In situ materials characterization with
4D STEM scanning precession diffraction
using novel pixelated detectors
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Electron diffraction : Dynamical effects
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Vincent-Midgley Precession Method
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ASTAR: TEM Orientation and Phase Mapping

> 180 installations world-wide in TEM

Orientation Mapping
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Spectroscopy 3D Diffraction

Tomography

ASTAR : EBSD type tool for TEM
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ASTAR : Automated Crystal Orientation Mapping

Orientation map

ASTAR : EBSD type tool for TEM
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ASTAR : 1 nm spatial resolution orientation map

Multi-twinned gold particles (JEOL ARM 200)
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ASTAR : EBSD type tool for TEM
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Data, coutesy Dr. J.Bourgon CNRS Thiais

Magnetite nanocrystals and magnetotactic BACTERIA
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NanoMEGAS - TEM Cs corr / high end microscopes

Precession Diffraction Solutions

Orientation Imaging
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ASTAR and PIXELATED DETECTORS
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ASTAR and PIXELATED DETECTORS

DECTRIS

detecting the future
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Fig. 1 Orientation mapping results from diffraction patterns acquired with Dectris camera. From

left to right: Color coded orientation map with grain boundaries, orientation reliability map and
index map

Fig. 2 Orientation mapping results from diffraction patterns acquired with Stingray camera. From
left to right: Color coded orientation map with grain boundaries, orientation reliability map and
index map
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ASTAR orientation / phase mapping :
In SITU and correlative microscopy

0 % strain

MEMS heating device
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ASTAR - in situ texture analysis and HEATING

of Nd-Fe-B powder particles

I i o
I Hecdymium hydrida

I sipha Iran
I M cohymium hydnide
S Iron baoride:
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The loaded liquid sample is sealed
and imaged using TEM in the native
liquid environment.

Collaboration wiith
Dr. A.Demortiere
Univ Picardie France

5

NanoMEGAS

Advanced Tools for electron diffraction

www.nanomegas.com


https://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiPmpeikMTeAhWMB3wKHSVBDdAQjRx6BAgBEAU&url=https://www.azonano.com/equipment-details.aspx?EquipID=1416&psig=AOvVaw2faFDXNsBSjg_Gub1bR6ru&ust=1541743441732091

100 nm o 100 nm

ASTAR Virtual brightfield ASTAR Phase Map with index
quaility and phase reliability

(a) TEM bright field image of gold nano, 't@&yASTAR
phase mapping where sh e®gold and (c) ASTAR
orientation map,differeng col reyyes different orientations shown in
the stgreodfapiss le (CQuteSy Dr. Muriel Veron CNRS Grenoble
Franc e
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Strain mapping at nm scale
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STRAIN ON SEMICONDUCTOR DEVICES
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Nanotechnology 45nm
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PMOSFET Industry Requirements

 Desired spatial resolution ~ 1 nm

o Strain sensitivity << 0.1%
Thompson et al., IEEE Trans. On Electron « Highly automated

Devices, VOL. 51, NO. 11, 2004
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Conventional Nano-Beam Diffraction

Strain determined by
measuring shift in spot
positions

Advantage

High spatial resolution -
better than 1 nm

Disadvantage

Dynamical diffraction --
thickness related effects

D Cooper et al., Journal of Physics: Conference
Series 326 012025 (2011).
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Strain Measurement via NBD with Precession
& Automated Analysis

PED is “ideal” (X-Ray like) kinematical pattern
INDEPENDENT of thickness variations !

