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Overview: role and impact of the beamline

The French CRG Interface (IF) Beam Line (BM 32) is dedicated to study the physics and chemistry of surfaces,
interfaces, thin films and nanostructures and to mechanical properties at the micron scale. It was one of the first beamlines
available to users, in 1994. |t first held three 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 INS (In situ Nanostructures and Surfaces). In 2000, the XAS
station moved to a new, dedicated beamline BM30B (CRG-FAME). In 2006, the beamline optics has been completely
refurbished with two vertically focusing mirrors in addition to a two crystals sagitally focusing monochromator. In addition to
the “standard” monochromatic mode, a white beam microfocus configuration has been added producing a sub-micrometric
beam in the GMT hutch. In parallel, a micro-diffraction setup has been developed.

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... A specific feature is the possibility to deviate the beam downwards for studying liquid surfaces, and the
availability of well adapted cells for these measurements. Although such equipment is now available on other stations, in
particular on the Troika Beamline, the advantages of the IF beamline are the very clean X-ray beam with low background,
and the possibility to work at much higher energies (up to 30 keV), which is necessary for studies of interfaces between
dense materials (liquid/liquid or liquid/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 includes studies of « soft » and
« hard » condensed matter.

A new instrument for Laue microdiffraction was added in 2006, to be used in alternance with the GMT goniometer in
the same hutch. A white ( 5-30 keV) microbeam (0.5x0.5 pm2) arrives on the surface of the polycrystalline sample, under an
angle of 40°. Each illuminated crystallite produces a Laue pattern, that is collected onto a 2D detector located near 26=90°,
and then analyzed for local orientation and deviatoric strain. Sample scanning then provides 2D maps of these parameters.
The technique is well fitted to the characteristics of an ESRF BM beamline source and it is actually one of the very few white
sub-micrometer beam setup in Europe. The technique is not limited to thin films and allows the study of the near surface
region of bulk polycrystalline materials. The setup brought several new users from materials science on the beamline. The
possibility to obtain the 2D strain distribution, with a submicron space resolution (at least in 2D), in fine-grained polycrystals,
attracted specialists of mechanics trying to elucidate the micro-scale physical origins of materials mechanical properties.
Another strong area of activity is the in-situ study of poly- or single-crystalline objects of micrometer dimensions, while they
are submitted to mechanical stress, electrical testing, or thermal annealing. This is to investigate how the small size of the
objects and their confinement inside foreign materials affect their functional properties. The setup is now in a state of routine
use, and new equipment is being installed to upgrade it (faster detectors, better focussing optics, wire-scanning system to
add spatial resolution along the beam). A suite of data treatment software has been developed ("LaueTools") now available
as open-source on SourceForge. Actions were also taken for communication toward the user community. A first workshop
was organized in 2006, to present the new setup to potential users, and discuss the applications of the technique to various
fields. This was important as the technique is relatively recent (1999) and the setup was the first of this kind in Europe. A
second workshop was organized in 2009, this time about data analysis. The new software was presented and specialists of
plasticity were invited to discuss the issues of interpreting spot shapes in terms of dislocation densities.

The INS station 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, X-ray reflectivity and Surface X-ray Absorption Spectroscopy
(S-XAS) on surfaces and interfaces, and during thin film and nanoparticle growth. The main advantages 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.

With these three instruments, the beamline has a large impact in the French research community in nanoscience. In
addition, both instruments serve each year as a support for practicals and tutorials dedicated to student 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. Note also that a course on surface X-ray
diffraction was organized within the CNRS training framework, on the INS instrument.
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Organization, committees and

funding

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 [I'Energie
Atomique). Two CRG beamlines - IF and D2AM — have
been operational since 1994. A third beamline has a split
radiation fan with one branch —FIP- operational since
1999, and the second branch equipped with the FAME
beamline. A CRG/French Council with representatives of
the two agencies is responsible for the financial,
personnel and scientific policy of the entire program. The
program is executed locally by a “structure d’exploitation”
regrouping the three Department Heads of “Institut Néel
(CNRS)”, “Service de Physique des Matériaux et
Microstructure” (INAC CEA-Grenoble) and “Institut de
Biologie Structurale” (CEA-CNSR lab.), all established at
Grenoble. The Grenoble University is also participating
through a Contract for supplying student training every
academic year. The personnel working on the beam
lines are employed by these local laboratories. As a
consequence the concept of in-house research is slightly
different from the one at ESRF. The beamline and
instrument scientists perform research programs of their
own laboratory. The facilities of the three labs
(infrastructure, workshop, design, secretary...) are
available.

About 20% of the total available beam time is
reserved for upgrade, maintenance and in-house
research. One third of the remaining beam time is
reserved for to the European community, and is
allocated by European committees through the usual
application for beam time at the ESRF. The 2/3 of
remaining beamtime is open to the entire French
community. The beam time is allocated through
applications and reviewing by an ad hoc Committee in a
way similar to the ESRF. Two Committees for the two
main scientific areas, Physics and Chemistry of Materials
(PCM), and Biology were established. The PCM
Committee, the only one concerned with IF beam line,
has 9 French members from various scientific areas
(surfaces and interfaces, nanophysics, hard condensed
matter, soft condensed matter, earth science) and
selects the applications once a year in November. At this
time the results from the ESRF international Committee
allocations are known. The available user beam time is
calculated applying the rules observed at ESRF: time is
reserved for in-house research, buffer between
experiments and maintenance
The two scheduling periods of the ESRF have been
followed during the first operation year. However the
amount of user time on each instrument was too small
on a six months basis and since that time a one-year
period has been preferred. In-house research is
reviewed as well by the Committee.

Funding of the equipment has been initially
provided by CNRS, CEA, Ministry of Research, Grenoble
University, Région Rhénes Alpes and Conseil Régional.
The construction cost of the beamline was 17.8 MF

7
(Millions of French Francs), excluding salaries of the
staff members, which are paid by CNRS or CEA. CNRS
and CEA share the operational cost on a 60-40 basis. In
2009, for instance, the IF beam line has a budget of 200
kEuros (recurrent cost including reimbursement to ESRF,
and investment). It decomposes into 52 k€ of recurrent
cost refunded to ESRF, 24 k€, 15 k€ and 30 k€ of
recurrent cost on the beamline, the GMT and the INS
stations respectively, and 20 k€ and 30 k€ for new
developments on the beamline and the experimental
stations respectively. Large investments, e.g. in new
detectors had to be asked separately.

The refurbishment project has been conducted
together with the build-up of the white-beam
microdiffraction setup. The overall cost of the project
(900k€) was shared between the CEA (200k€) and the
CNRS (200k€), with a strong contribution from the
applied research division of the CEA through the basic
technological research (RTB) program (500k€). These
contributions allowed a renewal of the beamline optical
elements and the design of a micro-diffraction setup
prototype.

Then the development of the microdiffraction
instrument was further carried out (new detectors, new
optics, postdoc) thanks to a grant (580k€) from the
French national research agency (ANR). (MiDiFabl
project within the PNano program (2007-2010)).

