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@- Synchrotron beamline CR{F BM32 @ ESRF

Materials science &NanoSciences

ESRF, Grenoble, European Synchrotron Radiation Facility
Extremely bright Xay source (EBS), latest generation

French FCRG beamlines managed by CNRS and CEA

Tools for exploring & characterizing materials using intenssgyX
Beamtime > 230 days/year, 6/7 days, 24/24h .
2 proposal calls / year: 1/3 ESRF committees, 2/3 French SOLEIL committees
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Services for the scientific community
Facilitate access to synchrotrora§ techniques
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@' InterFRAacesbeamline at ESRF

3 Instruments for Scattering and Diffraction of hard X-rays

U Atomic Structure | morphology | microstructure Structural
U Surfaces & interfaces, nanostructure & micro-objects Properties “

Physical & Mechanical
& Physical-chemistry
properties

Ultra High Vacuun@ ---In situ &operando---A T,mecthtdp { GNBaaz [0LZ+x0 X - 9h[ .

/ Surface Diffraction (GIXD) Anomalousscattering / Orientation &Strainmap \
Wide & Small AnglBcattering  XRayReflectivity XRR)|| Extendeddefects

at Grazingncidence
(GIWAXS & GISAXS)

Materials & processes

Complex & Innovative

Nanosciences

Fundamental
& Applied

Monochromaticbeam hxv=500x200 pm polychromaticbeam hxv=200x400 nm
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INS21n situnanostructures and surfaces
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INS21n situnanostructures and surfaces

—=mmam= \/  Fast & HRliffractometer

== \/ Elaborationchamberwell equiped
: A Surface UHV (<0 mbar)

A MBE (10 sourcesitoms

A UHVCVDreactor(molecule3

Surface

® oFe
: .53 - AFM
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-
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Nanoobjets

Magnetic transition induced by
strain

Heterostructures




INS21n situnanostructures and surfaces
2D Materials(Graphenedichalcogenides X 0

U Band structure engineering Electronidransport,photonics catalysis

(d) 1T [0001] (e) 1T

Accuratestructure &defects? 2°e
Fundamentabrowth mechanism® P00 G5 | '
Statisticalinformation / largefield of view ":Z' VAY @Y«
J L by I\ 72\
z J B ) o
Solvingsurface structure ‘ :[]“T,] 3 ELT)]‘ -

P. TsipasAdv Funct Mater. 28 (2018
R Sant npj 2D Mat. Appl 4 (2020

U Orderedorganisation ohanomagnete Magneticproperties

Bestelaborationroutes of sefassembledarray? 2,5 nm

Measuringmorphology ‘

Capiodet al. PRL 122 2019
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GMT:multipurposesgoniometer
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GMT:multipurposesgoniometer

Metrology and Studies on real or model materials/systems o
KFNR O2yRSyaSR YIGGSNE a2Fid O2yRSYASR YI

-Hard X rays : 2030 keVC buriedintefaces real or/and encapsulated materials, devices

Technological and Fundamental Aspects

Solikliquid interfaces (alteration, confinement)

Solid;solid interfaces (bonding, implantation) Reciprocal Map
In operandde.g., Li batteries)

(000) and (220) transverse scans
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ay Reflectlwty

& Electronic density profiling
‘ - Thin films at surfacefinterface
. Surface modifications

- Multilayers

- Bonding interfaces

- Confined ions

¢2¢F NRa &l A3IK KNP dz3 K LIdzd ¢
Sample changer (> 500 samples)

Customized cell/geometry (by Add. Manufacturing)
Data analysis workflow

\



R(d,)

Reciprocal space
(q space)

XRR Is sensitive to electron density gradients

model parameters

Electron density
Thickness D
Roughness

Layer 3

s N 6
n'vm) T a

”S?Aa‘m)nt’z

Electron density profile (EDP)

Real space

p 12

N



(B_ Double Operando XRR to investigate the SE
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A 2 operando cells cycled simultaneously and measured alternatively with operando XRR
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Conclusions

A ldentified the 3 stages of SEI evolution (formation, densification, partial dissolution)
A VC addition inhibits earlyiBOBlecomposition + yields thicker/smoother SEI
Z. Lu, TRatranikga A.J. Naylor, Mindemark S. Tardif, G. Hernandez | $onnargd Small2025 2410654
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Ray Scattering: wide angle (WAXS)

Beam Interaction in operandoibn experiments

What are the possible effects of the irradiation during an operando battery experiment ?
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GMT | Scatteringechniques panel

Surface diffraction + GISAXS@aNnanowires Wafer bonding mechanism @ ~1200)
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LaueMAXXRay Laudicroscopy
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LaueMAXXRay Laudlicroscopy

Standard Laue Measurements (~HR EBSD)
= Qrientation/Strain deformation of the crystallographic unit cell
Aly3dzZ F NI T w omnaeéewo
A Volumicprobe (5200 pm under surface)
A Extended defects

A Little preparation needed
Complementary measurements: HR energy
full strain tensor (6 lattice parameters)

=> Stress determination

Complementary measurements: HR depth

t 3D mapping

3D Misorientation,,

X-ray

Visible light
flucrescence

X-ray Laue pattern

s N Situ
“5  HT : 1500C

w» XEOL: lightmissionspectroscopy

= Mech. load: compressionbending
X |

Multimodal 2Dmap: B
Structure (Laue) =
ElementalFluo. X)
Visible




A broad range of sample environments

What can be measured ?

