the CRG-IF BM32 beamline at ESRF, modified following the EBS upgrade and the
MAGNIFIX project for polychromatic Laue microdiffraction experiments on the LaueMAX instrument.
The energy bandwidth has been increased from 22 to 27 keV, and the demagnification of the ESRF
source is now achieved in a single step (previously done in two steps). As a result, the significant flux
gain (10-15x) is largely attributed to the illumination of the KB mirrors by a horizontally homogeneous
beam.

In monochromatic mode the first mirror is longitudinally bent to collimate the beam on the
monochromator crystals to maximize energy resolution, and the second mirror vertically
focuses the beam at the sample position (57.9 m from the source for GMT, 63.0 m for INS2).
Harmonic rejection is guaranteed by the two mirrors, put at an incidence angle chosen
between the critical angle at the working energy and the one for its 2nd harmonic (also rejected
by the selection rules for Si(111)).

The monochromator is a double crystal (DCM) Si(111) type with the whole optical block under
vacuum. The rotationstagei s equi pped with a high resol uti
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resolution. It is mounted on a translation stage to follow the beam reflected from the first mirror.
The rotation stage carries the first and second crystal assembly.

The first crystal assembly is a 10mm thick Si crystal with an optimized shape allowing a drastic
reduction of the thermal meridional bump [J.S. Micha et al, Nucl. Instrum. Meth. A 710, 155-
160 (2013)] It is glued on a copper plate cooled by a water circulation ensured by gravitational
flow to minimize crystal vibrations. The roll of this plate can be adjusted by a piezo actuator to
achieve a correction of the horizontal position of the beam.

The second crystal assembly is the standard Si ribs crystal mounted on an ESRF-CNRS
designed bender and is used for the sagittal focusing. The bender assembly can be moved by
three rotations (weak links): two for crystal roll and yaw and one for the two crystals parallelism
(pitch). This latter movement is finely adjusted by a piezo actuator to achieve automatic
intensity maximization, thus compensating drifts. Moreover, the bender is carried by two
crossed translations: one adjusting the gap between the crystals and the second adjusting the
shift between crystals along the beam propagation axis.

EH2/EH3 EH1 OH1 Monochromatic beam : 5-35 keV

GMT and INS2 diffractometers
unchanged
GMT : Sample at 57.9m

INS2: Sample at 63.0m 2 new mirrors with slope

slope error < 0.3 prad rms on 900 mm

| T |
S

T ESRF BM32 source
sizel HXV (Fwhm) : 54 x12 pm

Optional toroidal fotusing
mirror (space resefved)

Optical schematic of the CRG-IF BM32 beamline at ESRF (retained after the EBS upgrade and
MAGNIFIX project) for X-ray diffraction and scattering experiments using a monochromatic beam with
the INS2 and GMT instruments. Vertical focusing is achieved by the two mirrors, while horizontal
focusing is accomplished through the sagittal bending of the second monochromator crystal. Space is
reserved for a future toroidal mirror (for both horizontal and vertical focusing).
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Second crystal of the Double Crystals Monochromator of BM32 mounted on the bender for horizontal
(sagittal) focusing. Manufacturing of the visible stiffening ribs to prevent anticlastic deformation during
crystal bending is very delicate to achieve when the focusing of a horizontal beam fan of 40 mm.

Ray-tracing simulations were performed to identify the origin of a beam distortion (beam
curvature observed in intra- and extra-focal planes), degrading the vertical focussing of the
beam. These studies showed that the origin of the distortion was due to the non-parallelism of
the two hinges of the bender. A new, single-block bender was developed to correct this issue.
Its use proved successful, resulting in a threefold improvement in photon flux for reflectivity
measurements on the GMT instrument (which is particularly sensitive to vertical focusing)
performed at 27 keV.
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Ray tracing simulations (Shadows software) results for evaluating the impact of the 2nd crystal
mismounting on two non parallel hinges, on the amplitude of focusing aberrations.

2.3. Experimental stations
The major upgrade of the beamline consisted of building a new experimental hutch dedicated
to the micro-diffraction instrument. This experimental hutch was constructed immediately
downstream of the optical hutch, on the site of the former hutch which, at the origin of the
beamline, had housed the X-ray spectroscopy instrument that was relocated to BM30 in 2000.
The new hutch, EH1, was delivered in the second half of 2023.

So, since the end of 2023, we have had three instruments 8 LaueMAX, GMT, and INS2 &
each installed in its own dedicated experimental hutch. This greatly simplifies experiment
changeovers and provides a significant time saving when setting up the micro-diffraction
instrument, as it can now be repositioned very precisely on the beam axis.
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2.3.1.

Fig.1: Current beamline layout, new recommissioned hutch (EH1) for LaueMAX instrument in yellow

Laue Microdiffraction (uLaue)

The large demand for structural characterization of objects with ever-decreasing sizes has
driven the development of new methods to determine not only the average internal structure
but also the local structure at the submicron scale. Probing the local strain, shape (size,
orientation), and composition of micro- and nanomaterials is the main objective of our Laue
micro-diffraction setup. This dedicated setup is unique in Europe. The instrument fully exploits
the white-beam source from bending magnets. We are currently operating the third version of
the instrument, which is installed in a new dedicated hutch. It has been operational since April
2024.

Two fixed-curvature elliptical KB mirrors are used to achieve a submicron white beam with an
X-ray energy range from 5 to 27 keV. Thanks to the EBS upgrade and new Ir-coated KB
mirrors, a beam size of (h x v) = 0.2 x 0.3 um2 is now achieved, with a flux increased by a
factor of 10 compared to the previous setup and ESRF source. A typical Laue pattern from a
thick grain (> 5 pm) requires less than 0.1 s of counting time. Longer counting times are
required for low-Z materials, smaller grains (< 0.5 um), and grains with large orientation
gradients (> 10 mrad/um).

Selected regions of interest on the sample surface can be finely aligned with respect to the X-
ray beam using an optical microscope equipped with a 50X objective (10X is also sometimes
used) and a 12X zoom, featuring a low depth of focus (< 1 um) and high lateral resolution (0.3
pum). In addition, X-ray fluorescence mapping can be used to locate micro-markers on the
sample when the microscope is retracted.
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Fig. 2: LaueMAX instrument, optimized for precise Fig. 3: DAXM setup and Dectris Eiger4aM

and reliable repositioning, as well as for vibration detector. Pb foils cover the KB mirrors box to

isolation stop parasitic fluorescence coming from Ir
coating.

Laue patterns are recorded with a Dectris CdTe pixel detector. The spot positions in the Laue
pattern can be monitored as a function of time to detect in situ phase transitions, crystal
deformation, or reorientation. Mapping the spot positions as a function of beam position on
the sample helps localize regions where stresses or defects concentrate, for example after
sample preparation or after applying a mechanical load.

At a higher level of analysis, each indexed Laue pattern fully determines the grain orientation
(three Euler angles) and the deviatoric distortion of the unit cell (equivalently set of 5 unit cell
parameters: b/a, c/a, alpha, beta, gamma). Large orientation maps built from raster scans of
the sample provide information such as the local texture and relative strain levels between
grains of different orientations. Such maps also enable the selection of particular grains for
fine intra-grain mapping of orientation and strain gradients. Complementary methods for spot
energy measurements (mainly using a rotating diamond filter) can then be employed to
determine the local full strain tensor or perform line profile analysis. Moreover, three-
dimensional scans are now available thanks to optimized DAXM techniques and new
numerical algorithms developed on the beamline in recent years.

X-ray excited optical luminescence (XEOL) is also an original technique implemented on the
instrument to obtain information on the intrinsic optical properties of materials correlated to
strain and/or defects levels. (example study summarized in section 5.1.2)

In addition, a very wide range of sample environments can be accommodated, including
tensile testing machines, AFM SFINX in situ straining device, very high-temperature furnaces
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(up to 1500 °C), standard furnaces (up to 900 °C), cryo-furnaces (from i 180 °C to +500 °C),
setups for very low current or voltage measurements

A home-developed open-source software suite 8 LaueTools, LaueNN, and LauelmProc 9
facilitates data analysis through several graphical user interfaces, scripts, and Jupyter
notebooks. During experimental runs, its online processing tools help define the optimal data
collection strategy. After the experiment, fast parallel computing modules enable the automatic
analysis of several thousand images for precise structural parameters determination.

Applications of this instrument are primarily in materials science, including energy-related
materials (solid oxide fuel cells, nuclear fuels, photovoltaic cells), complex integrated circuits
from the microelectronics industry (2D and 3D interconnects), structural materials (superalloys
for turbine blades and other metallurgical compounds), and biologically derived materials
(wood, tooth, nacre) for orientation and texture studies. More fundamental investigations
include in situ mechanical testing of model macro-, micro-, or nano-objects (FIB-machined
metallic micropillars, nanowires, whiskers, bicrystals, tricrystals), with the aim of improving the
description of the mechanical properties of polycrystals and micro- and nano-objects in the
elastic and plastic regimes (including peak shape analysis).

2.3.2. Multitechnique goniometer (GMT)

The MultiTechnique Goniometer (GMT) is a general-purpose 2+2 axis surface diffractometer,
well suited to most grazing-incidence scattering techniques (GIXS, XRR, GISAXS). It is
primarily dedicated to ex situ prepared samples. Over the past years, it has been used for
solid/solid, solid/liquid, and solid/air surface and interface studies, mostly at X-ray energies
between 20 and 30 keV. Owing to the large accessible volume at the sample position, the
instrument can also host a broad variety of sample environments, ranging from compact
setups (e.g., electrochemical cells) to a large UHV system with two chambers dedicated to in
situ studies of catalytic processes.

In recent years, the instrument has been mainly used for the investigation of buried interfaces,
such as liquid/solid and solid/solid interfaces. The 207 30 keV energy range provided by the
bending magnet source is exploited to access these interfaces by probing through one of the
phases across its full thickness. Sample changing has been automated as much as possible.
For solid/solid interfaces, for example, samples can be stacked, and automatic alignment
routines have been developed to enable the study of series of up to 300 samples. In parallel,
routines for automatic data inversion (e.g., reflectivity analysis on symmetric interfaces) have
also been implemented.

The instrument has undergone only minor upgrades over the past four years, as its control
electronics are fully compatible with ESRF systems and its mechanical components remain
sufficiently accurate. Efforts have instead focused on developing or upgrading other beamline
instruments. Recent improvements include the installation of 1) hardware enabling continuous
scans and 2) automated alignment procedures, mainly using an on-beam-path camera.

Two-dimensional pixel detectors are used for diffraction experiments. We operate either a five-
chip 256 x 1280 silicon pixel detector or a 512 x 512 CdTe detector, which can be mounted
in both orientations with respect to its long axis (generally aligned along the Crystal Truncation
Rod (CTR) direction, depending on the sample orientation). These detectors have been used,
for instance, to record diffraction patterns from artificial gratings. Owing to their small pixel
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size, low noise, and high count-rate capability, they are particularly well suited for accelerating
the acquisition of reciprocal space maps.

Many of the experiments performed on GMT are connected to applied research topics. We

have investigated sever al steps of the SmartCut
and its spin-off company SOITEC, including ion implantation, direct wafer bonding, and

fracture processes. Other technologically relevant topics have also been addressed, such as

the formation of the solid electrolyte interphase (SEI) at the electrode/electrolyte interface in

lithium batteries. Strain measurements (GID, RSM) and size characterization (SAXS,

GISAXS) of microelectronic systems patterned using state-of-the-art lithography have recently

been carried out to further develop the Critical Dimension SAXS (CDSAXS) technique.

2.3.3. In situ NanoStructures and Surfaces instrument (INS2)

The INS2 station is devoted to studies of surfaces, interfaces, nanostructures and thin films in
Ultra High Vacuum, in particular during their growth, by means of three techniques using hard
X-rays: grazing Incidence X-ray scattering techniques (Grazing Incidence X-Rays Diffraction
- GIXRD, also called Surface X-Rays Diffraction - SXRD) , Grazing Incidence Small Angle X-
Ray Scattering (GISAXS), and X-Rays Reflectivity (XRR).

= D b Al =
v b . | ST |
.. 3 kS .

INS2 UHV chamber of sample preparation mounted on 4-axis diffractometer at BM32 combining state-
of-the-art physical and chemical routes - for the growth of nanostructures and/or few atomic layers on
clean surface - and intense synchrotron X-rays.

The end-station is composed of a heavy duty 4-axis diffractometer (specifications in the table
below), built around an UHV chamber able to simultaneously mount up to 10 thermal
evaporators (e-beam, crucible, resistive heating). Chamber base pressure is in the low 1010/
high 10-** mbar range. Several gas injection lines, including a fully automated gas cabinet for
dangerous gases, and cold, RF plasma or hot gas crackers can be installed on the main
chamber. Growth capabilities include molecular beam epitaxy (MBE), reactive MBE and
chemical vapor deposition (CVD).
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We are doing everything possible to keep the chamber open to as many projects as possible
requiring various deposition sources, while making significant efforts to ensure thorough
cleaning of the chamber between experiments.

H | Gas S ljg
Li Be — Solid, pure B C N 0 F Ne
— SO|id, Compound
Na Mg P S CLAr
K Ca Sc Ti V. Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb St Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Cs Ba .. Hf Ta W Re Os Ir Pt Au Hg TL Pb Bi Po At Rn

.......

Fr Ra .. Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FL Mc Lv Ts Og

La Ce Pr Nd PmSm Eu 6d Tb Dy Ho Er Tm Yb Lu

Ac Th Pa U Np|/Pu Am Cm Bk Cf Es Fm Md No Lr

Representation of the ensemble of elements used on the INS2 chamber in the last 5 years

A sample heating stage up to 1400 °C and a wide energy range (25 eV - 5 keV) ion gun
completes the sample preparation / processing tools.

Given the location of this end station, in the last experimental hutch of the beamline, the growth
chamber is available for the users in advance of their experiments. A Reflection High Energy
Electron Diffraction (RHEED) system and an Auger spectrometer are available as off-beam
characterization tools.

Goniometer Sample holder (hexapod)
. incidence |°0t-0f-Plane jin-plane \sample | 5o |onqaion

Circle o scattering  |scattering |azimuth | -,

) o ° o ) (mm)

©) ©) )

Mechanical resolution
(per motor step) 0.0007 |0.006 0.001 0.0005 |0.001 |0.001
Range -1/+20  |-1/445 -13/+126 (+200  |+5 15
Concentricity (pm) ~30 ~30 ~20
Encoder resolution 0.0004 |0.0003 0.0004 |0.00004
Repeatability 0.001 0.001 0.001 0.001 ]0.002 |0.005

The INS2 diffractometer was the first one at ESRF to be controlled with the new software
control system, BLISS. The beamline staff largely contributed to simplifying the user interface
and improving instrument performance. The ergonomics of the functions used for the most
common scans (radial scans, mappings, constant-g energy scans, etc.) were redesigned, and
counters were integrated into the diffractometer controller to standardize data structure across
different types of scans.
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We then implemented all the necessary hardware infrastructure to perform continuous scans
with the diffractometer: motor encoder reader cards, synchronization cards, and trigger signal
generation cards for the various detectors. We both utilized the standard scans available in
Bliss (Fscan module), for scans on one or two motors in the real angular space, and
implemented continuous scans in reciprocal space trajectories.