The gas distribution system to perform UHV-CVD
with silane, germane and ethene in the INS instrument
has been funded by the Grenoble Nanoscience
Fondation (250 k€) and by the CEA-INAC (100 k€). The
Nanoscience Fondation also granted a bursary for an 18
month postdoc starting in April 2010.
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Beamline staff and organization

The staff on the beamline is provided by CNRS and CEA. It comes from the Institut Néel for the CNRS side and from the
Institut Nanoscience et Cryogénie for the CEA. No scientific staff is working for the IF beamline at 100% of their time as they
are all involved in research projects at from their own laboratory. A postdoctoral fellow (T. Schilli) has been hired for 18
month before being hired on a permanent position. He then left to the ESRF to take the responsibility of the ID01 beamline.
He has recently been replaced by another postdoc. In addition, 18 month contract for a postdoc has been allocated by the
Nanoscience Fundation to start the UHV-CVD setup on the INS instrument.

2005 | 2006 | 2007 | 2008 | 2009
Olivier Ulrich 1 go%| 5ICNRS scientist
Marion Ducruet 181 CNRS research engineer
Thomas Donnier-Maréchal 3| CNRS Technician
Johan Batier-Geneve ! CEA engineer
g Olivier Geaymond | 4 CEA scientist
% Gilles Renaud 4 3s%| ? CEA technician
NH,élLQ MTVQ,lQ,ILtVLuQ a CEA postdoctoral contract
Tobias Schiilli ’ ss%|  CEA lechnician fixed-term contract
Frangois Rieutord 4 35%
= - : Colors = confract type
[ JeanSbastion Vicha || SO - o 30 :
; o
Q Odile Robach 4 35% '%
Xavier Biguard 1 35% g
©
(@)
-
o
©
(=
BeamLine Operation Sclentific Beamline :E
Manager responsible Y—
O.Ulrich G Renaud i
(2}
| ] @
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The functions and scientific interest of the beamline staff are briefly described below:

Xavier Biquard CEA-Grenoble, Researcher-Engineer/Local contact on Microdiffraction
- Development of the microdiffraction setup, local contact
- Scientific interest : materials for super-high density data storage or PCRAM

Maurizio De Santis, CNRS INéel/ Researcher/Local contact on INS
- Structure and magnetic properties of ultrathin films and surface alloys.
- Template mediated growth of nanostructures.
- Self-organisation of molecules at the surface.

J.-S. Micha UMR CNRS-CEA-Grenoble, Engineer/Local contact on GMT and Microdiffraction
- Main duty:local contact on GMT and Microdiffraction
- x-ray optics elements optimization: simulation and design of monochromator crystals and optics mirrors
- involvement in development of the microdiffraction setup
- Software developer of LaueTools dedicated to microdiffraction data treatment and analysis.

G. Renaud, CEA-Grenoble, Researcher/Local contact on INS
- In situ GIXS/GIXD/GISAXS/GI-MAD/A-GISAXS studies on oxide/metal/semiconductor surfaces growth
(non-organized and organized) on metal/oxide/semiconductor surfaces.
- Development of GISAXS.
- Supercooling in metal/semiconductor eutectics. Soon: semiconductor growth (especially nanowires) by
UHV-CVD.

F. Rieutord CEA-Grenoble, Researcher
- fundamental studies of technological processes: direct bonding and wafer splitting. Adhesion and
wetting at the nanoscale.
- implantation and fracture. Crack development and propagation.
- strain and stress measurements in technological samples (sSOl, interconnects, ...)

O. Robach CEA-Grenoble, Researcher/Local contact on Micro-diff and GMT and INS
- development of methods / tools for measuring local strains and microstructure on the micron scale,
based on the Laue microdiffraction technique in-depth characterization of the performances of the
technique (evaluation of incertitudes) use of the technique to study the characteristic length scale for the
excess dislocation density appearing near a grain boundary during plastic deformation
- in situ studies of catalysts using surface x-ray diffraction and GISAXS, with an emphasis on the role of
gas-solid reactions in activating / deactivating / dispersing the catalyst.

Helio Tolentino, CNRS INéel/ Researcher/Local contact on INS
Surface physics approach to the study of magnetic materials: growth process and structure of ultra-thin
films and nanoparticles; interface structure when combining different materials and its impact on the
magnetic properties (magnetic anisotropy, spin orientation, exchange coupling and exchange bias).
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O.Ulrich CEA-Grenoble INAC, Engineer
- Beamline operation manager, in charge of technical aspects on BM32, including computing control
command for the three instruments and detectors.
- Involvement in developing microdiffraction experiment to improve features and performances of data
collection.



Beamline Optics

O.Ulrich X.Biquard : CEA-Grenoble, Institut Nanosciences et
Cryogénie, SP2M/NRS

The beamline optics has been completely refurbished
upgraded in 2006 and has two operation modes. A
normal mode that delivers a monochromatic (6.5-50keV)
150x250 (VxH) pm2 beam on GMT or INS stations or a
pink micro-focus mode (2-30keV) that delivers a 0.5x0.5
Mm2 beam on GMT. In this mode, the optics could also
deliver a monochromatic beam (10-30keV). The design
of the beamline has been performed by BM32 team.

The configuration for the optics is of a classical layout
where entrance slits are followed by a 3 optical element
group (first mirror, monochromator and second mirror) in
charge of X-ray white beam processing, and finally exit
slits. To achieve a good harmonic rejection, both mirrors
work at variable incidence, therefore adjusting cut-off
energy to working energy. Good energy resolution is
reached thanks to the first mirror that collimates the
beam for the monochromator. The second mirror
vertically focuses the beam either on the sample (normal
mode) or on a micrometric 2-directions slit system
located at the exit of the optical hutch (pink micro-focus
mode). For the INS diffractometer, it is necessary to have
the beam always at the same height. Therefore, the
monochromator crystal gap is adapted to compensate for
the height offset given by the variable angle of the
mirrors.

The first mirror M1 is made of a monocrystalline 1.3m
long Si bar, coated with 500A Ir exhibiting a 3A
roughness, a slope error of 1.5urad rms on the full
length, and only 1 yrad rms on the 300mm central area.
This mirror can be bent up to 5 km radius in order to
vertically collimate the divergent beam from our bending
magnet onto the first crystal of the monochromator. The
cooling system consists in water circulation in copper
blades, soaking in liquid InGaAs filling to channels on
both side of the Si bar, thus avoiding vibration
transmission to the mirror. The maximal allowed thermal
power for this mirror is 580W, corresponding to a ring
current of 500mA, thus anticipating future ESRF
upgrades.

The second mirror M2 is identical to the first, apart from
the absence of cooling system and an extended
curvature radius ranging up to 2.5km to allow vertical
focusing on the micrometric slit.

The monochromator is a double crystal Si(111) type with
the whole optical block under vacuum. The rotation stage
is equipped with a high resolution encoder to achieve
0.35prad resolution. It is mounted on a translation stage
to follow the beam reflected from the first mirror when the
incidence angle is adjusted to select the cut-off energy.

10

The rotation stage carries the first and second crystal
assembly.