Vincent-Midgley Precession Method

NanoMEGAS WWW.nanomegas.com
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TOPSPIN Strain Measurement Analysis

 Diffraction patterns from strained region are matched against a reference pattern
o All pixels utilized, not just selected spot centers

Reference

Warped Reference
Strained .
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US & EU Patents :

In plane strain and rotation tensor
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Typical performance of Topspin Strain

Practical spatial resolution @ 1 degree precessionangle: 1to5nm
(FEG TEM)

Sensitivity (precision) @ 1 degree precession angle :
0.1% t0 0.01 %

Spatial resolution and sensitivity depents on model TEM, beam current,
beam convergence and sample quality/thickness

Fast and automated 1D & 2D Strain Mapping
at the nanoscale
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PMOS Strain Mapping with precession
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pMOS Strain Mapping without precession

Same pMOS region without precession

TEM: JEOL ARM200F
Step size: 3 nm
No precession

—z,, (022) line profile
— &y, (200) line profile
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Ingrease in strain naar
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Courtesy Prof. K.Hemker Jons Hopkins University

Strain mapping near larger AIN precipitate

Comipressive (up ta 0.3%) and
Shear {up o 0.23%) sbain alang
defact line

MO Bashc Siram
associatad with
praciptate or s1ackl
Tauit

L)

strasn ®11r1

VBF = =l = "| Campressive
o " sirain {ug b

,‘.‘ 0.2%) along kop

> edge of T largs

strain «10-

O

Measuring strain near Mg deformation twins

Tensile strain m basal
direction decorates
dislocation lines

Stress deisappears when

considenng direchon

20° from basal

i f -
'---.i||.| -|-'-'-‘-'--u &

24, 2 v
#=029

0.1 nm = ﬁ-,,* 05 nm

sirmin #1007

G6om= d =32 nm

£

j_g NanoMEGAS

Advanced Tools for electron diffraction

www.nanomegas.com



Study Amorphous materials
with e-PDF ) A\

2 NanoMEGAS @ WWw.nanomegas.com

eurostars®
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STUDY AMORPHOUS MATERIALS

eurostars™
3.0 i XRPD
— 25°C ‘-;TFI‘W !
E  2.51 1 1 L1
.‘:D-’ / 4 TB
E_’ 2.0 %urs ‘ ‘V“ .
}:': 2‘ " "'Ml LI“ Amorphous
5 15 f M,‘,w
% 1.0 Amorphous L 4 JU m‘."v"""-"""7'1'»%.“,".._"-‘
B e 0.25 : Wiitirg g
Y-CWS‘GJ D\*‘l} LllU MWJM Crystalline - Q — -
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Gr)==[0ls(0)~1]sin(0r)d0.
b4
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Solubility vs time for crystalline and
?morifhous indomert]hacin in watelr Amorphous /short range order systems can be
Book A.Newman Pharmaceutica . . . . . .
ASD Wiley 2015) descrlbed_ by the Pair F)_lstrlbut_loq Function (PDF)
that provides the probability of finding a distance “r”
between two atoms in the material
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STUDY AMORPHOUS MATERIALS

A total pair-distribution function (PDF) is obtained by repeating
this process systematically by placing each atom in the origin.
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*R refers to radial distribution funittion  Z- Kristallogr. Supp. 26(2007) 17-26
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PDF for amorphous and nanomaterials

amorphous S - #-——- X-Ray diffraction data 1(q) ." Nanomaterial
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Comparison e- PDF vs Synchtrotron X-Ray PDF
Au nanoparticles

ol Electron Fitting of Au structure model
with PDF

(a) e- PDF calculated from ED Data
(b) PDF calculated from X-Ray data

..............

X-Ray (Synchtrotron)

(b)

.-:.?a:n-:lnd

2 4 6 8 10 12 14 16 18 20
r(A)

PDF obtained from election diffraction data and PDF
obtained from X-ray are fully comparable , using
e-PDF very small amorphous areas can be studied
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Honduras Opal: Understanding the Local Structure

Opal is hydrated silicon dioxide
Can be Microcrystalline, Nano Crystalline or Amorphous

Microcrystalline opal are stacking of cristobalite and tridymite over very short range scale

Structure of tridymite Local Structure of Opal Type C (a-Cristobalite)

X N ano M E G AS - Hg‘.}%ﬂﬁﬁﬂﬁmmm m
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0744.tif

(1007, 2000) |
(154, 255, 92)