The feedback from these improvements has been highly positive: this type of scan typically
reduces dead time by over 600 ms per measured point. Under typical conditions, the ratio of
"measurement time" to "scan time" improves from 401 60% for step-scans to approximately
95% for continuous scans. This allows for either improved measurement resolution or reduced
statistical noise while maintaining the same measurement time.

Most of the software developments carried out on the beamline in this field were implemented
in the last versions of BLISS and available world-wide.

2.4. Detectors

On BM32, we have a wide choice of detectors covering a broad range of techniques. These
are commercially available detectors. In some cases, additional integration and developments
were necessary to control these detectors with the standard control system, BLISS, which is
now the reference. These developments involve both electronics and software, in order to best
match the experimental requirements of our three instruments.

For beam monitoring and data normalization, we use standard silicon diodes or avalanche
photo-diodes (APD), either in transmission or for measuring scattered signals. High-accuracy
electronics convert the analogue signal into pulses, which are then integrated by the counting
cards. We also use a four-channel picoammeter to monitor the beam, as well as a lock-in
amplifier to provide feedback to the pitch position of the second crystal of the monochromator,
keeping the flux at its maximum value regardless of the power load on the first crystal.

Point detectors

On the experiment side, we use detectors ranging from basic zero-dimensional detectors to
two-dimensional CCD or sCMOS cameras and pixel detectors.

The standard photomultiplier coupled to a Nal scintillator is still in use on the GMT
diffractometer, positioned behind slits that define the analysis direction. Coupled to these
detectors, we also have an automatic filter system used to avoid detector saturation and to
extend the dynamic range of the detection chain. This type of detection is progressively being
replaced by a CdTe pixel detector.

For experiments requiring high energy resolution, we have a silicon drift detector, a Ketek XR-
SDD read out with XIA electronics. Its energy resolution is 125 eV at 5.6 keV, with a throughput
of 100 kcps.

For photoluminescence experiments on the micro-Laue instrument, as well as for plasma

source tuning on INS2, we also use an optical spectrometer fully integrated into the BLISS
control system.
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2D detectors

On the Laue microdiffraction instrument, until early 2025 we were still using a quad
sCMOS camera with 16 Mpixels and a pixel size of 40 um, an sCMOS camera with 36
Mpixels and a pixel size of 27.5 um, and a CCD camera with 9 Mpixels and a pixel size
of 22 pm.

The two sCMOS cameras used for Laue detection were replaced at the beginning of
the year by a pixel detector, a Dectris Eiger 2X CdTe 4M. The ImageStar9000 sCMOS
camera is still used to orient the diamond crystal of the inverted-monochromator.

Two 1280 x 256 Maxipix pixel detectors (configured as 5 x 1 modules, providing a detection

area of 70.4 x 14.08 mm?) are used on the INS2 instrument. With a pixel size of 55 um, a

silicon thickness of 500 ym,andama xi mum count rate of 6 I -10 p ho
linearity, these detectors are used for diffraction experiments at energies below 25 keV,

covering about 95% of the experiments on INS2.

For GISAXS measurements on INS2, which require a large input field and very low noise, we

use a Dectris 1 Mpixel Eiger detector with an active area of 77 x 77 mm2 and a pixel size of

75 Om. With 450 Om thick silicon pixels, the det
photons/mm?2/s at 20% non-linearity and a frame rate of 10 images per second.

On GMT, which can efficiently operate experiments at 27 keV, we acquired in 2018 a 512 x
512 Maxipix CdTe detector to achieve higher detection efficiency.

The table below summarizes the main characteristics.
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Detector Input Nb Pixel |Readout |Readout |Dyna- |Dyna- Features Instrument

model size Pixels | size Time Time (s) mic mic /comments
(mmz) (um) _ (n_o binning (bits) |[range
binning) 2x2 (dB)
sCMOS a 16516 37.2 0.25s 0.1 16 79 On line image |uLaue
quad Mpixel correction and

rois integration

sCMOS a0 16536 275 0.1s 0.025 16 70 delivered uLaue

ImageStar Mpixel August 2020

165

ImageStar square 9 Mpixel 22 25s 0.6 16 82 Antiblooming wlaue

9000 67x67 x100

CCD

Eiger 2X [155.1 x 4 Mpixel [75 100 ns - 32 infinite Online image |plaue

CdTe 44M [162.15 correction, rois
integration,

image mask for
hot pixe

Maxipix Si 0.3 55 0.1s - 32 infinite GMT
1280 x 256 | 70.4 x |Mpixel

14.08
Maxipix Si 0.3 55 0.1s - 32 infinite INS2
1280 x 256 | 70.4 x |Mpixel

14.08
Maxipix 28.16 x (0.26 0.1s - 32 infinite GMT
CdTe 28.16 Mpixel
512 x512

2.5 Data acquisition schemes & data analysis tools

From 2022, acquisitions were made entirely using BLISS control & command software. We
strive to use the latest versions of this control system. We have developed, or participated in
the development of a number of modules, classes and functionalities, as beta-tester on real
situations or at the stage of technically expressing the initial needs. Some modules are specific
to our instruments, particularly for Laue diffraction experiments (rainbow technique cf § 5.3.2).
Others are more general in scope, such as HKL control of diffractometers, and are made
available to all ESRF beamlines that need them.

It should be noted that over the last years the use of rapid or continuous scanning has become
widespread, allowing for very short downtimes and high-quality data.

Data storage and data collection logging (e-logbook on Data Portal) is integrated and complies
with ESRF data policy, consistently with recommended settings for public ESRF beamlines.
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Currently, the analysis is not yet fully done online, and is based on sets of Jupyter notebooks
or codes running on various computing resources. Still, except in a few cases, data collection
for X-ray scattering techniques consists of alignment measurements and more importantly
acquisitions that highlight key scientific insights, which only require dedicated data processing
workflows to be activated. The computing resources for these tasks are a workstation located
at the beamline (bi-xeon Gold 6136) and efficient servers hosted in the ESRF data center. We
therefore have a dual-Xeon Platinum 8452Y machine and Nvidia RTX A6000 GPU funded by
BM32, and five machines funded by French CRG beamlines at ESRF via the ANR-MAGNIFIX
program. These computing resources consist of three servers with dual AMD TURIN 9655
processors with 96 cores, one server with dual AMD TURIN 32-core processors with four
NVIDIA L40S GPUs, and one server with dual AMD TURIN 32-core processors with two
NVIDIA H200 GPUs. They are available for any ESRF users when not exploited by our
beamline or French CRG beamlines.

For online analysis, during the experimental campaign, the workflows are based on notebooks
that still require some input parameters regardingt he scan measur ement | D,
chosen hot collected data. For true on-the-fly analysis we have been running recently on the
beamline the first computing of the inversion of X-ray reflectivity data collected on GMT (case
of a symmetric interface) by using Ewoks (ESRF workflows manager).

Data processing and analysis software

In this section are listed the main techniques that the beamline can perform and data it
can deliver to users. The range of typical acquisition time is given due to the diversity of
materials, size, and disorder level.

Raw data:

Surface diffraction . . L
- Deliverable 1: 2D images in direct angular space

(GISD=GIXD)
Reconstructed data
mostly INS2 . : . "
- Deliverable 2: 1D crystal truncation rod (2-5 min acquisition)
CTR analysis - Deliverable 3: Out of plane 1D structure factor to be used for model

refinement (atomic positions)

Raw data:

- Deliverable 1: 2D images in direct angular space

Reduced data (to be refined to solve the atomic structure of surface
structure or heterostructure)

- Deliverable 2: 3D RSM (GIWAXS) (from 0.5 - 12 h acquisition)

- Deliverable 3: 1D radial scan or 1D azimutal (from 5-15 min)

Surface diffraction
(GISD=GIXD)
mostly INS2

Raw data:

- Deliverable 1: very low background (in high vacuum) GISAXS
pattern (10sec-30 min exposure). Qrange = [0.003 - 0.7] A with
different 2D detector positions and photon energy

- Deliverable 2: GISAXS patterns at several sample azimutal angle
Reconstructed data

- Deliverable 3: Average Morphological parameters of particles or
nanostructures on surface (size, interdistance, facets orientation,...)
GISAXS (GMT) As above with

(less frequent) Qrange = [0.006 - 1.5] A with different 2D detector positions and
photon energy

GISAXS (INS2)
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RSM not at Grazing
incidence

Raw data:

- Deliverable 1: the raw data are typically a set of detector images
measured at different angles and the corresponding acquisition
parameters. Can be 2D or 3D

- Deliverable 2: idem with high angular resolution with 1 or 3
reflections crystal analyzer and punctual detector. It can be 2D or 3D

standard

XRReflectivity Raw data:

(mostly GMT) - Deliverable 1: reflectivity curve and if any experimental parameters
(in situ or operando) (5 - 15 min)
- Deliverable 2: Corrected XRR data = full dataset (XRR scan +
background scan), automatically processed (less than 1 sec).
Reconstructed data
- Deliverable 3: Electron density profiles, whenever the profile is
symmetric, the automatic data correction goes all the way to the
profile inversion (less than 1 sec).
Note: any XRR fitting software can be used for the processing of the
data output by the instrument (h5 and ASCII files). Training and
advice on AiGenXo0 can be provi dseg

Anomalous Raw data:

diffraction - Deliverable 1: images series during angular scans at several

(Resonant Diff) energies

Mostly INS2 Reconstructed data:
- Deliverable 2: scattered Intensity at q constant as a function of
energy

Laue diffraction Raw data:

- Deliverable 1: single image taken from a single point on the
sample= Laue pattern image (LP) (that can contain superimposed
Laue patterns coming from several individual crystals or grains).
Exposure time from about less than 0.1 sec to several secs.

- Deliverable 2: 2D Raster sample scan: set NxM LP images where
N and M are 2 scanning axis direction dimensions. For Low
Resolution (several microns step), step-wise motors deadtime of 0.3
sec. Typically: 100 x 100 um?2 2D map for 0.2 seconds and step step
size of 1 um lasts 1.5 h. For continuous scan and High spatial
resolution, given the lateral spatial resolution of 0.3 um, duration (T)
of 1 continuous scan line is Nstep x exposure_time. Total 2D
continuous scan: M x T. Typically: 100 x 100 pm? 2D map for 0.2 sec
lasts 5 h.

- Deliverable 3: Fluorescence yield elemental 2D map. Measurable
elements: Ti(Z=22)->Cd(Z=48) and Cs(Z=55)->... . Typical exposure
time of 0.1 to 1 sec per point

- Deliverable 4: Grain imaging (orientation map) (grain location and
projected shape onto 2D surface plane). Other intra-grain imaging
maps of qualitative lattice planes rotation (peaks position shifts),
gualitative defects density (peaks shape width or morphology)
Reduced Data:

- Deliverable 5: List of Laue peaks in LP images (peak search
procedure) and corresponding scattering angles.

- Deliverable 6: Unit cell orientation andl lattice parameters (b/a, c/a,
alpha, beta, gamma) from 1 to several grains per LP (indexing
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procedure followed by a single

one)
-Visualisation and postprocessing tools (LaueTools, LaueNN
software):
-Deliverable 7: 2D map plot of structural quantities (orientation,
mi sorientation, strain, | atti cqg
Laue diffraction Raw data:
depth resolution - Deliverable 1: 1D wire(s) single scan (DAXM) on a single specimen

position providing several 100s images. (3-4 minutes) depending on
materials and number of wires (for 1 um depth resolution). Voxel size
is then 300 * 500 * 1000 nm3 = h x v x depth

- Deliverable 2: set of repeated wires scans at different specimen
locations rearranged as line scan of DAXM scans or 2D grid of DAXM
scan (3D Laue dataset).

Reconstructed data:

Deliverable 3: reconstructed LP at any voxel under the surface up to
300 microns along the beam below a single point of the specimen.
Deliverable 4: Orientation and strain in any voxel defined above.
Deliverable 5: Set of Reconstructed LP in any voxel below point
defined in deliverable 2.

Deliverable 6: Orientation and strain in any voxel defined in
deliverable 2. It correspond to 3D map of orientation and strain

Laue Raw data :

diffraction Deliverable 1: 1D scan of diamond rotation angle: series of LP
energy images at one sample point.

measurements AiBlindd scans: | a+ 2ked/, 4800 gdines arouach

10000 eV for 2 or 3 diamond fAbr
iTarget edd s c ascentered dnBpotaohirdere® Quring
small ranged scans +/- 100 eV, 100 points around theo. spot energy
for several indexed spots of 1 grain, and several diamond branches
for each spot.

- Deliverable 2 : energy measurements of 1 or several spots
originating from 1 or several grains illuminated on a single point of
the specimen

Reduced data

- Deliverable 3 : six lattice parameters of 1 or several grains on a
single point of the specimen, (with cross check using several spots
of the sample, and several diamond branches for each spot.)

4.  Comprehensive list of the beamline staff and funding
4.1 Organisation and context of the French beamlines F-CRG at the ESRF

The 5 French CRGs are funded by the CNRS (60%) and the CEA (40%) to enhance the
access of French researchers to the European Synchrotron. This consortium is organized
through a steering committee: directors, or their representatives, from the 4 CNRS institutes
(Physics, Chemistry, Environmental and Universe Science and Biology) that are involved and
from the CEA, Large Research Infrastructures of the Fundamental Research Department. It
is also annually evaluated by a scientific committee. The beamlines operation, annual
reporting, financi al and human resources needs
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d&el oitationd ani mated by the dir elastitu Méslan f
CEA - IRIG - MEM) and the beamlines responsible.

All the staff involved in the beamlines comes from labs in Grenoble either from CNRS or CEA
institutes. These labs are:

1. CNRS - Institut Néel (CNRS Physics) (including SERAS: Design & implementation
Office Service)

CNRS - OSUG (CNRS Environmental and Universe Science)

CNRS - SIMaP (CNRS Chemistry)

CNRS - LIPHY (CNRS Physics)

CNRS - ICMG (CNRS Chemistry)

CEA - IRIG - DEPHY - MEM (CEA - DRF)

CEA/CNRS - IRIG - IBS (CEA and CNRS Biology Science)

CEA - IRIG - SYMMES

This offers the CRG staff the opportunity to develop collaborations with researchers or
engineers from these support labs and to develop new instrumentation projects or new
techniques on the French CRG beamlines.

©NoO~WN

4.2 Beamline BM32 as a french CRG: origin of staff and budget

For the beamline BM32, the staff comes from a subset of the previously mentioned labs.
Namely, the CNRS staff is affiliated to the Institut Néel (CNRS Physics), except for J.S. Micha
who is affiliated with the CEA - IRIG - SYMMES (mixed CEA/CNRS research team). The CEA
staff is affiliated with the CEA - IRIG - DEPHY - MEM, within the NRX team.

4.3 Synthetic list of beamline staff
4.3.1 Permanent staff

The functions, scientific interest and involvement in the beamline activity of the beamline staff
are briefly described below. While technical and engineering staff is fully involved in the
beamline operation and development, most of the researchers perform their own research
using the beamline (and also other beamlines). The percentages indicate the fraction of their
approximate time devoted to "duty" tasks such as administration, engineering, development,
|l ocal contact ¢é, dtoren,useahddevelap th&bmanine receptparsonal
research.