The first crystal assembly is a 10mm thick Si crystal
glued to a copper plate cooled by water circulation. The
roll of this plate may be dynamically adjusted by a piezo
actuator to achieve automatic stabilisation of horizontal
position of the beam against thermal drifts arising from
ring current decrease.

The second crystal assembly is the standard Si ribs
crystal mounted on an ESRF-CNRS bender type and
makes the sagittal focusing. The bender assembly is
carried by three rotations (weaklinks): one for the tilt, the
second for the yaw to align the bender axis to the beam
direction and the third for crystals parallelism. This latter
movement will be 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 beam propagation axis.

In pink microbeam mode, the mirrors M1 and M2 are
working under a fixed 3mrad incidence angle (cut-off
energy > 30keV), the monochromator's crystals are
spaced enough to let the beam outgoing from the M1
mirror pass-through the monochromator directly onto
mirror M2 and the pink beam is vertically focused onto
the micrometric slit. As the main scientific goals are to
measure 2D-maps of grain orientation and deformation
in thin polycrystalline materials with a lateral resolution of
0.5 um, we have to take up 2 major challenges: achieve
a pink microbeam of size O.5x0.5pm2 and have it
stabilized to better than 0.2um.

To make the pink microbeam we are using a classical
Kirkpatrick-Baez (KB hereafter) microfocusing device
constituted of 2 elliptically bent perpendicular mirrors
since it is an achromatic device. The KB mirrors have Pt
coating and work under fixed incidence angle of 2.9mrad
(cut-off energy > 30keV), the first KB mirror being
300mm long and the second 170mm. The KB works
under real object / image condition by demagnifiying the
micrometric slit. The demagnification factor is simply the
ratio between object distance and image distance.
Therefore, the KB is brought as far as possible from the
micrometric slit and as close as possible to the sample,
leading to demagnification ratio in the vertical plane of
145 and 45 in the horizontal plane. Moreover, we have to
limit as much as possible beam spot enlargements
coming either from mirror polishing slope errors or from
mirror imperfect bending. As a consequence, the slope
error of the beamline mirrors M1 and M2 on their central
300mm are below 1prad, the KB mirror slope errors are
lower than 0.2urad on full length and the shape of the
seconf KB mirror is far from rectangular.

For controlling and tuning the optics, specific software
have been written, either at low level to support special
device controllers, or at high level to have a user friendly
and easily adjustable beamline.

Selected publication(s) -
Grant(s) : CEA-INAC / CEA-LETI/ CNRS

Collaboration(s): not relevant here
Patent(s) : Contact : ulrich@cea.fr
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Laue Microdiffraction for in-situ electromigration tracking

P. Bleuet™, P. Gergaud™, P. Lamontagne®

Laue microdiffraction has been performed on polycrystalline Cu interconnects under electrical current load. Technological
issues at the micrometer scale can be addressed by in situ x-ray experiments that help for clarifying the fundamental

mechanisms involved in applied devices.

Electromigration (EM) happens in copper interconnects
and is a major reliability concern for integrated circuits.
This physical process is a mass transport driven by an

—> | Em BACKFLOW|
| m—> < wl
C%OO) 0 9 o> o
vacancies L atoms
Ac/2 I |
|IAO'/2

Fig 1. Schematic view of the stress gradient along the line

electrical field and activated by temperature. In confined
interconnects (see Fig.1), the EM mass flux induces
mechanical stress backflow. The copper accumulation at
the anode induces a local compressive stress of the line
while the copper is in a tensile state at the other extremity

Fig 2: Cu interconnects 100nm wide in between two thick

Cu lines probed at different locations (b) Laue Pattern

collected featuring mainly Si substrate peaks (c) Laue

peaks from Cu and Si
because of a lack of atoms. Therefore, a stress gradient
Ac is expected along the line length in the steady state.
Various models propose the variation of the stress along
the line (linear, non linear). Correlation between the stress
amplitude spatial distribution and voids onset is still
unclear.
The copper critical product has been calculated and the
possible links between EM performances and
interconnect length determined as well as its dependence
on copper mechanical environment. In this context, a
study has been lead that aimed at following up the
electromigration process while collecting Laue diffraction
images, with the goal to track and monitor the evolution of
grain behavior. Sample was then not prepared specifically
for this x-ray experiment but kept its usual packaging.

Preliminary results obtained in very narrow copper lines
deposited on Silicon substrate are presented here

(100nm wide, 45 micrometers long and 220nm thick).
Earlier, in 2007, full strain tensor was successfully
determined on a Cu grain smaller than 1 micrometer cube
[1]. But this time, due to the technological needs,
measuring and analysing the Laue pattern of a Cu grain
100 times smaller was very challenging for the current
Microdiffraction setup. To our knowledge, Laue diffraction
has never been reported on such small lines.

To speed up the electromigration process, the sample
was heated at 350°C using a furnace. The current in the
line was set to a constant value, and resistance measured
all along the test. Very weak Cu peaks could be isolated
from high saturated and streaked Si substrate, and next
indexed; their evolution has been tracked as shown on
figure 2. In particular, we could observe a “rigid body”
transformation of the diffraction pattern during the
electromigration test: peaks are shifting all with the same
amount and in the same direction, as illustrated on figure
8 with 3 reflections (non saturated Si peaks are not
moving). It can also be seen that the peak shift is

Fig 3. Evolution of diffraction spots during electromigration test.

The red curve shows the normalized resistance while black

curves (diamond, square, triangle) show the horizontal shift of
the (111), (122) and (133) reflections, respectively. Cu(111)

reflections can be seen at the top of the fiqure.

correlated with the resistance evolution of the line, i.e.
with the apparition of potential voids. This behavior
demonstrates that the grains are rotating on themselves
during the electromigration test [2]. This observation,
though not understood so far, is in agreement with other
works already published and appears to be typical of
small copper lines.

Upgrade of the KB mirrors and new fast antiblooming
CCD cameras will help considerably this study by allowing
to scan more line regions and collecting stronger signal
from Cu grains, and consequently facilitating the analysis
and the interpretation of the data.

Addresses : (1) LETI-MINATEC, Grenoble
(2) ST-Microelectronics, Crolles, France

Reference: [1] O. Sicardy et al, ESRF highlights (2007) [2] P.
Bleuet et al, AIP Conf. Proc. 1173, 181 (2009)
Contact : pierre.bleuet@cea.fr
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Determination of grain stress in Solid Oxide Fuel Cell by white beam

Laue Microdiffraction

J. Villanova™, O. Sicardy”, R. Fortunier®, P. Bleuet” and J.-S. Micha®

Local stress measurements were made on the electrolyte layer of Solid Oxide Fuel Cells (SOFC) by X-ray Laue
microdiffraction. High accuracy stress determination at the (sub-) micrometer scale were compared to macroscopic
measurements which had revealed stress gradient inside the layer. Control of residual stress after manufacturing and stress
induced by cell operation is of crucial importance to improve cell efficiency and durability.