Honduras Opal N M 1535 A (5i-0) |
2.589 A (0-0)
= | / 4.153 A |
H 05+ 4736 A ] 512 1024 153 2048
SHORT RANGE ORDER

r(A)

Data Collected on Zeiss 120 KV -
PDF Plot from raw data and Peak Positions below 5 A

Mineral: Crystobalite SiO,

Bond Distances Below 5 A
a=7.12 A (cubic)

Si—0:1.5415 A
O-0:25173A
Si—Si:3.0831 A
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e-PDF analysis on amorphous semiconductors

100 A

- Bank_200kY_[Si] 50_05 35 J Bank_200kN_[ Tungsten] 100_1_r3.5
- Bank_200kV_[MiSi_FRabadanow] 100_1_r35 - Bank_200kV_[] amorphous_1_r1.2

EPDFSUITE V1.0 e

":q..n‘j

POy

gt

Al region Si02 amorphous
A2 (black) region Si3N4 amorphous

Image courtesy E.Rauch and SIMAP
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analysis on amorphous semiconductors
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3D Diffraction Tomography
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3D Diffraction Tomography
TEM Precession Electron Diffraction

Orientation Mapping Pore
TEM < ». ..
Structure Solution

1nm Resolution

Pha S.e . Di ffr:::ut f: "::_: ::-J-';:ap hy
Mapping V TODSDlﬂ
i -
Strain
e Mapping
EDX-EELS ) : at atomic
Spectroscopy' 3D Diffraction scale
Tomography
WwWww.nanomegas.com
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SOLVING CRYSTAL STRUCTURES WITH PED

Own et al. (2006), Acta Cryst. A62

R factor

30 pm S S T |

SYNCHTROTRON us

0 200 400 600 800 1000 1200 1400 1800  180C
Thickness [A]

HIGH PRECESSION ANGLE
IMPROVES CRYSTAL STUCTURE DETERMINATION
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3D Diffraction Tomography

1° Tilt
(total +- 60°)

\

Crystal tracking

y
‘ ~.-l-"

Electron diffraction acquisition

3D TEM diffraction
tomography :

3D reconstruction
of reciprocal

/

complete or almost complete diffraction data to extract unit cell and crystal symmetry
conceptually simple, data can be taken with any CCD camera

solution of structures by direct methods or simulated annealing

R close to 15-35% : reveal all 3D atomic positions with 5-30 pm precision !

X NanoMEG AS Kolb et al Ultramicroscopy (2007) WWW.nanomegas.com
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TEM Diffraction Tomography for 3D atomic structure solution

Hemimorphite Reference structure 3D precession diffraction /
(X-ray and neutron diffraction) Tomography

Atoms  [Label X Y z X Y z AA)

Zn Zn 0.2047(1) 0.1613(1) 0 0.205 0.160 0 0.02

Si Si 0 0.1465(2) 0.5076(5) 0 0.141 0.529 0.12

9) o1 0.1604(8) 0.2055(1)  [0.6363(4) 0.152 0.217 0.657 0.18

o] 02 0 0.1669(2) 0.1938(4) 0 0.156 0.204 0.12

OH 03 0.3050(2) 0 0.0410(6) 0.289 0 0.073 0.21

o 04 0 0 0.5912(6) 0 0 0.601 0.05
H20 05 /2 0 0.5195(13) 1/2 0 0.491 0.15

Mayenite Reference structure Electron

Atoms  [Label X Y z X Y z AA)

Ca Ca 0.89096(5) 0 3/4 0.902 0 3/4 0.14

Al IAIL 0.01866(3) 0.01866(3)  0.01866(3) 0.018 0.018 0.018 <0.02

Al AI2 Va 7/8 0 a 7/8 0

o] o1 0.18556(3) 0.18556(3)  [0.18556(3) 0.184 0.184 0.184 0.03

o 02 0.44182(4) 0.15035(3)  0.03677(4) 0.439 0.148 0.041 0.06
Yo0.8Pro.2Ba;CuzO7 Reference structure Electron