J.-S. Micha Beamline Responsible, UMR CNRS-CEA-Grenoble, Research-Engineer/Local
contact 100%

Responsible of BM32 beamline

Local contact on pLaue and GMT

In charge of LAUEMAX instrument

Workpackage manager for several projects (MAGNIFIX, DIADEM, ANRS)
Software developer and administrator of LaueTools suite for pLaue data analysis
X-ray optics elements design: monochromator crystals and optics mirrors

O¢ O¢ O¢ O¢ O¢ O¢

O.Ulrich CEA-Grenoble, Engineer, BeamLine Operation Manager 100%
0 In charge of technical aspects on BM32, including computing control command for the 3

instruments and detectors, as well as financial aspects and day-to-day interaction with the
different ESRF services.
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0 Involvement in developing pLaue experiment to improve features and performances of data
collection. Responsible for the LaueMAX project.
0 Also strong technical involvement in the INS2 project.
O. Geaymond CNRS, Engineer Project and Assistant. 100%
0 Beamline general technical aspects
0 INS2: experimental preparation and general technical aspects
0 GMT and PLAUE sample environnement

L. Martinelli CNRS Institut Néel, Research Engineer/Local contact (arrived in Nov. 2019)
100%

In charge of INS2

Local contact on INS2

Development and maintenance of the INS2 setup (diffractometer and growth chamber)
Involved in the development of beamline and instrument control software

O¢« O¢ O« O«

G. Renaud (retired Sep. 2025) CEA-Grenoble, Researcher/Local contact on INS2 40%

Fundamental processes of MBE/CVD growth of OD, 1D and 2D materials on surfaces

Link between structural and physico-chemical properties

Better materialsd properties through optimized gr-r
In situ GIXS/GIXD/GISAXS/GI-MAD/A-GISAXS studies in UHV during growth

O¢« O¢« O« O«

S. Tardif CEA-Grenoble, Researcher/Local contact on GMT & plLaue 20%

In charge of GMT instrument

Stress and strain in materials (strained microstructures for microelectronics, stretchable
silicon-on-polymer, Li-ion batteries for energy storage)

Operando techniques (electrochemical cycling, continuous mechanical testing)

Study of solid/liquid interfaces (electrode/electrolyte interfaces in batteries, nanofluidics)
Development of experimental techniques (pLaue) and analysis tools (python codes)

O¢ O«

O¢ O¢ O«

F. Rieutord (moved to SOITEC in Nov. 2024) CEA-Grenoble, Researcher, local contact on
GMT instrument 20%

O«

Fundamental studies of technological processes: direct bonding and wafer splitting.
Adhesion and wetting at the nanoscale. Study of solid/solid interfaces

0 Study of solid/liquid interfaces
0 Implantation and fracture. Crack development and propagation.
O. Robach CEA-Grenoble, Researcher/Local contact on pLaue 80%

0 Development of methods / tools for measuring local strains, orientation gradients, and
microstructure on the micron scale, based on the plLaue technique.

0 Development of extensions of the pLaue technique (DAXM for 3D resolution, Rainbow for
spot energy)
0 Software developer of LaueTools suite
0 Orientation gradients and stress in polycrystals at the micron scale in technological, model, or
geological samples (growth, implantation, in situ mechanical testing)
M. De Santis CNRS Institut Néel/ Researcher/Local contact on INS2 20 %
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Structure and magnetic properties of ultrathin films and surface alloys.
Template mediated growth of nanostructures.

Self-organisation of molecules at the surface.

Ultrathin oxide films

O¢ O« O¢ O«

Raquel Rodriguez-Llamas CEA-Grenoble, Researcher/Local contact on pLaue & GMT

(arrived in Nov. 2024) 20%
0 Stress and strain in semiconducting materials
0 Development of experimental techniques for materials studies (including pLaue & GMT) and

analysis tools (ewoks, python codes)
Expert in Dark Field X-Ray Microscopy

O«

J. Eymery CEA-Grenoble, Head of corresponding NRX lab at CEA 10%

0 Management of CEA staff of the beamline (CEA NRX laboratory) and corresponding CEA
funding on the beamline.

0 Scientific director of national research programs PEPR DIADEM ESRF platform and PIA3
MAGNIFIX

0 Pl of PEPR REBORN

0 XEOL

Dominique Grand Engineer at CNRS-SERAS (retired May 2024)

Main project designer of LaueMAX setup and previous Laue setup (2012, upgraded 2020)
Pierre Mc Cavana Engineer at CNRS-SERAS (2021-2022, changed lab)

Project designer for rotating-diamond-filter setup for microLaue

4.3.2 Post-docs and Ph.D Students

Ravi R.P. Purushottam Raj Purohit (post-doc) (microLaue, laueNN code) (end Feb. 26)
Clément Ribart (post-doc) (microLaue, DAXM) (end Feb. 26)

Beatriz De Goes Foschiani (PhD student) (microLaue, XEOL) (current)

Sergio Bongiorno (PhD student) (microLaue) (current)

Saioul Ngoun (PhD student) (operando microLaue) (current)

Thibaut Jousseaume (GMT and microLaue) (former, PhD defense : 2023)

Zijie Lu (post-doc) (GMT) (former)

Xiarong Weng (post-doc) (INS2) (former)

Mahesh K. Prahbu (post-doc) (INS2) (former)

4.3.3 Non-permanent technical and engineering staff

Guillaume Buatier shared Mechanical Engineer CNRS with BM02 beamline
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Daniel Mornex Two years Mechanical and Experimental Engineer at CNRS-SERAS.
Project designer for several elements of LaueMAX setup

Benoit Formet Two years Engineer financed 100% by CEA for IT duties regarding BLISS,
50% Beamline and 50% ESRF

Embedded Software engineer in ESRF BCU group, helped preparing for the migration from SPEC to
BLISS (migration in 2022)

5. Science programmes

In this section we report the works and scientific outcomes of the BM32 beamline instruments

and staff activities. Several subjects are tent
fimaterials scienced disciplines both brimging ei
on the applied materials/processes (8 5.2). A significant part of the beamline activities is

dedicated to instrumentation and methodologies developments, and presented in the last

section (8 5.3).

On one hand, BM32 provides atomic-level fundamental insights into surface physical and
physical-chemistry phenomena, nanoscale growth mechanisms, and material structural
properties using advanced in situ and operando X-ray techniques, enabling better
understanding of impact of atomic structure (strain), composition, morphology, from punctual
to extended defects, etc. on desired or new properties at such small scale.

On the other hand, the beamline participates in the acceleration of the development of
functional materials at nanoscale i such as catalysts, photonics, electronicsd by offering real-
time characterization, automated data analysis, and academic guidance by beamline
scientists for industrial applications (battery). At mesoscale, the knowledge of strain (gradients
and spatial distribution), defects density in metals, ceramics, semiconductors after elaboration
or in real working conditions are of first interest for the understanding and control of the
mechanical & physical properties and durability.
BM32-GMT in particular developed a multiscale approach and high-throughput capabilities to
facilitate the transition from fundamental discoveries to large-scale integration.

As guideline, the type of work is classified by the following letters:
[U] Users driven project

[C] Collaborative project between staff and external users

[IHR] IHR driven project
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5.1 Nano sciences

5.1.1 Fundamental research

Subjectl [IHR, C] INS2: Observing charge density waves in a striadiynsvsional crystal with-kKay
diffraction

Superstructures, Commensurations, and Rotation of Single-Layer TaS, on Au(111) Induced
by Cs Intercalation/Deintercalation

X. Weng?, P. David®, V. Guisset®, L. Martinelli®, O. Geaymond®, J. Coraux®, and G. Renaud?
ACS Nano 17 (6), 5459-5471 (2023) - https://doi.org/10.1021/acsnano.2c10655

a2 UGA and CEA-IRIG/MEM, Grenoble (France)

® UGA and CNRS, Institut Néel, Grenoble (France)

In-situ grazing-incidence X-ray diffraction and X-ray reflectivity were used to investigate the
structure of a two-dimensional single layer of tantalum sulfide grown on a gold surface and its
evolution during intercalation by caesium atoms, and de-intercalation, which decouples and
recouples the two materials, respectively.

Dimensionality influences the electronic properties of two-dimensional (2D) materials in
different ways. In crystals thinned to atomic scales, the range of electronic phenomena can
be enriched by modulating the structure along planar directions. Transition metal
dichalcogenides (TMDs) constitute an important family of 2D materials that comprises metallic
compounds having specific d-band filling or metal atom coordination. Some are subject to
electronic instabilities, mediated by electroni electron and electroni phonon interactions.
Charge-ordered states, so-called charge density waves (CDWSs), have been observed in 3D
tantalum-based TMDs. The objective of this work was to explore if CDW that exist in bulk
layered dichalcogenide structures could also develop in the limit of a single-layer prepared in
a state in which it is strictly 2D, i.e., free from interaction with other layers or substrates.

A tantalum-sulfide (TaS: ) single layer exhibiting a pronounced nanometre-scale moiré [1] was
prepared on a gold (Au(111)) substrate. The single layer was then decoupled from its
substrate by intercalating alkali caesium (Cs) atoms, and the resulting structural changes in
reciprocal space were explored using grazing-incidence X-ray diffraction at beamline BM32.
This was done in situ, during the intercalation process, which was controlled by two kinds of
treatments that modify the TaS, stoichiometry, namely thermal annealing and exposure to a
sulfur source, H>S gas.

The figure here below summarises the evolution during successive cycles of Cs intercalation
(decoupling) and de-intercalation (recoupling). Along radial scans of reciprocal space, the
coupled state is signalled by strong diffraction peaks stemming from the super-periodic
coincidence lattice of the moiré (panel a, halfway between the peaks of the substrate and of
the single layer). Conversely, disappearance of the moiré peak (panel b) proves a complete
decoupling by intercalation: the process is reversible.

The intercalation/de-intercalation cycles have another important side effect: they alter the
singlelayer6 s | attice parameter, as shown by a progr es
position towards higher momentum transfer (panel c). It was established that the interaction
step and the required moderate thermal annealing cause S departure, hence creating a S-
deficient single layer. This effect can be counteracted by providing S via H2S during the de-
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intercalation step, and using this process repeatedly eventually yields a highly-stoichiometric
TaS; single layer. The final coupled TaS; single layer is of better quality with respect to the
starting one, with larger domain size (panel d) and a perfectly commensurable moiré, featuring
exactly seven TaS; unit cells in perfect coincidence with eight Au ones.
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Figure 1. Radials scans taken after intercalation (b) / deintercalation (a) cycles, and derived structural
parameters (c,d)

Intercalation has a second, unexpected effect: about 30% of the initial single layer, which is in
the form of flakes, twists its lattice by 30° rotation with respect to the substrate lattice. These
yield complex diffraction patterns, where the signatures of two new superstructures appear.
One corresponds to a perfectly commensurate moiré between 30°-rotated TaS; flakes and the
Au substrate; the other to another kind of superstructure, within 30°-rotated TaS flakes. The
latter has a supercell (6x6) times larger than the TaS: unit cell, and has no simple coincidence
with the substrate 8 i nst ead it al most coincides with (4&a3I
reconstruct i dce rgertham that of the wel-knoww (3x3) charge density found
in bulk TaS; at low temperature. It is suggested that this could be a new form of charge density
wave, allowed because of the 30° rotation of some TaS, flakes, itself allowed by the
decoupling of the layer from its substrate.

Subject2 [C, IHR] INS2: Synthesis of a new epitaxial monolayer Janus SPtSe 2D material monitored by
X-ray scattering

R. Sant?, M. Gay®, A. Marty®, S. Lisi?, R. Harrabi®, C. Vergnaud®, M. Tuan Dau®, X. Weng®, J.
Coraux?, N. Gauthier®, O. Renault®, G. Renaud®, M. Jamet®

NPJ 2D Mater. Appl. 4, 41 (2020) - https://doi.org/10.1038/s41699-020-00175-z
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® Univ. Grenoble Alpes and IRIG, CEA-Grenoble (France)
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Two-dimensional (2D) materials have transformed materials science as, despite being only a
few atoms thick, they display remarkable optical, electronic, and magnetic properties. Their
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reduced dimensionality amplifies quantum effects and allows strong coupling between spin,
charge, and lattice degrees of freedom.

Among them, transition metal dichalcogenides (TMDCs), made of a layer of metal atoms
sandwiched between two honeycomb layers of chalcogens (S, Se or Te), are especially
attractive for spintronic and optoelectronic technologies that use electron spin rather than
charge to store and process information.

The goal of this study was to intensify the Rashba spin-orbit coupling in TMDC, which
generates a spin accumulation from a simple charge current flowing in the material. This is a
relativistic effect, in which an electric field is felt as a magnetic field due to the spin-orbit
coupling and the asymmetry of the crystal, allowing the generation of a spin current from a
charge current. In a sense, it allows us to sort the spins dynamically (up and down) in the
material. The TMDC of interest, PtSe», has a strong spin-orbit interaction thanks to the heavy
platinum atoms, but its inversion symmetry limits the Rashba coupling.

This obstacle can be overcome by chemical means by substituting the Se atoms in the top

layer with another chalcogen species, thus creating a chemical vertical asymmetry. This was

achieved by means of controlled sulfurisation (under H,S atmosphere) of a pristine epitaxial

PtSe, grown by selenisation of a single crystal Pt(111) surface, to make an asymmetric two-

dimensional SPtSe. In SPtSe, the symmetry-breaking creates an electric field that generates

a strong Rashba spin-orbit coupling. Note that SPtSe is called Janus (after the two-faced

Roman God) because the metal | ayer is sandwi ched
different chalcogen species.

In order to form the Janus SPtSe, the pristine PtSe, material was first heated to 370°C to
generate vacancies in the top layer. It was then exposed to an H,S gas atmosphere in order
to fill these vacancies with S atoms and obtain the substitution of Se by S in the whole top
layer. Upon cooling, the new 2D compound reordered. These steps were monitored in situ by
grazing incidence X-ray diffraction/scattering (GIXD/S) at beamline BM32. The different
atomic composition of the two sides of the Janus compounds was confirmed ex situ by angle-
resolved X-ray photoemission spectroscopy.
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Figure 1. The GIXS reciprocal space map (panel a), parallel to the crystal surface, of the PtSe, layer on
Pt(111) clearly shows the moiré pattern resulting from the perfect coincidence (after a small, 0.7%
compressive strain of PtSe;) between three units of PtSe2 sitting on top of four surface units of Pt(111),
yielding a Pt(111)-4x4/PtSe»(0001)-3x3 superlattice.

The Se-by-S substitution was monitored by radial scan along the in-plane direction h (panel
b), in which the intense Bragg peaks of Pt, the weaker rods from the PtSe; layer and the
superlattice peaks are clearly visible. In panel d we show a radial scan along the in plane
direction h (expressed in s.r.l.u.) before and after the substitution of the top Se layer. All show
a remarkable similarity of the scattered intensity before and after the process. When
comparing small, high resolution reciprocal space maps around (330) (panel c), we noticed a
small change due to strain effects after the Se-by-S substitution, proving that the strong
bonding at the interface between the 2D layer and the substrate conserves the pristine
epitaxial registry. No other diffraction signals were found which could be attributed to a relaxed
PtS; or other phases. It is worth noting that for PtS; to be in a 4:3 ratio with Pt(111), conditions
required by the superstructure, it should stretch its lattice parameter by as much as 4.6%.