Solid Oxide Fuel Cell (SOFC) is a high-performance
electrochemical device for energy conversion. A single
cell is composed of 5 layers made of different ceramic
materials: anode support, anode functional layer,
electrolyte, cathode functional layer and cathode. The
mechanical integrity of the cell is a major issue during its
lifetime, especially for the electrolyte layer. Damage of the
cells is mainly due to the high operating temperature, the
“redox” behaviour of the anode and the brittleness of the
involved materials. Since residual stresses are known to
play a significant role in the damage evolution, it is
important to determine them.

Laue Patterns have been recorded on BM32 and have
corresponded to several grains for which the full strain
tensors have been determined. White beam Laue
patterns are sensitive to 5 over 6 strain (symmetric)
tensor elements. Last elements are obtained by scanning
with a monochromator the energy corresponding to at
least one Bragg's reflection. The combination of white and
monochromatic beam diffractions that must be taken at
the same place on the sample is particularly challenging
from the experimental point of view but also from the data
analysis point of view in case of spatial variation of strain
in the sample.

In addition to positioning challenges, the accuracy on
strain determination depends directly on the accuracy on
the diffraction angles measurements. Hence, detector
plane position with respect to x-ray impact on sample
surface and pixel locating of Laue spots on camera need
the highest care.

_'# (1 ;‘:‘&J e
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Scannmg Electron Mlcrograph of the cell section after
manufacturing. (a) Anode-support: NiO + YSZ (Yttria-
Stabilized Zirconia), (b) Anode Functional Layer: NiO + YSZ,
(c) Electrolyte: YSZ, (d) Cathode Functional Layer: LSM (Sr-
doped Lanthanum Manganite) + YSZ, (e) Cathode: LSM.

First, calibration has been performed by using the Laue
pattern of a reference sample, e.g. a <001> stress free Si
single crystal. The deV|ator|c strain tensor values were
found lower than 10™. Second, since the electrolyte and
the anode are polycrystalline materials, the recorded CCD
images contain bright spots due to diffraction by well
crystallized electrolyte grains and numerous tiny spots
coming from the AFL grains (The high energy photons of
the white beam crosses the electrolyte and reaches the

AFL). A threshold image processing has been applied to
eliminate these small peaks. A reliable methodology was
set up to find the orientation of different grains in the CCD
images. In each image, at least three grains have been
identified (Fig.5). Since the scanning step was 1um and
the electrolyte grain size was around 5um, each grain
appears on several consecutive CCD images. Each grain
probed at different locations was found to have the same
orientation corresponding to the absence of internal
micro-misorientation in grain. Analysis over the entire
area confirms that the electrolyte is a non-textured
material. The obtained stress tensors are consistent with
global measurements i.e. grains are under strong
compression state. For example, the stress tensor of a <-
1 -3 5> oriented grain (along sample z axis) has been
determined by combining of white and monochromatic

tT]ZZSaunr]%r; 086 -35 30 :xpressed in
-35 878 25
30 25 —209

This preliminary study has been made on two targeted
measurement points where four different stress tensors
corresponding to four different grains have been
calculated, showing that the stress state is not the same
for each one. Additional measurements have been carried
out to get more details on strain heterogeneities from
grain to grain.

Laue pattern of a point scanned on electrolyte in white beam
mode: open squares (resp. triangles and circles) represent
reflexions indexed for the grain n°1 (resp. 2 and 3).

CEA-Grenoble (1) DRT/LITEN (3) DSM /INAC (2) Ecole Mines
St-Etienne

J. Villanova et al Nucl. Instr. Meth.B, 268 (2010) 282

Grant : ANR MiDiFabl, Contact : micha@estf.fr
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Development of Laue microdiffraction
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estimating the accuracy of the

technique : part 2 : detecting known strain increments

0. Robach(”, J.-S. Micha(z), C. Le Bourlot(s), D. Faurie(s), R. Chiron(a), O. Castelnau®

Laue microdiffraction provides 2D maps of crystalline orientation and deviatoric strain in polycrystalline materials. The
capability of the technique to detect small known strain increments was tested by performing an in situ tensile test on a W
polycrystal. This test is representative of the differential accuracy on strain in conditions as close as possible to realistic ones,
where the uncertainties are related not only to the extraction of the strain tensor from a Laue pattern, but also to the
repositioning of the microbeam with respect to the grain of interest, from one tensile state to the next.

As mentioned in part 1, analyzing local elastic strain with
Laue microdiffraction requires precautions. "Elastic strain"
here is obtained from the lattice parameters a, B, v, b/a
and c/a, "diffraction-averaged" over the illuminated portion
of the grain of interest, i.e. space-averaged with a
weighting by local crystalline order. The input ingredients
for this analysis are the center-of-mass positions of the
Laue spots produced by the grain.

Any perturbation in the evaluation of the spots center-of-
mass directly impacts the strain measurement. Irregular
spot shapes linked to intra-grain distributions of
orientation and strain associated with plastic defects are
the most frequent cause of inaccuracy. Sorting the spots
to remove the irregular ones is a crucial step in the image
analysis.

Extending elastic strain measurements to grains
producing irregular spot shapes is therefore strongly
desirable, to extend the applicability of the technique to
materials with large amounts of plastic deformation.

Before this, the strain accuracy of the newly installed
Laue microdiffraction setup needed to be checked in a
case with simple spot shapes.

Fig. 1 shows a sketch of the tensile test machine that was
used, with the dog-bone W sample, and a typical Laue
pattern. Note that very perfect grains (sharp spots)
coexist with plastically deformed grains. The data may
therefore also be used later for testing methods of strain
analysis for more complex peak shapes.

Fig. 1. Left : tensile machine, with the dog-bone sample ( length
=7 cm). Right : a typical "multi-grain” Laue pattern.

Tungsten was chosen for its large yield stress (above 500
MPa) and its reputation of elastic isotropy, i.e. an
increment of the macroscopically applied elastic stress
will cause an equal increment of the local elastic stress
inside each grain. Here the traction is along x, and the
expected deviatoric strain increment is exx = 2.1e-4 and
eyy=ezz=-1.0e-4 for a stress increment of 100 MPa. (eyz
=exz = exy = 0).

Fig. 2 shows a map of grain orientation, taken at a load of
5 MPa. Grain size varies between 1 and 5 microns. The
corresponding sequence of Laue images was repeated
for successive elastic loading steps of 100, 200, 300, 400,
500 and 5 MPa. Maps were recorded with three different
sample-detector distances to test several compromises
between the number of spots and the x,y accuracy on
each spot. The 5 and 500 MPa situations were
investigated using both white and monochromatic beam
in another experiment, to check the detectability of a
small increment of lattice expansion.

Fig. 2. : 50x50 microns
orientation map (step 1x2
microns) at a load of 5 MPa.
The color indicates which
<HKL> is parallel to z : blue :
[111], red [001], green [110].
Many grains diffract at each
position in the map, only the
grain giving the most intense
Laue spot is shown here.

‘., XX./ ’

Fig. 3. Applied elastic stress - measured strain curves for two
grains. The expected strain is shown as a blue line, with green
lines at +/- 2e-4. Vertical shift between experimental data and
expected strain is due to residual stress. There are several points
for each stress corresponding to various measurement points on
the grain. Left : 5 to 500 MPa, grain of 5 microns diameter. Right
: 5t0 400 MPa, grain of 1.5 micron diameter.