IAtoms  [Label X Y z X 2 z AA)

Ba Ba 0.5 0.5 0.1850(2) 0.5 0.5 0.1874 0.05
IPr Y 0.5 0.5 0.5 0.5 0.5 0.5

Cu Cul 0 0 0 0 0 0

Cu Cu2 0 0 0.3565(5) 0 0 0.355 <0.02

o o1 0 0.5 0 0 0.5 0

o] 02 0 0 0.1566(23) 0 0 0.160 <0.02

o 03 0.5 0 0.3776(21) 0.5 0 0.382 0.06

o] 04 0 0.5 0.3765(21) 0 0.5 0.383 .06

Kinematical refinement: Find all 3D atomic positions
< NanoMEGAS with 2-15 pm accuracy !
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Aperiodic
Materials

> 300 structures solved with ED (2004 - 2019)

Functional
Materials
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3D Electron Diffraction: The Nanocrystallography Revolution

Mauro Gemmi,* '® Enrico .\.{ug;rmmh,1 Tatiana E. (‘.nrele,3 L‘teﬁl(ﬁlh,“ Lukas PalAtmus,L

Philippe Boullay,*® Sven Hovmoller,” and Jan Pieter Abrahams™"®"
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ABSTRACT: Crystallography of nanocrystalline matedals has
witnessed a true revolution in the past 10 years, thanks to the
introduction of protocals for 3D acquisition and analysis of
electron diffraction data. This method provides single-crystal
data of structure solution and refinement quality, allowing the
atomic structure determination of those materials that remained
hitherto unknown because of their limited crystallinity. Several
experiments] protocols exist, which share the common ides of
sampling 3 sequence of diffraction patterns while the crystal is
tilted around 3 s, namaly, the

IDED

Paat '~ data
-

e nm

axis of the transmisson electron microscope sample stage. This Outlosk reviews most important 3D electron difftaction
applications for different kinds of samples and p ics, related with both matertals and life sciences. Structure refinement

including dynamical scattering is also briefly discussed.

1. INTRODUCTION

Accelersted electrons huve been long considered the less
promising among the adistion typss wed in eystalogaphy
for Attaining diffraction data suitable for atomic structure
determination. b fact, the large majority of strsctural models
deposited in aystallographic datsbases' ™ have been cbtained
by means of X-ray diffrsction, and most of what s left has been

crystall ography. First, the possibility to have parslle] electron
probes with a swe of 3 few nanometers allows collecting
diffaction data from sample volumes 2 or 3 onders ofmagnitude
smnaller than the ones suitsble for synchrotron microfocused X-
ray beams. Second, the ability to deliver both diffaction and
imagirsg fom the same nanovohime allows the combination of
reciprocal and direct space information and the experimental

iration of crystallographic phases. Third, the strong

dertved from neutron diffraction or pic methods.
Although still limited, the use of electron diffraction has grown
rapidly over the past decade, mostly due to the intraduction of
3D methods for the systematic acquisition and analysis of
diffracted intensities Here, we would ke to exxmine how the
use of parallel beam electron difffraction for structure
detenmination has evolved from a mostly qualitative technigue,
used only pecialists, to  quantitative approach accesible
to a much larger community.

To understand the full picture of this (rlevalution, it is
important 10 focus on the strengths of accelerated electrons for

< ACS Publications &0 Aeatan Ot seciey A

Coulomb interation between electrons and matter llows 2
good signalto-noise ratio even from very thin samples and an
easier identification of Gght atoms, like lithivm and hydrogen,
when compared veith X-rays.

However, the strong scattering of electrons is also the reason
why electron diffraction (ED) was disregarded for many years
for strecture analysis. The sccurrence of multiple scabtering

Received: Aprl 17, 2019
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PROTEIN CRYSTAL STRUCTURE - PRECESSION DIFFRACTION TOMOGRAPHY
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MNanobeam precession-assisted 30 electron
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4D STEM ELECTRON DIFFRACTION AND PIXELATED DETECTORS
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