Subject3 [C] INS2: Structure of ;la@atase (001) films grown on Sr{i@1) and LaAlg001) by PLD
and MBE.

X. Torrelles!, M. De Santis?, A. Crespo?, M. Mosqueda?, T. D. Dzeubou?, V. Langlais®, G. Cabailh*
1Institute of Materials Science of Barcelona (ICMAB-CSIC), Barcelona, Spain
2 Universit® Grenoble Alpes, CNRS, Grenoble INP, Institut N®el, Grenoble, France

SCentre dOEIl aboration de Mat ®r i-GNRS), Todlouse,tFramte s St ruct ur
4 Sorbonne Université, UMR CNRS 7588, Institut des Nanosciences de Paris, Paris, France
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Hydrogen is widely regarded as one of the most promising clean energy vectors for a
sustainable energy future, provided it can be produced efficiently from water using renewable
resources. Among the different routes under intense investigation, photocatalytic water
splitting remains particularly attractive because it offers the prospect of directly converting
solar energy into chemical fuel. However, the realization of efficient photocatalytic systems
critically depends on identifying robust semiconductors that combine chemical stability,
suitable band energetics, and efficient charge separation at the surface.

Among oxide photocatalysts, titanium dioxide (TiO ) continues to stand out as a benchmark
material owing to its exceptional chemical stability, earth abundance, non-toxicity, and low
cost. Yet, despite decades of research, its practical performance remains limited by two well-
known intrinsic bottlenecks: a wide bandgap (~3.2 eV in anatase), which restricts absorption
largely to the ultraviolet, and the short lifetime of photogenerated electroni hole pairs, which
leads to rapid recombination and poor solar-to-chemical conversion efficiency.

Not all TiO surfaces are equally active. Among the three main TiO polymorphsd rutile,
anatase, and brookited the anatase (001) surface is widely considered one of the most
reactive and potentially one of the most photocatalytically active terminations. This enhanced
activity originates from its high density of undercoordinated surface atoms and broken bonds
compared with the thermodynamically dominant anatase (101) surface. While the (101) facet
is the most stable and therefore the most commonly exposed in natural crystals and
conventional nanostructures, the (001) surface is metastable, structurally demanding, and
considerably more difficult to prepare in a well-ordered form. This synthetic difficulty has long
limited direct structural determination of its reconstructed surface at the atomic scale.

A series of surface-sensitive diffraction experiments were performed on the INS2 beamline
to address this challenge and determine the atomic structure of anatase TiO (001) thin films
prepared by two complementary growth routes: pulsed laser deposition (PLD) in Barcelona
and molecular beam epitaxy (MBE) at the Institut Néel in Grenoble. Initial X-ray reflectivity
(XRR) measurements confirmed the successful growth of highly oriented anatase films. The
specular diffraction signal displayed the characteristic anatase (004) reflection,
demonstrating that the films were predominantly oriented along the [001] direction (Fig. 1a).
Figure 1b shows grazing-incidence X-ray diffraction (GIXRD), probing the in-plane lattice,
further revealed epitaxial growth and showed that the in-plane lattice parameter of the TiO
layer relaxes toward the anatase bulk value when grown on SrTiO -based templates.
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Figure 1. a) XRR of epitaxial titanium oxide layers on STO; b) GIRXD. Black: PLD growth. Dark blue:
in situ measurement of a layer grown by MBE. Light blue: the same layer after ex situ annealing in OF
at atmospheric pressure.

Because photocatalytic functionality is governed not only by bulk crystallinity but by the atomic-
scale structure of the surface, the anatase layers were subsequently cleaned in situ by gentle
Ar sputtering followed by annealing at 850 °C under 10 mbar of O . Auger electron
spectroscopy confirmed the absence of residual contaminants after treatment. Under these
conditions, low-energy electron diffraction (LEED) revealed a well-ordered p-(4%1)
reconstruction (Fig. 2), present in two orthogonal domains, for both PLD- and MBE-grown
anatase (001) films. Although this reconstruction had been reported previously in the literature,
its detailed atomic structure had remained unresolved.

Figure 3. LEED of TiO2(001)-(4x1)/LaAlO3(001) collected at 40 eV, 80

eV et 150 eV.
Figure 2 . LEED of a 8-

nm-thick MBE grown

anatace film

Solving the structure of the anatase TIOR001)-(4x1) surface proved
exceptionally challenging. Three experimental campaigns on INS2 were required to obtain a
sufficiently complete diffraction data set. The main difficulty was the intrinsically weak intensity
of the superstructure rods associated with the reconstruction. This weakness is physically
meaningful: the reconstruction is driven primarily by subtle rearrangements involving oxygen
vacancies and near-surface relaxations, while oxygen contributes only weakly to the X-ray
scattering signal. In addition, when anatase is grown on substrates with large lattice mismatch,
such as SrTiO -based systems, the limited lateral coherence of TiO domains further reduces
the sharpness and intensity of the superstructure features. These two factors togetherd weak
oxygen sensitivity in X-ray diffraction and structural broadening from imperfect epitaxyd made
direct structural refinement particularly demanding.

A decisive breakthrough was achieved by shifting to anatase TiO (001) grown on LaAIO (001).
In this heterostructure, the smaller lattice mismatch enables coherent epitaxial growth,
significantly improving the structural perfection of the film and, crucially, the long-range order
of the reconstructed surface. The improvement is immediately visible in LEED (Fig. 3), where
the p-(4x1) pattern becomes sharper and more intense, indicating larger reconstructed
domains and better surface coherence.
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Fig. 4 anatase (001)-p4x1 models. Figure 5 Best fit of superstructure rods

This enhanced structural quality provided, for the first time, a sufficiently robust set of surface
X-ray diffraction data to discriminate between competing structural models (Fig. 4). From these
coherently grown films, a comprehensive set of superstructure rods could be measured and
indexed in the (4x1) surface lattice (Fig. 5). Several candidate structural models were tested
against the experimental diffraction intensities. Comparison between measured and
calculated rod profiles clearly identified model ¢ as the best description of the anatase
TiO (001)-(4x1) reconstruction. The agreement between experiment and refinement across
the superstructure rods provides strong evidence that the p-(4x1) ordering arises from a
specific, reproducible vacancy-mediated surface rearrangement rather than from a disordered
defect ensemble.

Beyond the structural solution itself, the result has broader implications for photocatalysis and
oxide surface science. The anatase (001) facet is often invoked as a highly active surface in
photocatalytic studies, yet its actual atomic structure under realistic preparation conditions is
rarely known with certainty. This work closes that gap by providing a direct structural
benchmark for a technologically relevant and catalytically important surface. It also
demonstrates that interfacial and epitaxial design are not merely growth parameters, but
enabling tools for accessing metastable functional oxide surfaces that are otherwise difficult
to characterize. In particular, coherent epitaxy on LaAIO (001) stabilizes the anatase TiO (001)
phase while simultaneously enhancing the long-range order required for quantitative structural
refinement of the p-(4x1) reconstruction.
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The study therefore establishes a crucial structurei stabilityi function link:

To understand and ultimately optimize photocatalytic TiO (001), one must first stabilize the
surface in a structurally coherent form, then resolve its reconstruction at the atomic scale. This
work provides that foundation. It opens the way for future investigations of how the
reconstructed anatase (001) surface controls adsorption, charge separation, oxygen vacancy
chemistry, and ultimately photocatalytic performance in water splitting and related solar-fuel
reactions.

The results of these studies are submitted for publication.

Subject4 [C] GMT: Experimentadhpbing ionic solutions in singtigit nanoconfinement

D. Rébiscoul}, M. Baum?, K. Wang?, S. Tardif?, V. Larrey?, B. Siboulet!, J.-F. Dufreche?, F.
Rieutord?

1CEA, ICSM, 30207 Bagnols-sur-Céze Cedex, France
2Univ. Grenoble Alpes, CEA, F-38000 Grenoble, France

Journal of Colloid and Interface Science 614 (2022) 3961 404
https://doi.org/10.1016/].jcis.2022.01.128

In nanoconfinement, the system length-scale becomes comparable to the different ions
interactions lengths, as the Debye length, Bjerrum length and Dukhin length used to describe
the energetics and the equilibrium of ionic solutions at interfaces are in the nanometer range.
This is uncharted territory, as most physico-chemical parameters have been tabulated in the
bulk. Thus, a new test vehicle, consisting of 3 and 5 nm-height silica nanochannels, was
fabricated using lithography and direct wafer bonding technologies to investigate the different
phenomena in nanoconfinement (Fig. 1). These channels were characterized using in situ
hard X-ray reflectivity for the direct probing of ion distributions within the confined solution.
Electron density profiles were extracted from the reflectivity data via an inverse Fourier
transform, which avoided the need for standard multilayer curve fitting. Additionally, potentials
of mean force were calculated through molecular dynamics simulations to analyze the
interactions between specific cations and the silica surface.
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Figure 1. (a) Description of the 200 mm patterned silicon substrate and (b) atomic force microscopy
images of the 3 and 5 nm grooves used to form nanochannels before the direct bonding of the wafer.
(c) Description of the sample after the direct silicon wafer bonding and cutting.

The kinetics of the nanochannel filling process were observed over a period of eight months.
It was found that a complete filling plateau was typically reached after 4 to 8 months for most
solutions. This slow filling rate was attributed to the hydrophobization of the silica surface
caused by the high-temperature annealing required during the wafer bonding process. A
mechanism involving the formation of "liquid bridges" and droplets, which eventually coalesce,
was proposed to explain the gradual filling of the channels (Fig. 2).
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Figure 2. Schematic overview of the processes occurring during the nanochannels filling

Significant specific ion effects were identified within the extreme confinement. It was observed
that cation adsorption decreases as the size of the confinement decreases. The order of cation
adsorption was determined to be Mg2¢> Ca2¢ > Ba2¢, indicating that the adsorption of smaller,
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more kosmotropic cations is favored. This behavior was explained by the strong interaction
between small cations and the silica surface; in contrast, larger cations like Ba2¢ were found
to form ion pairs with chloride rather than adsorbing to the surface.

Anomalous behavior was recorded for 3 nm nanochannels filled with BaCIF, which resulted in
an incomplete filling or pore clogging. This phenomenon was linked to the formation of ion
pairs, which are thought to act as nano-sized prenucleation clusters. These clusters may
subsequently agglomerate, leading to the precipitation of a metastable phase that blocks the
narrow channel. Finally, this new methodology is presented as a vital means to provide
empirical data for testing theoretical predictions regarding ionic behavior and chemical
reactions at the nanoscale.

5.1.2 Applied research

Subjectl [C, IHR] LAUE: Multimodal Imggof Strain and Light Emission of G&@kell InGaN/GaN
Wires under a Sublicrometer Polychromatic-Ray Probe

B. de Goes Foschiani?, S. Bongiorno?, O. Robach?, O. Ulrich?, J.-S. Micha®, J. Eymery?
Advanced Materials Interfaces 13, e01025 (2026) https://doi.org/10.1002/admi.202501025

2 Univ. Grenoble Alpes, CEA, IRIG, MEM, NRX, Grenoble, France
®  Univ. Grenoble Alpes, CNRS, UMR SyMMES, CEA-Grenoble/IRIG, France

This study, performed during the PhD work of Beatriz de Goes Foschiani, presents a
multimodal characterization approach combining micro-L a u e ( ¢ irag difsactionkand X-
ray excited optical luminescence (XEOL) to simultaneously map local strain, crystal
orientation, and light emission in core-shell InGaN/GaN multiple quantum well (MQW) wires.
Using a sub-micrometer polychromatic X-ray probe and the LaueMax setup, the components
of the deviatoric strain tensor for both the GaN core and the InGaN/GaN shell can be quantified
independently, achieving a measurement precision better than 9x10'® and an accuracy of
approximately 4x10'4,

The structural analysis revealed that the strain is tensile along the -c-axis and compressive in
the perpendicular plane, findings that were validated by 3D finite element method (FEM)
simulations. Correlated XEOL hyperspectral mapping identified several emission
contributions: a dominant UV-blue MQW emission from the nonpolar m-planes, a secondary
emission from semipolar r-plane facets (~470 nm), the GaN near-band-edge signal (~363 nm),
and yellow defect-band luminescence (560 nm). Notably, a progressive wavelength blue-shift
(from 406 nm to 397 nm) was observed along the wire axis, which is attributed to a linear
gradient in indium composition (ranging from 10% to 8%) rather than strain effects.

Unlike conventional electron-based microscopy, this synchrotron-based approach provides a
non-destructive, bulk-sensitive investigation of straini light coupling mechanisms. The study
demonstrates the technique's potential for high-throughput screening, process optimization,
and the rational design of next-generation optoelectronic nanodevices. It has been recently
published in 2026.
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Figure 1. (a) Schematic of the GaN microwires with Inx Gal-x N/GaN corei shell multiple quantum wells
at the top of the structure, GaKU fluorescence
wires. (b-c) Deviatoric strain maps of GaN core and InGaN/GaN MQW shell. (d) XEOL emission maps
for different wavelength ranges (2.25 s counting time, 5.3x25.5 um?,31x151 steps). (e) Panchromatic
luminescence. (f) details the analysis of the m-plane MQW emission.

Subject2 [U] INS2: Thermal and structural properties of of ferroelectric GeTe films
Polarization structure of nanostrip domain intersections in GeTe films
Croes B.*?, Cheynis F.?, Cherifi-Hertel S.°, Dorkenoo K.D.?, Milller P.2, Curiotto S.2, Leroy F.2

Physical Review B 109, 024103-1-024103-9 (2024)
https://doi.org/10.1103/PhysRevB.109.024103

a Aix Marseille Univ, CNRS, CINAM, AMUTECH, Marseille, France
B Université de Strasbourg, CNRS, IPCMS, Strasbourg,, France

Thermomechanic behavior of epitaxial GeTe ferroelectric films
Croes B.2P, Cheynis F.2, Texier M., Muller P.2, Curiotto S.?, Leroy F.2

Journal of Applied Physics 134, 204103-1-204103-8 (2023)
https://doi.org/10.1063/5.0173718

a Aix Marseille Univ, CNRS, CINAM, AMUTECH, Marseille, France
b Université de Strasbourg, CNRS, IPCMS, Strasbourg,, France
¢ Aix Marseille Univ, Univ Toulon, IM2NP, AMUTECH, CNRS, France

Ferroelectric materials like germanium telluride (GeTe) are promising for spintronics and
thermoelectrics due to their tunable polarization and Rashba effect. However, the complex
domain wall intersectionsd where different ferroelectric domains meetd remain poorly
understood. These intersections can host unique polarization textures and structural
reorganizations, potentially enabling novel electronic properties.
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The team used grazing-incidence X-ray diffraction (GIXD) and grazing-incidence small-angle
X-ray scattering (GISAXS) to probe the 3D reciprocal space of GeTe thin films.