Addresses : CEA-Grenoble, 17, rue des Martyrs, 38054
Grenoble cedex 9, (1) DSM /INAC / SP2M / NRS, (2) DSM /
INAC / SPrAM / LASSO, (3) LPMTM-CNRS, Université Paris 13,
av JB. Clément, 93430 Villetaneuse

Grant : ANR MiDiFabl, Contact : odile.robach@cea.fr
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Strain and stress measurements in the vicinity of grains boundaries:
study of plastic deformation in multi-crystals using Laue microdiffraction

G.Daveau(”, B.Devincre(”, T.Hoc(z), 0.Robach®

In order to extend a dislocation density based model for fcc single crystal to the case of the poly-crystal, we have used Laue
microdiffraction to measure plasticity mechanisms in copper samples. Two bi-crystals and one tri-crystal were deformed
under compression. Crystal rotations, and deviatoric strain and stress evolution were measured during this deformation,
using the microdiffraction setup on BM32. The results of the experiment will next serve as an input for the numerical

simulations (dislocation dynamics and finite element method).

Laue microdiffraction gives the possibility to measure
crystal rotation and strain evolution on poly-crystals.
Mechanical fields induced by plastic deformation on multi-
crystals were thus measured with this technique. Three
copper samples (two bi-crystals and one tri-crystal) were
deformed with compression. Laue microdiffraction
measurements were made at several steps of
compression, in order to look at the grain boundary
influence on mechanical fields during deformation.

The samples were cut to form small parallelepipeds with
millimeter dimensions. Attention was paid to the good
perpendicularity of each face with the contiguous faces, in
order to perfectly obtain an axial compression. Nano-
indents were made on the samples surface to allow
macroscopic deformation measurements (made by image
correlation) and to serve as reference points for the Laue
beam repositioning on each measurement step.

Only small macroscopic strains (<3%) were induced on
the sample. Indeed, a relatively low dislocation density is
needed to allow comparison with dislocation dynamics
simulation and to clearly observe the grain boundary
influence on dislocations comportment.Two kind of Laue
microdiffraction maps were made on each sample: a large
map (~500*500 um?, 5000 points) to see long range effect
of the grain boundary, and a small map (~250*250pm?,
2500 points) to catch the strong gradients close to the
grain boundary.

The local rotations induced by deformation were revealed.
The perfect beam repositioning between two steps of
measurements allowed obtaining maps of difference of
orientation between these two steps (figure1: tri-crystal
case). Only very small rotations were induced by the
macroscopic strain.

The local strain and stress fields were measured. The
deviatoric strain was obtained with white beam
measurement. The deviatoric stress tensor was then
calculated using the copper stiffness modulus. The
compression was made along the sample x-axis. The
stress components are quite impacted by the proximity of
the grain boundary, even before the compression. Indeed,
a stress concentration can be observed (figure 2).

The difference map of the xx stress component (along the
compression axis) is shown on figure 3. This map was
obtained by subtracting the stress component in initial
state to the same stress component in deformed state.
This change appears to be higher in the grain boundary
vicinity than in the grain core. This stress concentration
could be due to dislocation storage near the grain
boundary, as a consequence of the macroscopic
deformation.

The stress concentration measured will now be used as
an input for multi-scale modelization, based on dislocation
dynamics and finite element method.

Fig. 1. Local crystallographic rotations induced by the
macroscopic deformation on the tri-crystal sample. Color scale =
angle of quaternion : top map : 0.1-0.24°, bottom map : 0-0.025.
Macroscopic strain: 22 MPa.

Fig. 2. Initial map (before loading) of the deviatoric stress along
the compression axis in the tri-crystal sample. An area of small
stress concentration is already seen in the vicinity of the two
grain boundaries. Color scale : -40 to 120 MPa.

Fig. 3. Evolution of the deviatoric stress component along the
compression axis during deformation. Stress localization close to
the grain boundaries is revealed. Color scale : -40 to 100 MPa.
Macroscopic strain applicated: 22 MPa.

Addresses: (1) CNRS-ONERA, Chaétillon, France (2) EC-Lyon
Ecully & ECP Chéatenay-Malabry, France (3) CEA-
Grenoble/INAC

Contact : gael.daveau@onera.fr
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In-situ pLaue diffraction on mechanically loaded Cu single crystals

C. Kirchlechner’, G. Dehm7, J.S. Michaz, O. Ulrich? and J. Keckes' 'Austrian Academy of Sciences and Universtiy of Leoben, Austria

2CEA and ESRF, Grenoble, France

The mechanical response of micron and submicron-sized materials is dominated by a strong size effect for which the
underlying strengthening mechanisms are not yet understood. We have implemented a micro-mechanical test setup at the
French BM32 beamline enabling to monitor the deformation behavior of small volumes using pLaue diffraction. The first
diffraction experiments coupled with tension, compression and bending indicated a presence of complex dislocation
structures depending on the sample geometry and the test type. In future, it is planned to perform in-situ mechanical tests on
micron-sized poly-crystals and to correlate the initial grain and dislocation structures with the stress-strain response.

Several efforts have been made during the past years to
characterize the mechanical response of small scale
specimens. Even though the mechanical loading and
sample preparation were enhanced dramatically, the
structural investigation of deformed volumes is still limited
due to the lack of appropriate characterization methods.
Besides post mortem transmission electron microscopy
(TEM) and electron backscatter diffraction (EBSD) which
both have essential drawbacks (for instance sample
preparation), plLaue diffraction provides some unique
statistical information of deformed volumes with a typical
spatial resolution in the micrometer regime.

In order to perform in-situ pyLaue diffraction at BM32
beamline, a micro-testing system based on piezo drives
and a commercial load cell provided by Kammrath and
Weil} was installed. Loading is performed in displacement
controlled closed loop with a accuracy in force of 10uN.
Sample alignment is carried out by piezo stages and
assisted by optical microscope and a fluorescence
detector system. Based on this approach, load
displacement curves (Fig.1) and diffraction patterns can
be recorded simultaneously during tensile, compression
and bending experiments. The samples are produced
using a focused ion beam workstation and / or
lithographic methods.

First in situ experiments revealed a very homogenous
deformation of tensile samples with the activation of an
unpredicted slip system at the beginning of plastic flow.
Thereby, the pile up of dislocations leads to an increase
of the diffraction peak widths in the direction expected for
the unpredicted (1-11)[011] system (Fig. 2b) having the
fourth highest Schmid factor. After reaching the stress
plateau, the streaking axes instantly changes and upon
further straining, the pile up of dislocations on the
unpredicted system decreases. After approximately 22%
engineering strain the diffraction peak width is slightly
increased compared to the undeformed peak. In contrast,
compressions samples do not only start to deform on an
unpredicted system, but also indicate the storage of
dislocations on several slip systems and the formation of
subgrains with split Laue reflexes (Fig. 2d) at higher
strains.

The in-situ tests are fully consistent with our former
studies [1]. In the future micro tension, compression and
bending tests are planned in order get a deeper insight in
the nature of plasticity.