Ox¢

Local strains & orientation (< 0.5 um)
Materials under external stress

O«

Dislocations

O«

O«

Grains and grain boundaries

Ox¢

Crystal phase transformation
Optical properties

O«

O¢

Depth resolution (DAXM measurements)

O«

Local stress (HR energy measurements)

reconstruction

3D DAXM

18



LaueMAXLaue Diffraction principles

Detector area

|.|-'-E:$ ''''''

Effectof: Absolutepositions =>0rientation
A energybandpassunit cellvolume

A orientation Matchingexp. (red) Theo. (black) spot

o Recor

Experimental determination of:
A unit cell orientation
A unit cell shape (lattice parameters, strain)

Effectof strainor lattice parameterchange
Relative positions ref. =>deformation



LaueMAX Sensitivity to deviatoric strain or (unit cell shape) only

o : . _ | -Fm
dem  Deviatoric strain ¢+ = ¢ — 7], der Non deviatoric strain [
4 idem m -[m
Projection sphere £ Projection sphere m mn -
0,2)9 G'=(5+¥)G idem
( )‘ 0.2)
idem
(0,1 0,1 ¢
B')r B‘.-'\'
A* A* idem
(0,0) (1,0) (2,0) (0,0) (1,0) (2,0)

Standard Laue =Beviatoricstraint* : angularunit celldistortionsi.e. b/a, c/a,n ] -

+1 spotenergymeasurement=> lreciprocalvectorlength

=unit cellvolume,a,b,¢ch i ,+ => fullstrain tensor=> full stresdensor




PeakSearch
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IntensityThreshold
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FitPixelDev
PixelNearRadius

LaueMAX Analysisoftwares

LaueTools

Calibration
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Measuring a well known, good quality, single
crystal (Ge) allows calibration of the setup

Parameters

=>> Detector distance
=>> xcenter

==> ycenter

=>> xbeta

=>> Xgamma

A Python windowslinux, (macOS)

A Easy installation

A Graphical User Interfaces
A Workflow withjupyter-notebooks
A Available on laptop or ESRF HPC

Indexation
01 = . s = Peak position
s . + Indexed peak position
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Refinement

The whole simulated pattern is fitted to the
exp. one by refining the lattice parameters

Strain

From the new set [, b, ¢, &', . 7], the
deviatoric strain tensor is extracted

Eux Exy Exz
— |le,. &, E._
£ de ¥x V¥ vi

£, £, E.

LaueNN

Indexation byinfering hkl
By a Neural Networkkl classifier

R.R.P.P.R. Purohit, S. Tardif, O. Castelnau, J. Eymery, R. Guinebretiere
Robach, T. Ors andS. Micha,). Appl. Crysb5, 73%750,2022

https://qithub.com/BM32ESRF/lauetools

https://qithub.com/BM32ESRF/LaueNN



https://github.com/BM32ESRF/lauetools
https://github.com/BM32ESRF/lauetools

Residual stress In advanced substrates rig
— I

cea QE

Wafer bonding Mono-SiC

/ Excellent crystal, expensive How does the stress from thpSiC

| PolySiC . , _|
\;:-%— - impacts themSiC? .
Excellent conductivity, cheap S .) [ tec
mSiA006 peakshift (X) mSiGstrainmaps(units of 104) mSiGstraindistribution
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Collab. F. Rieutord, SOITEC Work inprogress PhDihesisof SergioBongiorno(CEARIG)
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Multimodality: crystal strain & light emission

T : White synchrotron
| radiation

signal

L P fiber

Off-axis
parabolic mirrors

o)
el ee, .
'-I. L
‘og .

Collaborationwith ID16Bworkson time-resolutionand XRF, upgrade of

ID16B setup, NEXT Ppidject 23



Multimodality: crystal strain & light emission

Can the light emission properties be correlated to strain and/or defects ?

strain light emission

GaN

Quantum wells

nanowires
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Work inprogress PhDthesisof Beatriz De Godsoschian{(CEARIG)
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Looking at a single particle in a battery electrode @ i

Can we access the local mechanics of the electrochemistry

Electrochemical cell Fluorescense detector

Incident white beam

Complex stacking

Nb Ka Fluoresence map

Active material:
LING W50,

Cell voltage (V vs. Li */Li)

LiNb ,W;0,, particle

Li* 0 :
/ O G§|n #1%
o ©o
0 (@] O
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/ a 2000
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X (pixel)
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15
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Work in progress, PhD thesis®dioulNgoun(CEARIG)
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Cr/Zrpolycrystalsdepthintegrated2Dmaps

Acquisition Uncoatedmap= 120x80 um, lumteprastermapA 9,600 images, 300 grains, 50 min, 40Gb
On thefly analysis LaueNNpackageg Purushottamet al, 2022](Neural network indexation},6 CPW 1h

Orientationmaps

~ Surface - |
\ .’ , » e/ 7o IPFND
| 800°C / 2h
Depth-averagedstrain =d
XX Sampleframe §e maps 0.2
X Resolution 0.01% * ”
Depth0 um Depth25 pm (%)
XY YY -0.2
. | “ t
| C
XZ YZ ZZ7 .
?, L ; A .'- L

Work in progress, postdoc CléemeRibart(CEARIG)




Cr/Zrpolycrystalsdepthintegrated2Dmaps

Acquisition Uncoatedmap= 120x80 um, lumteprastermapA 9,600 images, 300 grains, 50 min, 40Gb
On thefly analysis LaueNNoackagdPurushottamet al, 2022](Neural network indexation},6 CPLWA 1h

Maps Sampleframe

0.2
i (%) 20um
I
-0.2
800°C / 2h
Depth-averagedstrain éd distributions
Sampleframe ~e
Resolution 0.01%
DepthO um Depth25 pum Depth25 pm

Work in progress, postdoc Clemdribart(CEARIG)