Unlike TEM, which provides localized information, GISAXS offers a statistical view of the
domain structure across large areas, confirming that intersections are translation-invariant
along specific crystallographic directions and that only {110} and {100} facets dominate the
domain walls.

3D iso-intensity maps of the reciprocal space around the Bragg peaks show diffuse scattering
streaks and lateral rods, signatures of faceted domain walls and lattice rotations at domain
intersections.

The diffuse scattering tails between Bragg peaks indicated large lattice rotations (up to 4°) and
stretching of the rhombohedral unit cell at domain intersections. This structural reorganization
was directly linked to the mechanical compatibility between intersecting a-domains and the
majority c-domain.

In addition, the thermal stability of ferroelectric domains in GeTe is critical for device
applications, yet the thermomechanical stress induced by thermal cyclingd due to
mismatched thermal expansion coefficients between GeTe and the Si substrated had not
been systematically explored. Understanding this stress is essential for controlling domain
switching and preventing material failure.

The intensity and position of Bragg peaks from c- and a-domains were monitored as a function
of temperature. This showed that a-domains (with in-plane polarization) disappear at ~210°C
and reappear hysteretically at ~190°C during cooling, a behavior driven by thermoelastic
stress accumulation. The interreticular distance of the c-domain (perpendicular polarization)
exhibited an anomalous plateau between 210°C and 260°C, indicating that the Si substrate
pinned the GeTe lattice, preventing normal thermal contraction. This constraint led to tensile
stress in the film, which was relieved by the nucleation of a-domains during cooling.

Finally, by analyzing the shift in Bragg peak positions, the authors estimated the thermal strain
(0.14%) and the elastic energy density (~0.5 J/m?) stored in the film. This energy was sufficient
to drive the ferroelastic domain switching, observed in LEEM images.

a~[111]c

ST ¥

o,

q,~ [110],

Figure 1. Reciprocal space map (left) around a GeTe Bragg peak, and real space (right) schematic view
of the GeTe film.
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Figure 2. Top: Series of iso-intensity maps around 222 (pseudo cubic coordinates) Bragg peak of GeTe
thin film at increasing temperature. Bottom: a-domain fraction and the GeTe interreticular distance of
the c- and a-domains as function of temperature.

Subject3 [C, IHR] GMT: Industrial processes in seafeting investigated by-y Reflectivity

Mechanisms of sodium hydroxide (NaOH)-catalyzed sealing of SiO2/SiO2 direct
bonding interfaces

P. Noel', F. Rieutord?, V. Larrey!, S. Tardif!, C. Morales!, H. Hijazi!, V. Thoréton!, A.-M.
Papon?, Z. Saghi?, D. Landru?, F. Fournel*

J. Appl. Phys. 138, 055307 (2025) https://doi.org/10.1063/5.0277335

Thin dielectric to dielectric hydrophilic wafer bonding for FD-SOI and C-FET
manufacturing

P. Noel!, V. Larrey?, S. Tardif!, F. Rieutord?, D. Landru?, F. Fournel*
Solid-State Electronics 229 (2025) 109188 https://doi.org/10.1016/].sse.2025.109188

Hydroxide and fluoride catalyzed bonding interface closure for low-temperature wafer
bonding

P. Noel!, V. Larrey?!, S. Tardif!, F. Rieutord?, D. Landru?, F. Fournel*

! Univ. Grenoble Alpes, CEA-Grenabile, Grenoble, France
2SO0ITEC, Parc Technologique des Fontaines, 38190 Bernin, France

Japanese Journal of Applied Physics 64, 03SP06 (2025) https://doi.org/10.35848/1347-
4065/adb6af

In collaboration with CEA-Leti (PhD of Paul Noel), we have explored the chemical mechanisms
that enable high-energy SiO2/SiO2 direct bonding at low thermal budgets, a requirement for
advanced semiconductor applications like FD-SOI and C-FET manufacturing.
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By introducing catalysts such as sodium hydroxide (NaOH), cesium fluoride (CsF), or
ethanolamine via spin-drying prior to bonding, we achieved bonding energies reaching the
silicon fracture level (~5 J/m2) at temperatures as low as 250°Cd significantly outperforming
standard de-ionized water (DIW) references.

The electron density profiles extracted from HXRR data were instrumental in revealing the
unique morphology of catalyzed interfaces (Fig. 1). XRR allowed us to observe that NaOH-
prepared samples exhibit higher gap densities (reaching ~0.53 e-/A%) compared to DIW
references (~0.45 e-/A3) at 100°C, indicating a faster initial sealing. XRR results also
evidenced a significant widening of the interface gap as annealing temperatures increased to
300°C for catalyzed samples, which we interpret as the formation of interfacial water
nanoclusters (or nanobubbles). This highlights the critical competition between accelerated
interface sealing (driven by the catalyst) and water out-diffusion into the oxide. Because the
catalyst speeds up the formation of covalent bonds, water becomes trapped and concentrates
into incompressible droplets before it can diffuse away, eventually compromising the interface.
XRR data also revealed that thinner oxides (10 nm) act as smaller reservoirs for water, leading
to larger nanoclusters and wider interfaces compared to thicker oxides (1007 500 nm), which
can better absorb interfacial water.
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0.60 0.650
T 0.55 T 0.625
3 2 0.600 :
@ 0.50 DIW 100°C Q 0.575., —— NaOH 100°C
0.45 DIW 200°C s NaOH 200°C
0.40] — DIW 300°C : —— NaOH 300°C
: —— DIW 500°C 0.5251 —— NaOH 500°C
0.35 : : 0.500
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Figure.1. Electron density profile of the DIW (left) and NaOH (right) bonding interface for 100, 200,
300, and 500 °C anneals (2 hi 100 nm thick oxides). The insets are cross-sectional TEM imaging of
Si02/Si02 interfaces after DIW and NaOH surface preparation, bonding, then 300 °C annealing for 2
h.

Our results suggest that the catalysis occurs via a nucleophilic attack by OHwor Fwions on
silicon atoms. This attack creates unstable reaction intermediates that enhance the rates of
both silanol condensation (forming Si-O-Si bonds) and silica hydrolysis (softening surface
asperities to allow better contact). We confirmed these XRR-derived findings through
complementary Transmission Electron Microscopy (TEM), which visually identified the ~7 nm
clusters predicted by our density profiles, and ToF-SIMS, which tracked the water (OH) and
catalyst (Na) distribution.

In conclusion, our work demonstrates that while catalyzed bonding creates an interface that
may appear "defective" due to nanoclusters, it provides superior mechanical coherence at low
temperatures. XRR remains the essential technique for designing these interfaces, as it
uniquely captures the balance between chemical sealing and water management.
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Subject4 [IHR, C] GMT: Understanding the sddidtrolyte interphase layer in-idn electrodes

Probing Surface Dynamics of SiOx Thin-Film Electrodes during Cycling through X-Ray
Photoemission Spectroscopy and Operando X-Ray Reflectivity

Z. Lul, K. Zrikem?, F. Le Cras?, M. Tanaka?, M. Nakamoto?, A. Benayad!, S. Tardif!, A. van
Roekeghem?!’

1Univ. Grenoble Alpes, CEA-Grenoble, Grenoble, France
2Murata Manufacturing Co., Ltd., Kyoto, 617-8555, Japan
ACS Appl . Mat er . I nterfaces 2024, 16, 521307152114

https://doi.org/10.1021/acsami.4c05078

Formation and Evolution of the Solid-Electrolyte Interphase on Silicon Electrodes from
Fluorine-Free Electrolytes

Z. Lul, T. Patranika?, A. J. Naylor?, J. Mindemark?, S. Tardif'", G. Hernandez?, and S.
Lyonnard?®

1Univ. Grenoble Alpes, CEA-Grenoble, Grenoble, France
2Department of Chemistry, Angstrom Laboratory, Uppsala University, Uppsala, Sweden

Small 2025, 2410654 https://doi.org/10.1002/smll.202410654

Interfacial phenomena are among the most critical factors governing the performance, safety,
and longevity of lithium-ion batteries. At the heart of these phenomena is the Solid Electrolyte
Interphase (SEI), a complex layer formed by electrolyte decomposition that passivates the
electrode surface. Understanding the dynamic evolution of the SElI is essential, particularly for
high-capacity materials like silicon and silicon suboxide (SiOx), which experience massive
volume changes during cycling that can rupture this protective layer. Because traditional ex-
situ techniques often fail to capture the transient states of the SEI during actual operation,
operando synchrotron X-ray reflectivity (XRR) has emerged as a premier tool for tracking
these nanometer-scale structural modifications in real-time.

Ex situ XPS

X-ray e Analyzer

Working electrode

i

X-ray (27 keV)
El yte
Com— (3)

Operando XRR
(1)

(a)

Figure 1. (a) Schematic of the operando XRR experimental setup: (1) stainless steel, (2) PEEK
cylindrical shell, and (3) working electrode under study.
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The XRR technique requires near-atomically flat surfaces, as the reflected intensity decreases
with the exponential of the square of the roughness. Therefore, we used model systems based
on Si wafers, either directly as-delivered, or with a SiOx layer (x ~1) deposited on top. In
principle, this approach could be extended to other materials of interest, where interfacial
layers may play a significant role. Several breakthrough insights were obtained using
operando XRR:

1. "Breathing Behavior" of the SEI: Studies on both Si wafers and SiOy thin films have
identified a characteristic "breathing" mechanism, where the SEI thickness increases during
lithiation and partially shrinks or dissolves during delithiation.

2. Impact of Electrolyte Additives:

- In environmental-friendly, fluorine-free LIBOB (lithium bis(oxalato)borate) electrolytes,
the addition of vinylene carbonate (VC) promotes a smoother SEI and mitigates the
decomposition of the BOB anion.

- In SiOy systems, the use of fluoroethylene carbonate (FEC) results in a significantly
thinner SEI compared to additive-free electrolytes, likely due to increased SEI
flexibility.

3. Lithiation Onset and Resistivity: For SiOx electrodes, XRR revealed that lithiation only
initiates below 0.4 V. This delay is attributed to the high initial resistivity of the oxide layer,
which restricts electron transport and effectively couples the onset of SEI formation with the
start of active material lithiation.

4. Lithium Trapping and Irreversibility: XRR and XPS together show that while the active
material "breathes," it does not return to its original state. In Si wafers, lithium trapping is
observed post-delithiation, a phenomenon slightly reduced by VC. In SiOy the material
transforms into irreversible lithiated silicates (Li.SiOy) and alloys (LixSiy) that persist after the
first cycle.

Lithiation Delithiation
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Figure 2. Operando XRR results in SiOy: schematic illustration of Si wafer surface evolution during
cycling in LiBOB and LiBOB+VC. The fontsize in the SEI of each chemical component indicates their
relative content. The thickness of each layer is given in Angstrém (black values). The lithiation degree
in the two lithiated silicon layers (L2 and L3) is indicated by the color gradient. At the end of the
delithiation, L3 (bottom layer) is an amorphous lithium-free silicon layer, while some lithium remains
trapped in L2 upper layer.
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5.2 Materials Science

5.2.1 Fundamental research

Subjectl [C, IHR] LAUE: Microstructural in situ analysis of polyscrystalline ceramics oxides at high
temperature by Laue micodiffraction

R.R.P. Purushottam Raj Purohit?, D. Fowan®, S. Arnaud®, N. Blanc®, J.-S. Micha‘, R.
Guinebretiére®, O. Castelnau®

a Université Grenoble Alpes, CEA-IRIG/MEM, Grenoble, France

® Université de Limoges, IRCER UMR CNRS 7315, Limoges, France

¢ Université Grenoble Alpes, Institut Néel UPR CNRS 2940, France

4 Université Grenoble Alpes, UMR SYyMMES, CEA-Grenoble/IRIG, France
¢ PIMM (UMR CNRS 8006) ENSAM, Paris, France

X-ray Laue microdiffraction (uLaue) is a well-established technique for characterizing
microstructural and mechanical fields in polycrystalline specimens at the sub-micron scale,
with a strain resolution as high as 10 . A s -destruatieertechnique, pLaue is particularly
suited for ceramic studies, providing orientation and strain maps without requiring extensive
sample preparation. Complex Laue patterns, composed of over a thousand spots originating
from dozens of crystals, can be rapidly indexed using the open-source LaueNN software,
which employs neural network recognition to assign Miller indices to each Laue spot.
Additionally, determining the energy of Laue spots allows for the calculation of the local stress
tensor without mechanical assumptions. Compared to electron microscopy techniques like
EBSD, pLaue offers valuable structural information from the sample depth (up to hundreds of
micrometres, depending on the material's X-ray absorption properties), which can be spatially
resolved. Furthermore, pLaue enables in situ or operando experiments, making it a powerful
tool for studying materials under real-world conditions.

Ceramic materials, such as zirconia, are widely used in demanding industrial applications,
including thermal barrier coatings, solid oxide fuel cells, and structural components in
aerospace and nuclear reactors. Their performance under extreme conditionsd such as high
temperatures, mechanical stress, and corrosive environmentsd is often governed by phase
transformations, microstructural evolution, and residual stress development. Understanding
these phenomena at the microscale is crucial for optimizing material properties, improving
durability, and preventing catastrophic failure.
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Figure 1. (Left) In situ HT Laue microdiffraction on BM32 beamline. (Below) newly designed QMAX
furnace customized to fit into a constrained sample environment (41 mm from X-ray focal beam and
exit window of KB mirrors box)

In the framework of the international HotMIX project (ANR-DFG), we used the plLaue setup
located on the BM32 beamline at ESRF, designed for in situ high-temperature material
investigations up to 1500 K. This setup integrates a modified QMAX furnace (original version
installed on BMO02), which allows for precise temperature control and atmospheric
confinement. Since the accuracy of structural parameter determination relies on the absence
of parallax issues in scattering angle measurements, we developed a methodology to calibrate
the setup geometry and account for differential expansion of the sample and furnace during
heating or cooling. This calibration uses a reference single crystal of sapphire, whose lattice
parameter variations with temperature are well-documented. Additionally, we report the
experimental determination of the temperature at the specimen's top surface, which is more
valuable than relying solely on set-point temperatures or thermocouples positioned away from
the region of interest. This precision is particularly critical for phase transition studies.