100

80

60

40

EngineeringStress [MPa]

20

[}_](]{} 0.05 0.10 0.15 0.20 0.25

Engineering Strain [-]
Fig. 1 The black and blue curves represent typical stress strain
curves of a Cu micropillar and a Cu tensile sample respectively,
both oriented for single slip

a) 4 b) 4

Fig. 2 Laue (024) reflection in a, b and c recorded during a
tensile experiment. The lines represent projections of possible
streaking axes caused by the storage of excess dislocations. The
number gives the rank of the slip system (sorted by Schmid
factors, 1 = highest). The peak movement during the deformation
is indicated by the blue path: a) initial Laue spot b) recorded
shortly before reaching the stress plateau and c) after loading to
22% strain. In d, Laue (111) reflection of a compression sample
after 15% strain is presented. Satellite peaks indicate the
formation of dislocation sub-structures.

Selected publication(s) : [1] Kirchlechner et al, submitted to Phil Mag Letters

Grant(s) :

Patent(s) :

Collaboration(s): Erich Schmid Institut, Austrian Academy of
Sciences and University of Leoben, 8700 Leoben, Austria

‘ Contact : christoph.kirchlechner@stud.unileoben.ac.at
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Development of Laue microdiffraction
relative accuracies between the various strain /

technique : part 1
orientation components

46
estimating the accuracy of the

0. Robach(”, J.-S. Micha(2), C. Le Bourlot(s), D. Faurie(s), R. Chiron@, O. Castelnau®

Laue microdiffraction provides 2D grain-by-grain maps of crystalline orientation and deviatoric strain. For each point inside a
given grain, the HKL's of N indexed spots and their x,y positions on the detector are used to fit 8 of the 9 components of the
matrix giving the coordinates of the a*, b*, c¢* vectors in the detector frame. In fact, four indexed peaks are sufficient [ref. 1] to
obtain the matrix through an analytical formula. We perform statistics on 4-peaks determinations to highlight the relative

accuracies between the various strain and orientation components.

Laue microdiffraction uses a white (5-30 keV) microbeam
to obtain 2D maps of orientation and deviatoric strain on
the near-surface region of polycrystals. At each beam
position on the sample, every illuminated grain produces
a Laue pattern, on a 2D detector placed around 26=90°,
without any sample rotation. For each grain, the Laue
spots center-positions are analyzed to retrieve a strained
orientation matrix, which is then decomposed into local
grain orientation and deviatoric strain.

In practice, the strain map obtained from an automated
analysis of a series of detector images usually needs to
be strongly filtered, to retain only the points where
accuracy on strain is acceptable. The x,y pixel deviation
on the detector between theoretical and experimental
spot positions, averaged over the N spots of the pattern,
needs to be typically around 0.2-0.25 for good accuracy.

This average pixel deviation is however not sufficient to
get a feeling about what governs the incertitude on each
of the 8 parameters taken individually.

Here we examine the relative accuracy of the various
strain and orientation components. We consider all the
quadruplets of peaks that can be formed from the set of N
indexed peaks, and examine how the matrix varies from
one quadruplet to the other. Histograms of the
distributions of the various parameters are then plotted,
whose shape and width allow to gain confidence on which
parameter is more reliable and which is less.

Fig. 1 shows the histogram of the 6 deviatoric strain
components xx, Yy, zz, yz, Xz, xy, for a well crystallized
micrometer-sized W grain, in the xyz frame attached to
the sample. The relative widths of the distributions
indicate that uncertainty on the xz and yz strains is about
two times larger than on the xx, yy, zz and xy strains. This
behavior is independent on grain orientation. It is an
instrumental effect, part of which probably comes from the
limited cone that is explored in reciprocal space around
the sample surface normal. Note that xx+yy+zz = 0 i.e.
there are only 5 independent variables. On the
"tetragonalization" terms xx-zz, yy-zz, or xx-yy the width is
of the same order as on the yz and xz terms.

Fig. 2 shows the corresponding histograms for the 6
orientation components. Here we describe the orientation
variations between the different quadruplets-solutions
with 6 parameters instead of 3, to avoid the arbitrary
privileging of a* over b* and c¢* that is introduced when
converting the strained matrix into a pure rotation matrix.
The orientation parameters are the dx and dy
components of the [HKL] axis oriented along z for the
reference matrix, then the dx, dz of [HKL]y and dy,dz of
[HKL]x. This allows to take into account all the variations

of orientation of b* and c*, whether they come from
orientation or from strain.

The best accuracy is obtained on the orientation of
[HKL]z. The accuracy on the rotation around z of [HKL]x
and [HKL]y is about 3 times worse, and the accuracy on
the z component of [HKL]x and [HKL]y about 10 times
worse. This is again independent of grain orientation.

- 500 1
c
S 400 XX 1ZZ
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Fig. 1. Histograms of the 6 deviatoric strain components for a
well crystallized W grain (z perpendicular to the sample surface,
y at 40° from incident beam). The statistics is from 4827 "good"
quadruplets selected from 30 indexed peaks (minimum angle
between qi and qj = 11.5° = minimum angle between gi and gj,qk
plane, where q is the diffraction vector).
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Fig. 2. Histograms of the deviations in the orientation of 3
reference [HKL] vectors, that point along x, y and z respectively
in the reference orientation, for the grain of Fig. 1.

Addresses : CEA-Grenoble/ INAC (1) SP2M (2) SPrAM (3)
LPMTM-CNRS, Université Paris 13, av JB. Clément, 93430
Villetaneuse

Ref. 1 :J-S Chung, G.E. Ice, J. Appl. Phys., 86 (1999) 5249
Grant : ANR MiDiFabl, Contact : odile.robach@cea.fr
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Development of Laue microdiffraction : a method to obtain the last strain
component (lattice expansion), in the white beam mode, using an energy-
resolved detector to measure the energy of diffraction peaks

O. Robach™, pP. Gergaud?, J.-S. Micha®

To enhance the capabilities of the micro-Laue technique, a method was developed to simplify the measurement of the sixth
component of the strain tensor. The principle is to measure in the white beam mode both 1) the Laue pattern of a grain using
a 2D detector and 2) the energy of one of the "side" diffracted beams of this grain (i.e. a beam not intercepted by the 2D
detector) using an energy-resolved point detector. This allows to access simultaneously 1) the theoretical peak energy for
zero lattice expansion, Etneor(HKL), which quickly varies with both orientation and deviatoric strain of the unit cell, and 2) the
experimental peak energy, Eexp. This leads to an improved accuracy on Aa /a = - (Eexp-Etheor)/Etheor-

Laue microdiffraction uses a white (5-30 keV) microbeam
to obtain 2D maps of orientation and deviatoric strain on
the near-surface region of polycrystals. At each beam
position on the sample, every illuminated grain produces
a Laue pattern, on a 2D detector placed around 26=90°,
without any sample rotation. For each grain, the Laue
spots center-positions are analyzed to retrieve 8 of the 9
components of the matrix giving the coordinates of the a*,
b*, c* vectors in the detector frame. These coordinates
are then decomposed into local grain orientation and
deviatoric strain. What misses in the matrix is the lattice
expansion "a". Indeed, the diffracted beam direction (unit
vector uf) is derived from the incident beam direction (unit
vector ui) and the diffraction vector direction (unit vector
uq = q/ ||q|| where q = Ha*+Kb*+Lc*) by :

Us = Uj + 2sinB uq

i.e. it is independent of the length of g. An expansion Aa
of the unit cell only changes the wavelength AHKL that is
extracted from the incident spectrum, without changing
the diffracted beam direction.