A first application of this methodology focuses on the in situ observation of the high-
temperature phase transition in a bulk ceramic material composed of humerous nanosized
pure zirconia crystals. A region originally containing a single cubic crystal at very high
temperaturesé and composed of 3 tetragonal variants (resp. 24 monoclinic variants) at high
temperature (resp. room temperature)d was selected using an optical microscope. Raster
scans were performed at different temperatures, with particular attention to temperatures near
the monoclinic-to-tetragonal transition. The Laue patterns exhibit distinct features based on
crystallographic symmetries: in the low-temperature monoclinic structure, each Laue spot is
surrounded with multiple sharp or diffuse spots, corresponding to the superimposition of
numerous individual nanocrystals with different strain state and with orientation linked to the
high temperature parent grain in tetragonal structure (variants). In contrast, the high-
temperature tetragonal structure produces sharper Laue spots. Average elastic lattice
parameters were determined from the Laue pattern analysis by assuming a single-crystal
model and considering the brightest component or the barycenter of archipelagos-like Laue
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spots. Further analysis is ongoing to extract broader insights into the distributions of structural
parameters within the grains that could be correlated to the cracks whose number evolves
during thermal processes to release the stress.
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Figure 2. lllustration of the magnitude of the parallax issue by simulating a strain free Si crystal not
located precisely at the calibration point of the Laue setup. Propagation of error as a function of the
height sample position shift (dzech along z axis) onto the assessment of the deviatoric strain (103 units)
and orientation (mrad units) components of the crystal unit cell. These different magnitudes depend on
the orientation, the strain component and the lattice parameters and can be calculated after structure
refinement. For cubic structure an error bar due to parallax is about 2 10-4 / 20 pm depth maximum
(along the YZ component) and twice larger for instance for hexagonal structure with c/a = 1.5, motivating
the DAXM measurement to determine strain in polycrystalline samples with the best absolute resolution.
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Figure 3. ZrO, polycrystals probed by Laue microdiffraction on BM32 at several temperatures up to
1500K. The transition from HT tetragonal phase to LT monoclinic one is visible on the Laue pattern by
the change of the number of spots or zone axes (decrease of symmetry). These measurements
provided quantitative data on the strain level and heterogeneities. The analysis of RT Laue patterns
was performed in a previous paper.
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During the 3 campaigns, we measured ZrO; and Al;TiOs polycrystals at different steps of
thermal cycling. At high temperature, the complexity of the Laue pattern is significantly
reduced allowing the refinement of unit cell parameters whose spatial and frequency
distribution were determined. If the accuracy on their absolute value can be estimated between
10-4 to 10-3 (in case of poor calibration), their change within the grain or the local map is
assessed with a finer resolution (<10-4).
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This work opens promising avenues for the in situ analysis of materials at high temperatures,
with potential applications in aerospace, nuclear, and manufacturing fields. However, it also
underscores technical challenges, such as furnace stability, temperature measurement
accuracy, and diffraction data complexity, which will require further development for routine
use.

Subect2 [U] LAUE: Grain boundary formation through particle detachment during coarsening of
nanoporous metals

K. L. M. Elder*, W. B. Andrews?, M. Ziehmer?, N. Mameka?, C. Kirchlechner*, A. Davydok®, J.-
S. Micha®, A. F. Chadwick?®, E. T. Lilleodden®’, K. Thornton?, and P. W. Voorhees?

1 Department of Materials Science and Engineering, Northwestern University, Evanston, IL

2 Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Ml

3 Experimental Materials Mechanics, Inst. of Materials Mechanics, Helmholtz-Zentrum Hereon,
Geesthacht, Germany

4 Institute of Applied Mechanicsi Materials and Biomechanics, KIT, Germany

5 X-Ray Imaging with Synchrotron Radiation, Institute of Materials Physics, Helmholtz-Zentrum Hereon,
Geesthacht, Germany

6 CEA-Grenoble/IRIG/SyMMES, Grenoble, France

7 Institute of Advanced Ceramics,Hamburg University of Technology, Hamburg, Germany

PNAS 2021 Vol. 118 No. 30 e2104132118, https://doi.org/10.1073/pnas.2104132118

Nanoporous metals (Figure 1) have numerous applications, such as gas-permeable
electrodes and catalysts. Their highly aerated bicontinuous structured characterized by an
extremely high surface-area-to-volume ratiod consists of a 3D network of metallic filaments

BM32 Beamline activity report, [May 2026] Page | 47


https://doi.org/10.1073/pnas.2104132118

interwoven with a 3D network of empty channels. This structure is obtained through the
electrochemical dealloying of a binary alloy, with an initial composition designed to promote
local phase separation. The resulting fine structure (with ligament diameters on the order of
25 nm) can then be "coarsened" (made coarser, with thicker channels and ligaments) via
annealing.

Figure 1 : SEM images of
the two nanoporous gold
samples studied. (a) The
"as-dealloyed"  sample
(raw electrochemical
dealloying), (c) the
"coarsened" sample (after
annealing).
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Figure 2 : a,b : (001) pole figure illustrating the texture of the "filament" grain orientations relative to the
"parent" grain orientation.. A,B : Histograms of misorientation between the various "filament" subgrains
originating from the same "parent" alloy grain. A, a : As-dealloyed sample, B,b : After coarsening

sample.

One of the key questions in the numerical simulation of coarsening is determining which
physical ingredients to include in the model. Current models allow for surface diffusion of metal
atoms along the metallic filaments, with the driving force for diffusion linked to surface
curvature. In such a model, a large "parent” crystalline grain of the alloy (on the order of 1071
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100 micrometers)d much larger than the nanoporous network spacing (50 nm)d should retain
its crystalline orientation in the final network after coarsening. As a result, a local measurement
of the crystalline orientation of each metallic filament should yield an orientation map that
appears "flat" over scales of 107 100 micrometers.

Micro-Laue mapping conducted on BM32 enabled a comparison of the local crystalline
orientation distributions in two nanoporous gold samples (nanoporous gold being a model
system derived from the Ag? AuF 4alloy): an as-dealloyed sample and a coarsened sample,
the latter shaped into a micropillar via focused ion beam (FIB) milling, with micropillar
dimensions (30 x 13 x 13 um3) smaller than the initial alloy grain size.

These measurements reveal (Figure 2) that in both samples, the crystalline orientations within
the ligaments are indeed clustered around a few initial orientations. However, the angular
width of the misorientation distribution between grains from the same "packet" (originating
from the same parent grain) is significantly larger in the coarsened sample (+8.4° compared
to £0.3°).

3D EBSD mapping via FIB abrasion of the coarsened sampled resolving the ligament
structured shows that some ligaments have even completely lost their initial orientation.

This study introduced an additional ingredient into the coarsening model: ligament
fragmentation via the Rayleigh-Plateau instability (the instability responsible for breaking a
continuous water jet into droplets). The rapid gravitational reattachment of these fragmented
particles to other filaments causes the broadening of the orientation distribution of the
"filament" grains, as the reattached particles may have rotated during their fall.

Subject3 [IHR] GMT: Unravelling the mechaniants consequences of intercalation of Li in layered
oxides

How Beam Damage Can Skew Synchrotron Operando Studies of Batteries

T. Jousseaume?, J.-F. Colin?, M. Chandesris?, S. Lyonnard! & S. Tardif!

ACS Energy Lett. 2023, 8, 8, 33231 3329 https://doi.org/10.1021/acsenergyleit.3c00815
Strain and collapse during lithiation of layered transition metal oxides: a unified picture
T. Jousseaume?, J.-F. Colin?, M. Chandesris?, S. Lyonnard! & S. Tardif!

'Univ. Grenoble Alpes, CEA-Grenoble, IRIG/IMEM, France
2Univ. Grenoble Alpes, CEA-Grenoble, LITEN, France

Energy Environ. Sci., 2024,17, 2753-2764 https://doi.org/10.1039/D3EE04115H

Based on our operando X-ray diffraction studies on the GMT instrument at BM32, we propose
an unified structural model to explain the structural evolution and degradation of layered
transition metal oxides, such as LiNixMnyCo1xyO> (NMC), during battery operation. We
concluded that they are driven primarily by a single variable, the lithium content (cv).
Traditionally, researchers debated whether these materials underwent a series of
discontinuous phase transitions (H1, H2, and H3) or a continuous solid-solution mechanism.
The unified model clarifies that for Ni-rich NMCs, the blamed H2-H3 phase transition does not
actually occur; instead, the materials follow a universal solid-solution mechanism, regardless
of their specific nickel stoichiometry or the applied charge rate (Fig. 1).
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Figure 1: Crystal phases in transition metal oxide layered materials (NMC family) and phase diagram
as a function of Li concentration.

A central feature of this model is the identification of a critical lithium content threshold at cy;
~0.4. When lithium levels drop below this point (representing approximately 60% delithiation),
the crystalline structure begins to collapse, reaching a maximum interlayer distance (di.)
before sharply contracting. This collapse triggers exponentially growing anisotropic strain and
lattice distortions (Fig. 2). These distortions are the primary drivers for crystalline cracks within
the material, which eventually lead to capacity fade and chemical destabilization.
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Figure 2. Anisotropic strain
(expressing  the  differential
changes in lattice parameters
distribution  broadening e.g.,
along the c-axis vs. the a-axis)
refined with the Le Bail method on
the full patterns, as a function of
lithium content ci. The filling
colors of markers indicate the
charge rate associated with each
of the three materials
investigated. Same shape of
markers are used for all LNO
phases for better clarity. The
anisotropic strain is fitted when it
does not vanish. The blue star is
the anisotropic strain of NMC811
during overcharge.
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The discovery of this unified model was made possible only through a rigorous, quantitative
understanding of beam damage during the operando synchrotron X-ray diffraction
measurements. Previous studies often reported contradictory findings, such as "artificial"
phase transitions, which we demonstrated can be directly induced by the intense photon flux
of the X-ray beam itself.

Key methodological insights that enabled the accurate characterization of the unified model
include : (1) ldentifying artifacts: strong irradiation can cause a single-phase solid-solution
process to appear as a bimodal peak split, falsely mimicking a phase transition. High doses
(above 11 MGy) also impede reaction kinetics, making the irradiated area appear to charge
slower than the rest of the cell. (2) Establishing safe thresholds: by quantifying damage, our
studies established a "safe region" below 80 kGy, where no apparent structural modifications
occur. When probing reaction mechanisms, doses up to 4 MGy are acceptable, but exceeding
this risks biasing the results. (3) Proposing mitigation techniques: to achieve the "unbiased"
data necessary for the unified model, we employed raster scanning (moving the cell after each
measurement) and used moderate photon flux and intermittent exposure to lower the dose
rate.

By carefully managing the dose and calculating several dose-rate metrics, we were able to
separate true electrochemical behavior from beam-induced artifacts. This precision allowed
us to confirm that the observed strain and structural collapse are intrinsic material properties
driven by lithium depletion, rather than "insidious" experimental errors. Ultimately, this
suggests that battery longevity can be better preserved by monitoring the accessible lithium
content range rather than just the potential electrochemical window.

Subject4 [IHR] INS2: Oxygen plasyssisted epitaxial growth of tetragonal CuO(001) angCGQo
xO(001) thin films on SrT§001)
A. Yadav?, G. Cabailn?, Y. Joly?, V. Langlais®, L. Martinellil, R. Poloni®, X. Torrelles®, M. De Santis!
1 Universit® Grenoble Alpes, CNRS, Grenoble INP, Institut N®el, Grenoble, France.
2 Sorbonne Université, CNRS-UMR 7588, Institut des Nanosciences de Paris, Paris, France.
SCNRS, Centre dOoEl aboration des Mat®riaeax et doEtudes
4 Univ. Grenoble Alpes, CNRS, SIMAP, F-38000 Grenoble, France.
5 Institut de Ciéncia de Materials de Barcelona, ICMAB-CSIC, Barcelona, Spain.

Submitted to Applied Surface Science

In nature, CuO crystallizes in a monoclinic structure. It is paramagnetic at room temperature,
and exhibits two antiferromagnetic phases below 230 K and 213 K, respectively. This low
transition temperature value contradicts the trend of increasing Néel temperature with atomic
number observed for 3d transition metal monoxides. In MnO, FeO, CoO, and NiO, which
crystallize in the rock salt structure with octahedral coordination, the metal-oxygen-metal bond
angle is 180°, maximizing super-exchange interactions. The increase in Ty in these monoxides
comes from the gradual strengthening of super-exchange interactions, mainly due to
increased metal-oxygen covalence in the series. In contrast, monoclinic CuO has Cu-O-Cu
bond angles of 109° and 146°, which reduces hybridization and weakens coupling.

A new tetragonal CuO phase was obtained years ago by epitaxy on a SrTiO3(001) substrate,

using pulsed laser deposition (PLD) [W. Siemons et al., Phys. Rev. B 79 (2009) 195122]. This
new phase was found theoretically stable up to 4- or 6-unit cells and should exhibit, following
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DFT calculations, a very large TN. Itis also of great interest due to the similarity of its electronic
structure to that of superconducting cuprates. Doping this t-CuO phase with well suited
elements is expected to result in films with peculiar magnetic or electronic properties.

- -'3 nm t-CuO’

[ —&— ~6 nm t-CuO

5 [ 8- ~4 nm t-Co_, ,Cu_ ,0/STO

10 == m-CuO (002)
E t-CuO

0.5 1.0 1.5 20
L (STOr.Lu.)

Figure 1. Specular reflectivity versus
momentum transfer measured on two OPA-
MBE grown CuO/SrTiO3(001) films of different
thickness and on CoxCu1xO/SrTiO3(001)
(x~0.1), compared with the reflectivity
measured on a monoclinic CuO(010) film.

During this experiment performed on the
INS2 instrument, undoped and Co doped t-
CuO films were grown by molecular beam
epitaxy (MBE) and their structure was solved
by in situ GIXRD. The growth of high-quality
CuO films by MBE requires the presence of
an activated form of oxygen, such as atomic
oxygen or ozone. In this case it was provided
by an oxygen plasma source expressly
modified by the BM32 team. MBE technique
is more flexible compared to PLD in
manufacturing doped films.

Figure 1 shows the specular reflectivity
measured on layers of different thicknesses
produced using Oxygen Plasma Assisted
MBE (OPA-MBA). One of them is grown by
co-deposition, with an atomic flux of 10% Co
and 90% Cu. The tetragonal phase is
observed, through the presence of its (002)
peak, for thicknesses well above the range
established by PLD, and in both pure Cu and
Cu+Co cases.

The t-CuO film structure was solved by measuring several crystal truncation rods (CTRs,
Fig.2). They can be divided in three regions. In the vicinity of Bragg peaks (integer L), the
contribution of the substrate is predominant. In between, a set of peaks attributable to the film
are observed. This proves that it is in coherent epitaxy. The structure factors depend on the
surface and interface structure, which is too complex to model for layers of such a thickness.
However, the average film structure can be solved fitting the region of CuO peaks only. The
best fit is shown in Figure 2 for a layer of approximately 3 nm, and the best fit parameter values
are reported in the table for three different samples.

I | | I INL INL T
i e ~3nmCuO Tf 1T 17 l
2} — Fit 1t o ]
100 - .: :- g:i: - 2 :.—_ = . ::— _:3 -
8 -_ 8 L 4 xalle ,.’-_/:: :./::_k 1
of et g R WL et s
L ‘. : b . o 4 F * o 4 F L
4+ ° -4 ° 4 F o @ -4 F B
T £V FORNJIEE e NS
i 3 @ __o: | _.:' 1L i
T 2 ‘Mfr X *
. (11) (20) | |* (22) (31)
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0 1 2 3 2 1 22 3
L(STOr.lLu.)
Figure2. CTRs measured on ~3 nm CuO/SrTiO3(001) and best
BM32 Beamline activity report, [May 2026] Page | 52



Table. Best fit values.

The data fit the rock-salt phase
model with a large tetragonal

film 1 filrm 2 film 3 \odel et
¢ (R) 5.239(8) 5267(4) 5.192(8) distortion c/a. The stoichiometry
cla 1.342(2) 1.349(1) 1.330(2) is very close to its nominal value
N 11(1) 24(1) 15(1) ,
Oo 0.99(2) 1 1 (00=0.99(2), fitted on the 3 nm
Og ) - - 0.1 thick film). t-CuO films with a
By (A°) 0.6 26(2) 1.5(1) thickness up to 24 atomic planes
B (%) 4.2(1) 6.0(3) 11303) (N) were obtained, although the
e (%) 3 92 8.9 .
2 3 14 i3 degree of structural disorder (B)

increases with the thickness or

with the partial substitution of Cu
with Co.

Figure 3 shows the diffracted intensity measured on one of the samples with a large survey,
projected onto the HL reciprocal space plane. Only peaks belonging to the tetragonal phase
are observed.

b) 1/10 a) Film 3
2.00 —
1.00
1.75 A1
1501 | +-(022) t-(202)1
1075
1.25 i)
g 0.98
= 1.00 s
s
0.75 | e
t-(111) =
0.50 —_ 8565
0.25 - '—”’ .
| | | |
7700 7720 7740 7760
0.0 0.5 1.oH 15 2.0 Energy (V)
Figure 3. Map of the diffracted intensity measured on b) — T T

CoxCul-xO/SrTiO3(001) (x~0.1), projected onto the HL
reciprocal space plane. The position of the tetragonal
phase peaks located along the substrate CTRs are
highlighted.

Standard GIXRD is unable in this case to differentiate 2 4
between Co and Cu, the atomic form factors of the two
elements being too close. For this reason, resonant x-
ray diffraction (RXD) was measured on a film with ~ 10
% Co. Near an absorption edge, the atomic form factor
of a given element becomes a function of the photon
energy. Hence, the chemical composition of a given
crystallographic site can be studied by RXD. Figure 4
shows the normalized variation in the intensity of the t-CuO (111) reflection as a function of
energy close to the Co K edge. The 4% variation in the spectrum is entirely due to the
resonant scattering amplitude of Co, which allows for a precise adjustment. This spectrum
was simulated using the FDMNES code. A fraction of the cation site was assumed to be

6 8
% Co

Figure 4: a) Tetragonal (111) peak
intensity measured at the Co K edge
of CoxCu14xO/SrTiO3(001) and best fit
obtained by the FDMNES code; b) R
curve versus Co content, showing an
optimum at about 8%.
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occupied by Co, and its concentration was optimized by minimizing the R factor. These results
show that approximately 8% of the cobalt replaces copper at the cation site of the tetragonal
structure of CuO.

The stability of this phase upon partial substitution of copper with cobalt should enhance the
magnetic properties of these films, and suggests that further doping can be employed to tailor
additional properties, such as metallic behavior.

Subject5 [U] LAUE: Grain Structure Engineering of NiTi Shape Memory Alloys siyelriRéastic
Deformation

Wang! Z., Chen! J., Kocich? R., Tardif* S., Dolbnya* | . P. , Klu,MichatJkSs, Liogas!
K., Magdysyuk* O.V., Szurman® I., Korsunsky! A.M.

1 Department of Engineering Science, University of Oxford, UK

2 Faculty of Mechanical Engineering, University of Technology, Brno, Czech Republic
3 CEA-Grenaoble/IRIG Grenable, France

4 Diamond Light Source, UK

5 Faculty of Materials Science and Technology, Ostrava, Czech Republic

ACS Appl. Mater. Interfaces 2022, 14, 27, 313967 31410 , https://doi.org/10.1021/acsami.2c05939

Shape memory alloys (SMASs) are probably the most important category of shape memory

materials. In recent years, the utilization of SMAs has been extended to cutting-edge

engineering applications, including, but not limited to, medical devices, actuators,
micromechanical systems, deployable structures, and elastocaloric devices. Among the three

prevalent SMA systems, viz. NiTi-based, Cu-based, and Fe-based, the binary NiTi alloy is

often preferred in engineering applications because of its excellent functional performance

and biocompatibility. NiTi alloys were investigated to understand the underlying mechanisms

of superelasticity (SE) - based on martensitic phase transformation - in the context of its
customization for various applications by means of grain structure engineering.

Numerous studies have found that this stress-induced phase transformation process can be

affected by many microstructural factors: grain size, texture, compaosition ratio, dislocation,

density, tertiary element, and precipitation. Furthermore, the thermomechanical processing

history can also be influential, namely, the fabrication route and heat treatment.

In situ synchrotron X-r ay Laue microdiffraction (elLaue) ma \
technique in probing the microscale evolution of microstructures at the scale up to a few

thousands of microns with a typical resolution of one micron. This study combined pLaue with

in situ High energy powder diffraction and other probing or simulation techniques (EBSD, FIB-

SEM, crystal plasticity finite element, ¢&)

Prior to the experiments, the designated surface region was selected from corresponding

EBSD maps and mark-edr awlied si gincratsst he square
observable under the beamline optical microscope and therefore was used as a reference to

assure the same in situ glLaue map scaes. area dur.i
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Figure 1: (left) specimen for in situ tensile test. (top) Typical single crystal laue pattern of NiTi measured
in reflection geometry by plaue.

Since the beam size is significantly smaller than the grain size observed from EBSD, only one
granwas il luminated in the vast maj ority of t he
diffraction pattern for the body-centered cubic NiTi B2 austenite phase is shown in Figure 1

with the indexed spots by using LaueTools software. Upon further refinement of the indexed

diffraction spots, the six components of the deviatoric elastic strain tensor and the three Euler

angles of crystallographic orientation can be determined with superior accuracy. As an initial

input to LaueTools, the lattice parameters for the cubic B2 phase of the undeformed virgin

state were determined by Rietveld refinement of the time-of-flight neutron diffraction spectrum

in our previous studies. The visualization of €L
From the evolution of pLaue strain values maps (Figure 2), distribution of strain, and
orientation maps with loading, the following observations were made and conclusions were

drawn. Upon deformation, slight elongation of the grain morphology can be observed in high-

angle grain boundary (HAGB) NiTi. Also, phase transformation happens preferentially near

HAGBs, while for the low-angle grain boundaries (LAGB) structure, phase transformation

happens randomly but overall heterogeneously.

The stress-induced phase transformation kinetics is quantified by a proposed equation
consisting of two kinetics parameters. It is found that the smaller the grain size, the higher the
nucleation kinetics, and the lower the propagation kinetics. Upon loading, most stress
concentration happens near HAGBs for all six components of the elastic deviatoric strain
tensor. In the HAGB structure, the stress state varies among different grains. Nevertheless,
no obvious stress concentration can be observed in the LAGB structure during loading. The
stress concentration phenomenon well explains the physical

significance of the two kinetics parameters. In the virgin state, the statistical strain distribution
of all three materials matches well with Laplace distribution, while it may become asymmetric
during loading. Upon deformation, HAGB contributes to the broadening of the distribution
range and the increase in the maximal strain value, while LAGB has less such effect. Three
grain lattice rotation modes are identified and termed as multiextension rotation, rigid rotation,
and nondispersive rotation. The rotation mode in the HAGB structure is a mixture of the three,
while in LAGB, the dominant mode is nondispersive rotation.

From this study, valuable results were obtained about the relationships between different

considered industrial manufacturing processes, the microstructure and the targeted
mechanical behavior.
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Loading direction ‘i{ K i

Figure2:Left Evol uti on of €L aue -cast{A€)nhotadtaryswageoh@f)sandhbt- a s

rolled (HR) NiTi from the virgin state to the 1.7% strain. Three maps are not available, one at 0.6% and
two at 1.7% strain. Sample coordinate is displayed at the bottom: loading direction is parallel to the Y
axis. Lattice rotation of six grains numbered for AC and HS NiTi, and eight regions and marked by
dashed/solid squares for HR NiTi at 0% strain, are also determined (not shown, see article)

Right: Evolution of the elastic deviatoric strain map of AC NiTi during superelastic tensile loading. The
maps were measured at 0, 0.3, and 1.1% strain. The scale bars of components of the diagonal strain
tensor are displayed on the left-hand side, with the component name sitting on top of the bar. The
definition of each strain component is drawn on the top left infinitesimal cube, representing the local
material volume illuminated byamicroX-r ay beam. The grain boundari
orientation maps. The coordinate system corresponds to the one in left panel. The loading direction is
parallel to the Y axis. For a few scanning points where data is missing, the values are filled by linear
interpolation.
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Figure 3 : Evolution of statistical distribution of theela s t i ¢ ysar loadingrior AT NiTi. The red curve
is the fitted Laplace distribution. The green curve is the profile shape obtained from crystal plasticity
finite element (CPFE) simulation. Other evolutions in HS and HR were determined (not shown here).
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Subject6 [U] LAUE: Transformatioduced plasticity in zirconidased ceramics: an in situ microLaue
experiment during compression of micropillars

M. Demetrio de Magalhaes!, O. Thomas?, T. Cornelius?, S. Comby-Dassonneville?, J.
Chevalier?, D. Rodney?

1 MATEIS, UMR 5510, INSA, Lyon, France
2 IM2NP, UMR 7334, Université Aix-Marseille, Marseille, France
% Inst. Lumiére Matiére, Université C. Bernard, Lyon, France

M.D.Magalhaes et al, Journal of the European Ceramic Society, 45 (2025) 116794
https://doi.org/10.1016/j.jeurceramsoc.2024.116794

Ce-stabilized zirconia (CSTZ) presents very interesting opportunities as a ductile ceramic that
does not suffer from low-temperature degradation. It is known that this ductility arises because
of martensitic TRansformation-Induced Plasticity (TRIP) but the microscopic mechanisms at
the origin of the onset of the transformation and the influence of different factors such as stress
magnitude and crystal orientation are still unknown. In this experiment we want to spatially-
resolve strain, crystal orientation and phase, and dislocation nature using micro-Laue
diffraction on CSTZ micropillars during in situ compression up to different levels of plastic
strain. The results of such an experiment will be very valuable for the understanding of TRIP
in CSTZ.
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Figure 1: Y,Os-stabilized zirconia (YSTZ) undergoes a tetragonal-to-monoclinic (t-m) phase
transformation shown in (a), which allows for transformation-induced toughening at the macro-scale
and transformation-induced plasticity at small scale, as illustrated in (b) by the compression in SEM of
a (Y,Ti,Zr)O micropillar and in (c) by a MD simulation in YSTZ.

The martensitic transformation of 12 mol% ceria-doped tetragonal zirconia micropillars (MPs)
during in-situ compression was monitored by Laue microdiffraction at the BM32 beamline. The
pillars were prepared in the laboratory, starting from bulk polycrystalline material. The material
was first broad-beam-polished for electron-back-scattering-diffraction (EBSD). EBSD then
allowed orientation grain selection. Pillars were then cut using focused-ion-beam milling (FIB)
inside the selected grain. During the deformation of ceria stabilized tetragonal zirconia, three
deformation behaviors compete with each other: transformation, slip, and fracture. The
martensitic transformation is likely to be affected by the crystal orientation (Fig. 1). The main
criterion on crystalline orientation when selecting grains for the micropillars was the Schmid
factor (SF). For calculating SF, t m@)ande@lo>agonal
axes were used as preferential slip systems. After selecting the grains with crystalline
orientations favoring the martensitic transformation for compression along the pillar axis,
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micropillars were milled out of the bulk material using FIB (Zeiss NVision 40). In this
experiment, two different pillar sizes were tested, one with an aspect ratio (height/diameter)
around 25 -3 (ApPbBI ar s) , and another with an aspect
orientation for each P pillar is presented in the inverse pole figure displayed in Fig. 2. The

Euler angles shown here are according to the primitive tetragonal unit cell (P4, /nmc ), to be
comparable with the Laue microdiffraction indexation results.

110]

Figure. 2. Inverse pole figure
showing the orientation of the
compression axis for the 5
micropillars tested here. The
figure includes a SEM image of
pillar S1 in the as-milled state
indicating where dtop, dbot, and
h are measured. Inset : phase

map obtained using the LaueNN s u
package, showing that the pillar ® .
is initially in the tetragonal phase, & 83
indicated in green. ® .
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Figure 3: Stress-strain curves of the tested micropillars where thet Ym phase transfor mati
confirmed by Laue microdiffraction. Approximate Miller indices are indicated, corresponding to the pillar
axis (double-cell convention).

For in situ microcompression tests, the nanoindenter FT-NMTO04 (FemtoTools) equipped with
a diamond flat punch was installed on the Laue setup of the BM32 beamline. During
compression in displacement-controlled mode with a displacement rate of 30 nm/s, Laue
microdiffraction patterns were recorded using a sSCMOS camera installed at 90° with respect
to the incident polychromatic X-ray beam. Cyclic loading-unloading curves with increasing
maximum load were applied to each micropillar until a clear load drop was visible in the load-
displacement curve. 2D Laue microdiffraction maps were recorded of the micropillars both in
their pristine state and after compression. The Laue microdiffraction patterns were indexed
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using the LaueTools software and the LaueNN software (newly developed by the BM32
beamline staff) which allowed to index the monoclinic and tetragonal crystalline phases, and
deduce the crystalline orientation, and the deviatoric strain for each measurement position
within the 2D Laue microdiffraction maps.

51

Engineering Strain (um/um)

Fractured

Monoclinic phase

M Tetragonal phase

Figure 4: Post-mortem SEM images of compressed micropillars highlighting the monoclinic region
(yellow) with corresponding LaueNN phase maps with tetragonal phase in green, and monoclinic phase
in yellow.

In-situ micro-compression experiments coupled with Laue microdiffraction allow to identify the
onset of transformation and correlate it with the corresponding compression stresses and
strains. From the Laue microdiffraction patterns, the micropillars tested during this work all
have presented tetragonal-to-monoclinic phase transformation. The critical-resolved shear
stress for inducing the transformation parallel to {100} planes and along the <010> directions
was evaluated for all micropillars. The critical stress for transformation was found highly
dependent on the crystallographic orientation, similarly to results reported in literature on other
compositions of zirconia. Transformation was also observed to occur in the micropillars where
the <crystallographic orientation was not
micropillar resolved strain was low, such as near [100] and [001], but it occurred at high
stresses and was followed by fracture.