Once the 8 components of the matrix are known,
obtaining the lattice expansion is "only" a matter of
measuring the energy of one of the diffraction peaks. The
standard method is to monochromatize the incident
microbeam, and scan its energy around the theoretical
peak energy for a given HKL spot, to locate the energy
giving a maximum of diffracted intensity.

The most difficult task in this method is to ensure that the
Laue pattern and the experimental energy are measured
in the same conditions of beam size, experimental
geometry and beam position with respect to the grain of
interest. The re-positioning between white and
monochromatic modes is particularly crucial for plastified
grains, with fast intra-grain spatial variations of
orientation. As a result, the 9nth component is usually
measured only on a few points of the sample, without real
mapping.

Based on the idea developed by Pyzalla on ID15 for
energy-resolved  fixed-angle  high-energy = powder
diffraction [1] we developed a method to measure the
energy of Laue peaks while remaining in the white beam
mode, using an energy-resolved point detector. The main
advantage is to ensure that Eweo(HKL) (which is derived
from the Laue pattern) and Eexp(HKL) (which is derived
from the HKL peak's energy spectrum) are measured
exactly in the same conditions.

The peak energy spectra are measured using a Rontec
XFlash lightweight Si-drift detector mounted on two

translation tables, to collect the "side" Laue peaks, whose
positions are predicted using the "top" Laue pattern
measured with the 2D detector (Fig. 1).

To reach the desired accuracy on peak energy, frequent
recalibration of the detector's energy-channel relation is
performed using fluorescence standards. Measured
energies are also corrected for the variations of E(ch) with
the detector's total intensity. Fig. 2 shows the comparison
between the two methods for the test-case measurement
of lattice expansion of a Ge(111) single crystal, using
several peaks. The measurements for the same
comparison on micron-sized Cu grains are currently
under analysis. On the Ge the two methods appear to
have comparable accuracies around +/- 2e-4 on Aala, for
peaks with E > 10 keV.
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Fig. 1 "top" (a) and "side"(b) Laue patterns for a Ge (111) single
crystal. (a) 2D detector 165 mm diameter at 72 mm. (b) 100x100
mm? accessible range for 0D detector at 119 mm. The 40° line
marks the projection of the sample surface. Bigger circles
indicate peaks whose measured energy is given in Fig.3.
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Fig. 2 Comparison of measured lattice expansion -Aa/a by the
two methods for a Ge(111) single crystal. (a) : monochromatic-
beam method, (b) : white-beam method

Addresses : CEA-Grenoble, 17, rue des Martyrs, 38054
Grenoble cedex 9, (1) DSM /INAC / SP2M / NRS, (2) LETI,
MINATEC (3) DSM /INAC / SPrAM / LASSO

Ref. 1: A. Pyzalla, J. Nondestructive Evaluation, 19 (2000) 21-31
Grant : ANR MiDiFabl, Contact : odile.robach@cea.fr
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In situ nanocatalysis: size and catalytic activity of supported gold

nanoparticles

M.-C. Saint-Lager, I. Laoufi, S. Garaudée, P. Dolle, R. Lazzari, J. Jupille, O. Robach

Nanocatalysis is a very active research field with the aim of controlling chemical reactions by catalyst engineering at the
nanometer scale. This implies to be able to follow dynamic processes occurring at temperature and pressure of reaction
conditions. Our group has developed a new setup which allows to elaborate model catalyst in UHV environment and then to
follow their modifications during catalytic reaction by X-ray measurements on the GMT diffractometer on BM32. Grazing
Incidence X-ray Diffraction (GIXD) and Grazing Incidence Small Angle X-ray Scattering (GISAXS), which provide the particle
size, shape and structure, can be simultaneously performed together with activity measurements by mass spectrometry.
Since it was found that gold, usually known to be inert, can become a very good catalyst for carbon monoxide oxidation even
at room temperature, it is therefore the subject of many studies in order to understand such amazing properties.

The catalytic properties of gold supported on oxide are
clearly associated with particles size, in the nanometer
range [M. Haruta et al, J. Catal. 115, 301(1989)].
However, the relationship between the size and the activity
is still debated and is a key issue for the understanding of
the catalytic properties. Indeed, a maximum of activity was
observed for nanoparticles (NPs) of ca. 2.5 to 3 nm for
gold clusters on TiO2, [M. Valden et al., Science 281,
1647(1998)]. As it corresponds to two atoms thick clusters
it was attributed to synergetic effect of the two first gold
atoms layers at the interface perimeter with the oxide
substrate. But other authors claimed that the activity is
proportional to the number of atoms at the NPs corners
and they pointed out a dominant role of the low-
coordinated sites on the activity [N. Lopez et al., J. Catal.
225, 86 (2004)].

We studied gold NPs deposited on TiO2(110) by GIXD
and GISAXS thanks to our new setup (Fig.1). The aim is to
establish a link between the structure, the morphology of
the particles and their reactivity in the frame of the CO
oxidation.

Figure 2 illustrates the evolution of GISAXS patterns as a
function of the gold deposit thickness and the sample
gaseous environment. The thickest deposits (> 0.2 nm),
giving NPs with larger diameter d are stable, whereas the
NPs size increases for the thinnest ones. In step 2, at
473K, in presence of 20 mbar of argon or oxygen, a similar
change is observed indicating an effect of the temperature.
During step 3, a new sintering occurs only for sample B

which is exposed to the reactive mixture O+CO. At the
same time, mass spectrometry shows that CO is converted
into CO,. Thus this new sintering is probably due to a local
heating induced by the exothermic CO oxidation. This
result is particularly interesting since it indicates that the
NPs measured by GISAXS are really those which react.

The geometrical parameters are deduced using a
truncated sphere for modelling the NPs shape. As the
catalytic activity is recorded at the same time, a direct
correlation between NPs size and activity is then obtained.
The activity presents a maximum for d=2.3 nm. Above the
maximum, it follows a power law of d indicating that the
active sites are the low-coordinated atoms on the edges
and corners. Below the maximum, the NPs shape is flatter.
This makes very unlikely that active sites are on the NPs
perimeter or for 2D clusters. The 3D character of the active
NPs is confirmed by the intensity profiles such as Fig. 3. It
exhibits two peaks corresponding to the signal of the two
sequences ABC and ACB of the gold fcc stacking along
the (111) direction, which means at least 3 atomic planes.

This work tends to prove that the remarkable catalytic
properties of supported gold nanoparticles are pure golden
route and originate from low-coordinated sites, mainly
edges, of the gold NPs.
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chamber and the X-ray reaction chamber for deposit (A and B), 0.25 nm-thick (C) (1) in
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Fig. 3: Diffraction profile along the (02),, rod :
blue, in UHV at 300K, green: in 20 mbar of

mbar of CO.