5.2.2Applied research
Subjectl [IHR, C] LAUE: 3D local strain field mapping of polycrystatlio&t€tt Ztbased nuclear fuel
claddings by Laue pdiffraction

C. Ribart!, J.-S. Micha?, R. Guillou®, O. Robach?, J.-C. Brachet?®, J. Eymery?, J.-L. Béchade*

1 UGA, CEA-Grenoble IRIG/DEPHY/MEM/NRX, Grenoble
2 UGA CNRS/CEA IRIG, UMR SyMMES, Grenoble

3 CEA-Saclay DES/ISAS/DRMP/SRMA, Saclay

4 CEA-Saclay DES/ISAS/DRMP/S2CM/SRMP, Saclay
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Zirconium nuclear fuel claddings are a major component of pressurized water reactors
(PWRs), serving as tubes that contain stacks of uranium dioxide (UOR pellets. Several tubes
are assembled together in grid structures called fuel assemblies. These components
represent the first protection barrier against the release of fission products into the reactor
coolant. Following the events in Fukushima, there has been strong international interest in
developing enhanced accident-tolerant fuel (E-ATF) cladding solutions that can withstand
hypothetical accidental conditions, such as a loss-of-coolant accident (LOCA).

a 2D map (b)
(a) (3110 scans { 60x50 pm) Rﬂmﬂ"-‘ Cr Microstructure
3D map Z/ND X/TD (EBSD IPF-ND)

(50 scans / 50x25 pm)
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(BCC)
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Beam

z/np 118

Zy4 substrate
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®
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Figure. 117 Schematic view of the data collected by pLaue on the sample of interest: a) lllustration of

the combined 2D and 3D maps over a same region of interest; b) Illustration of the cross section of the

probed microstructure for a given position of the beam; c) Raw Laue pattern with Cr and Zr Laue spots

of individual crystals ; d) IPF-ND map from Laue patterns analysis of the Zr microstructure (mostly at

theinterface wi th Cr) with 50 squares shoammigi tdée 94 oxmd.i ohh
map | imited to the fAmost intense grain at each positi
orientation, morphology, size and texture. The exhaustive set of data for the grain denoted Zr1 (whose

projected grain boundary is shown by the green solid line) results from running a grain-focussed

analysis (exp-theor spot-linking + refinement), restricted to the orientation matrix of Zrl found at the first

map (with some angular tolerance).

Zr-based nuclear fuel claddings are extensively studied by the civil nuclear energy community
as they represent a critical component of nuclear reactors. The development of thin film
coatings on Zr-based claddings has been extensively investigated. The coatings aim to serve
as protective oxidation barriers, improving the mechanical properties (i.e., ductility and
strength) after high-temperature steam oxidation, which simulates a LOCA scenario. One of
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the most mature routes to coatings with well-suited properties is the Physical Vapour
Deposition of a Cr polycrystalline layer about 10 um- thick.

Although the performance of Cr-coatings was successfully demonstrated for an optimal set of
parameters, some key metrics of the coatin g 6 s mec hani c al integr.i
highly energetic PVD process and the polycrystalline nature of the Zr-Cr interface likely
produce high, localized, heterogeneous residual strain and stress within the coating and the
substrate, which have not yet been captured. The knowledge of the distribution of these
mechanical fields at the inter and intragranular scales is critical to understand the thermo-
mechanical behaviour of polycrystalline structural materials, especially in thin films.

To enrich data obtained by EBSD, HRTEM and lab-XRD measurements, an internal CEA
project featuring two laboratories was started, with the aim of using Laue microdiffraction to
collect local structural information at the submicron scale, not only at the surface but beneath
it - and namely at the interface between Zr substrate and Cr film -, and also with a large field
of view for better statistics.

xx
p=-0.024|i
0=0.036

-02 00 02
Strain (%)

-0.25 000 0.25
Strain (%)

xy

| = -0.005] u=0.081: /|
lo=0019 0=0.050 ﬂ

Figure. 21 Standard pLaue depth-integrated deviatoric elastic strain tensors components in the sample
reference frame. Full scale is set at +/-0.3%: a) Cr phase; b) Zr phase. For both views: (i) Strain maps,
(i) Corresponding histogram of the strain distribution, with gaussian fit in red solid line along with
corresponding mean and standard deviation (in %).

Meticulous measurements have been performed on this system (several samples with
different elaboration parameters, such as annealing temperature and Zr doping) to determine
experimentally the mechanical fields. The first analysis using 2D Laue map provided the
depth-integrated deviatoric strain components both for Cr and Zr grains (resp. 1 pm and 5-20
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um in size), namely the local spatial distribution for each component, and the frequency
distribution over several thousands of measurement points. To study the role of orientation
and size on the strain state, local maps restricted to individual grains can be derived from the
2D map by grain-focussed re-analysis of the map (indexing + refinement, which improves
tracing of grain edges.

To get unprecedented and reliable data on mechanical properties at the vicinity of the interface

we performed core-samplings DAXM scans. Reconstructed Laue patterns for all voxels

beneath the surface were computed. The standard Laue analysis was applied leading to strain

field quantities as a function of depth (including depth-parallax correction). The workflow for
reconstruction + analysis took 0.5 h per DAXM scan with some dozens of CPUs on HPC
servers (~ 200 spots x 300 pixels x 70 voxels).
trajectory is in preparation, which should allow dividing this time by 2.

The results will be submitted for publication soon and workflows are available for the user
community.
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Figure. 3: Depth-resolved deviatoric elastic strain tensor components from the Laue pattern

reconstruction in any voxels from a grid of 40 DAXM core-samplings (image ID scales with the voxel

depth along the beam): the data are in purple for Cr phase and green for Zr phase. The scatter

distributions represent all the data points successfully indexed. The thin dotted lines on the first subplot

(xx component) correspond to the number of available voxels at each depth for each phase (denoted

as ON validd scalar values). The thick | ihpmddedc orrespoc
that more than 20 voxels are indexed at each depth. The inset in the dotted-dashed blue frame indicates

that Zr Laue spots are detected at image / depth ID 23 and beyond. The depth-position of the interface

between Cr and Zr is supposed to be independent of x and y for this series of DAXM results.
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Subject2 [C, IHR] GMTFra¥ scattering investigations on advanced SiC substrates
F. Rieutord?, S. Bongiorno?, J. Eymery?, S. Tardif?

1SOITEC, Parc Technologique des Fontaines, 38190 Bernin, France
2Univ. Grenoble Alpes, CEA-Grenoble, Grenoble, France

The rising interest for the electric vehicle over the last few years has triggered important
developments in components and wide bandgap semiconductor substrates for power
electronics. In particular, SiC has been identified as a key material to make energy-efficient
power devices, handling higher voltages and operating temperature. As a result, the scientific
team of BM32 has expanded the collaboration with the CEA-LETI and the SOITEC company
to study advanced SiC substrates. Thisso-c al | ed fsmar t Si Co -thcllayer
of single crystal SiC (mSiC) cut from a full wafer, transferred on a polycrystalline SiC (pSiC)
substrate. This approach based on the SmartCut™ technology effectively benefits from the
best of both worlds: using the minimum amount of expensive, high-quality semiconducting
mSiC, and providing excellent backside electric conduction in the cheap pSiC. Optimizing the
smartSiC production requires an in-depth understanding of the transfer mechanisms, from the
wafer bonding to the splitting. In a series of experiments, we investigated the mSiC/pSiC
interface from the point of view of bonding energy and interface sealing (XRR experiments)
and in terms of residual strain (microLaue experiments, PhD of Sergio Bongiorno).

We highlight here results from the investigation of the structural evolution of a silicon bonding
layer confined between two mSiC substrates during high-temperature annealing. Due to the
technical challenges of reaching the necessary temperatures within the beamline equipment
(temperatures up to 1700°C were required), the experiment was performed on samples that
had been annealed ex-situ.

XRR was used to extract electron density profiles of the thin silicon film after different
annealing (Fig. 1). At lower temperatures, specifically below 900°C, a small dip in the electron
density at the center of the profile indicated that the bonding interface remained visible. As the
temperature increased into the 950°C to 1400°C range, the interface appeared to seal,
resulting in a flatter density profile. However, this sealing was accompanied by a significant
reduction in the film's density and an increase in its thickness. Because the total amount of
silicon remained constant, these observationsd supported by electron microscopyd pointed
to a dewetting process where pits and holes formed within the silicon film. As temperatures
surpassed 1400°C, the melting point of silicon, the density of the interface region began to
align closely with that of silicon carbide. This suggests that much of the silicon at the interface
was replaced by SiC, a phenomenon confirmed by TEM observations showing major surface
reconstructions mediated by the liquid silicon.

The impact of these changes on the SiC substrate and the top film was also examined through
rocking curve measurements. These measurements revealed a significant increase in the
rocking curve width of the top SiC film even before the silicon reached its melting point,
demonstrating the strong structural influence of the interface evolution. Finally, the experiment
guantified the mechanical strain and crystallite growth within the polycrystalline 10nm-thick
silicon film. The flux at BM32 was sufficient to also perform XRD measurements from the less
than 10 nm-thick Si layer, showing strong compressive stress that builds up as the silicon
transitions from a liquid to a solid state. Simultaneously, the size of the silicon crystallites was
found to grow as the annealing temperature increased. The quantitative data gathered
regarding these interface evolutions provide a comprehensive foundation for further
comparison with direct electron microscopy observations.
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Figure 1. Electron density profiles extracted from XRR of a 10+10nm Si film (T<900) and (4+4nm). At
low temperature (left) the bonding interface is still visible through a small dip in the electron density in
the center of the profile. At higher temperatures (right) the bonding interface between Si is flat (sealed)
but the remaining mSiC film shows large thickness and density variations with temperature.

Future studies are now focused on the investigation of the resulting strain distribution in the
mSicC thin film after transfer.

Subject3 [U] INS2: Tungsten evolution under helium irradiaBbape of bubbles by TEM anekiitu
GISAXS analysis

L. Corso®?, S. Curiotto®, E. Bernard?, M. Cabie®, C. Martin®, L. Martinelli®, F. Cheynis®, P.
Muller®, F. Leroy®

Nuclear Materials and Energy 37 (2023) 101533 https://doi.org/10.1016/j.nme.2023.101533

a CEA, IRFM, Saint Paul-lez-Durance, France

b Aix Marseille Université, CNRS, CINAM, Marseille, France

¢ Aix Marseille Université, CNRS, Centrale Marseille, FSCM, CP2M, Marseille, France
d Aix Marseille Université, CNRS, PIIM, UMR 7345, Marseille, France

¢ Institut Néel CNRS/UGA UPR2940, Grenoble, France

Tungsten is used in divertors of tokamaks due to its high melting point and low sputtering yield.
However, it has been observed that He irradiation leads to bubble formation, altering
mechanical and thermal properties of the divertor, and producing dust particles which can
damage the reactor. Previous studies reported conflicting bubble shapes (spherical vs.
faceted) due to uncontrolled experimental parameters. This work aims to resolve this
discrepancy using well-defined conditions and advanced characterization techniques. W
single crystals with different orientations were exposed to He+ in the INS2 end-station (using
an ion gun) with controlled bombardment energy, flux, fluence and post-irradiation annealing
at high temperature under ultra-high vacuum in order to get closer to the thermodynamic
equilibrium of the helium bubbles.

The sample temperature was maintained at 1273 K during the bombardment. After He
implantation, all crystals were heated up to 1773 K during 20 min in UHV while characterizing
the bubble morphology and size by GISAXS. The annealing temperature accessible at INS2
is sufficiently high to be representative of the ITER divertor temperature and enhance atomic
diffusion to approach the thermodynamic equilibrium shape of He bubbles.

BM32 Beamline activity report, [May 2026] Page | 64


https://doi.org/10.1016/j.nme.2023.101533

The bubble shape has been characterized by a combination of 3D reciprocal space map by
in-situ GISAXS (statistical, in-situ), and ex-situ TEM imaging (localized, high-resolution), for
comprehensive material characterization. Variable incidence GISAXS proves particularly
effective for probing buried nanostructures non-destructively.

a) W(100) b) W(110)

c) W(111) ) a

qy._‘
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Figure 1. a) Reconstruction of iso-intensity surface map of W(1 0 0),b) W(1 1 0) and ¢) W(1 1 1) recorded
during azimuthal scan at 0.6° incidence, after 2 keV He implantation and UHV annealing up to 1773 K.
Below: particular GISAXS patterns corresponding to a cut of the 3D map. Lateral rods on GISAXS
patterns are due to X-ray scattering on He-bubbles facets (red dashed circle). Corresponding facets
are {1 1 0} and {1 0 0}. On W(1 1 0) (b) the twin rod of {1 0 O}-type facet (white dashed circle) is due to
multiple scattering on surface morphologies and buried bubble internal surface.

Bubbles are faceted, exclusively exposing {110} and {100} facets, with no spherical bubbles
observed. By evaluating the relative intensity of the {110} and {100} facets it was possible,
using the Wulff theorem, to determine the surface energy ratio for these facets. This ratio is
consistent across all the studied W orientations, confirming the equilibrium shape of bubbles.

Subject4 [IHR, C] LAUE: Operando pLaue: a new tool to study-elestremechanics in battery
electrode particle(s)

S. Ngoun?, A. J. Merryweather?3, S. Lyonnard?, Q. Jacquet!, S. Tardif!

1 Univ. Grenoble Alpes, CEA-IRIG, Grenoble, France
2Yusuf Hamied Department of Chemistry, University of Cambridge, Cambridge, UK
3 Cavendish Laboratory, University of Cambridge, Cambridge, UK

Particle cracking in battery electrode materials is a major cause of capacity fading and battery
ageing. A better understanding of the origin of cracking would enable a better control of it, yet
this phenomenon remains quite elusive at the single particle scale. Here we performed the
first operando microLaue measurements in Li-ion batteries and demonstrated that it is a
powerful tool for investigating the electro-chemo-mechanics of battery electrode particles at
the sub-micron scale. By applying this technique to Nbg WFOW ¥NWO) anode particles during
delithiation, our study provides unprecedented insights into how electrochemical reactions
drive mechanical deformations at the single crystal scale, such as local strain and crystal
rotation, which then lead to particle cracking.
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We used rod-shaped NWO single crystals that had been fragmented by previous "cracking
cycles" to observe their behavior during delithiation at a C/3 rate (Fig. 1). By scanning a
fragmented single crystal particle, we could evidence inter- and intraparticle delithiation
reaction rate heterogeneities, as demonstrated by the significant heterogeneity in the c/a
lattice parameter ratio, which serves as a proxy for lithium concentration. Different fragments
of the same original single crystal delithiated at different speeds, likely due to variations in their
electronic connectivity to the conductive network.

Figure. 1. Experimental set up. a. lllustration of self-standing electrode and crystallographic structure of
Nb1sW3044 (NWO) particle with the cell parameters: a = 20.8252 A, c=4.088v, U=b=0=90A
group I-4. b. NWO Voltage profile at C/3 and electrochemical cell configuration: 1. Spring, 2. Stainless
steel acts as current collector, 3. Li metal, 4. Glass fiber separator soaked in LP57 electrolyte, 5. (NWO)
self-standing electrode, 6. Glassy carbon acts as current collector and X-ray window. c. Operando
MicroLaue set up in top reflection geometry. d. Line scan along the c axis of the particle with the
scanning step size of 1um. At each scanning position, a Laue image is obtained. The spots in the red
rectangle are the reflections from (hk0) planes revolved around a zone axis of grain #1 with the highest
intensity, w. Whereas, the spots in the magenta rectangle are the reflections from (hk0) planes of grain
#2. The fitting of experimental Laue images was performed only for grain #1. e, f. The zoom-in of Laue
image in (d). The brown spots are experimental spots (h, k, 1) reflections (with appropriate indexing),
and the blue squares are the simulated spot positions of these reflections. g. Particle shape map
obtained by plotting the intensity of a Bragg diffraction spot in the Laue pattern as a function of motor
positions.

Three distinct behaviors along the particle length were obtained (Fig. 2): (1) Rigid-body
rotations: one fragment exhibited a rotation of up to 2.8°, (2) Intraparticle twists: other
fragments experienced significant twists - up to 3° over 11 ym - where different parts of the
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