(3) after adding 0.2mbar of CO.
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Towards a direct determination of the local atomic displacement field
from high resolution x-ray diffraction measurements

A.A. Minkevich, M. Gailhanou, M. Eberlein, A. Loubens, S. Escoubas, V. Chamard and O. Thomas

Reciprocal space maps (RSM) of silicon on insulator (SOI) periodic lines are obtained using high resolution x-ray diffraction.
RSMs can be used to determine indirectly the displacement field by comparing the experimental intensity map to that using
model-dependent finite elements and prior knowledge of the object shape. The displacement field even in highly
inhomogeneously strained lines is obtained by addition of constraints to an iterative phase retrieval algorithm. These
constraints include direct space density uniformity and also constraints to the sign and derivatives of the different

components of the displacement field.

Elastic strains play an important role in modifying physical
properties such as the mobility of charge carriers in
semiconductors. Strain engineering of the properties of
silicon devices is now currently being considered as a
way to improve electrical performances. It is, however, a
real challenge to measure strain fields in such object.
High resolution reciprocal space map (RSM) can be
carried out in a non destructive way on samples
containing devices or small objects in their (or very close)
working and packaging conditions. 2D scattering
intensities recorded near a bragg’s reflection is actually
sensitive to elastic strain that is generated at the epitaxial
interface between two materials with different lattice
parameter and due to the geometrical confinement.

Silicon on insulator (SOI) periodic arrays of lines are then
interesting systems for the study of two-dimensional strain
fields at the nanometer scale as well as objects of
technological interest for semiconductor device
fabrication. In this study, a 100nm SOI (001) was
prepared on 200 nm SiO2 buried oxide (BOX). SOl and
S| wafer were rotated by 45° prior to bonding. A 160 nm
silicon nitride capping layer was deposited at the top.
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D408 12162024 2.&3225!’-4‘0
Fig 1:(a) Cross section showing the structure and the &,, strain
field component. (b) Magnification and scale are adjusted for the
SOl crystal; z is parallel to the (001) direction and x is parallel to

(100).

Calculations of the displacement field in the lines by finite
element (FE) modeling were first carried out. The shape
was taken from a scanning electron microscopy cross
section and the calculation was performed under plane
strain conditions. Periodic boundary conditions were
applied and the residual stress in the nitride cap was
introduced via thermal loading. The only free parameter in
this modeling is then the residual stress og in the nitride
film. The displacement field obtained in this way has been
used to calculate the diffracted intensity in the framework
of the kinematical approximation. The best agreement
has been found for cp=1.5 GPa for RSM in the vicinity of
(004) reflection where only z-displacement is involved

(see Fig 2) and (206) (both z and x-displacements).
Highest displacement - e, strain (3.5 10'3) and nearly
0.5° lattice rotation - is located at the edges of the lines
(Fig 1b) which contributes predominantly to the two outer
lobes and to the scattering intensity extension along q.

An other method relying on an iterative phase retrieval is
not as model-dependent as the former method based on
finite elements and knowledge of shape. This method is a
standard direct inversion algorithm with additional
constraints on spatial phase variations and on crystal
density uniformity.
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Fig 2: (004) reciprocal space map -log 10 of intensities) from SOI

1 um lines. (b) Experimental: resolution is 10-3 nm-1. (c)

Calculated: shape and displacement field determined using finite

element calculations are considered

Space variation constraints allows the iterative procedure
to converge: at each step phase differences between two
neighbouring sampling points are limited by some
magnitude parameters. It has been demonstrated that
these parameters do not need to be accurate but can be
easily estimated or found simply by a trial and error
procedure.
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Light ion Implantation in silicon

F. Rieutord, JS Micha, JD Penot , F. Mazen
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The effect of light ion implantation in silicon has been studied using high resolution X-ray scattering. We could measure the
strain induced by implantation and the evolution of implanted species upon annealing.

The implantation of light ions (H, He) in a silicon matrix
has been studied because it has many technological
applications. Hydrogen is a dopant passivating species
and ion implantation is used in a series of technological
process to create defects at a controlled depth beneath a
surface. This weakening effect may even eventually
enable the splitting of the material, which can be used to
transfer a thin layer of material to a substrate in
technologies like the SmartCut™ technology.

The first step to be studied is the as-implanted material.
We have studied the implant of silicon as a function of
different parameters as for example the implantation
dose. A typical reflection profile along the 00l rod around
the 004 Bragg line is shown Fig.1.

[ Simulation
o —— Exparimanl

Intensity |arb.u.]

450 EE 4040 (‘)”[,ﬂ"] 44 400 409 470
LTA

Fig.1: Intensity profile along the 00l Bragg line rod. .

The intensity shows several fringe systems associated
with different periods. All extra intensity is located on the
low-q side of the Bragg peak as the implantation produces
an expansion of the lattice only. The data can be
interpreted using two parameter profiles: a lattice
parameter profile that shows an expansion on a certain
width at a certain depth below the surface and a Debye-
Waller profile that describes the lattice plane reflection
coefficient associated to implantation damage.

These parameters are accessible rather independently:
the lattice parameter expansion is given by the g-range
over which extra intensity is visible. The periods of the
fringe are related to the width of the expanded area in the
material. As the strain profile tends to get narrower for
higher strain value, the fringe spacing is not constant and
increases with decreasing q. Superimposed to these
fringes are narrower fringes associated to the distance
between the strained zone and the surface. Accounting
for the exact position of these fringes allows separation of
different symmetrical solutions for the profiles. Finally the
intensity of the fringes is a function of the Debye Waller
factor profile. A fair account of the profile is generally
obtained assuming the rms displacement of the DWF is
proportional to the strain.

We extracted the strain profile for different implant
conditions. Fig.2 shows the dependence of the max strain

as a function of dose. The observations are in good
agreement with ab-initio calculations for doses below 1.5
10" H/cm?. It is surprising to observe a faster than linear
dependence for the strain-dose relation at higher doses.
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Fig.2 Dependence of maximum strain as a function of dose. Note
the three regimes: a linear dependence at small doses, followed
by a rapid rise in strain at higher doses and a saturation at very
high doses

A second study can be performed upon annealing of such
system. It is found that the average lattice distortion
disappears rapidly while diffuse scattering components
appear that are visible around many Bragg lines of the
reciprocal space. This is associated to the formation of
micro-cavities (platelets) that produce scattering at small
angles and around Bragg peaks. We have used this
diffuse scattering signal to monitor the growth of these
pressurized platelets as a function of annealing time.

010 005 000 005 010 015 020 025 030 035 040

Fig.3 RSM (q,,q) around the 220 Bragg reflection of silicon. The
extent of the signal gives the lateral and vertical sizes of the
cavities

The diameter size obtained for the platelets is in good
agreement with measurements obtained by other
techniques e.g. transmission electron microscopy. The
advantage of X-ray techniques is that they can be
performed in-situ, with little or no sample preparation. We
plan to improve the description of the scattering by these
objects in order to be able to extract more details about
the strain field around a cavity
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