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I SPATIAL RESOLUTION: DO WE NEED MORE? I

ADF STEM image of GaN [212]
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EELS:
e 4meV

Electron counting system

What do we actually need?
Scope/V\



Typical characterization (Cuprate):

Vizualisation of the crystal structure Sr,CuO,Cl, along
the [100] axis.
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EDS map with the corresponding crystal structure

e Electric f;ela :
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Annular Bright Field Image of Sr,CuO,Cl, along the 001 axis.
Insights shows a intensity profile along the CuO, stack,
intensity dip corresponds to atoms. The electric field map’s
color corresponds to the field orientation
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= Nano-characterisation.
= Environmental control — in-situ TEM.

= Example of Advanced Electron Microscopy.

= Summary and Outlook.

OUTLINE

Toward state of the art nano-characterisation
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Left: Ga nanoparticle @ carbon nanotube
Middle: Field map in Iron Oxide
Right: Lithium cell sample. R: LiFePO,, G: FePO,

Nano-characterisation

Toward material property understanding
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What is nano-characterization

Instrumental technique to obtain local information at the nano-scale on a given

sample to understand how the local structure affects the material properties

27?777

Sample Characterization

t Image ?

Environment

Example: Graphene Quantum dots — Which colors do they emit?
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What is nano-characterization

[Atomlc position

Local properties ]

Sample Characterization

Structu re
Electrons

.

Quasi-particles

Environment Chemistry

Example: Quantum dots — Which colors do they emit?
electronlc structure -> optical properties
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What is nano-characterization

[Atomic position

+

Local properties ]

Sample HCharacterization

L Structure
Electrons

Quasi-particles
Environment Chemistry

ScopeM capability

Scope/V\

Properties
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Electronic
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What is nano-characterization

[Atomic position # Local properties ]

Characterization

Sample Properties

‘ l Structure Optical
Electrons erma
Quasi-particles Stress

Environment Chemistry Electrical

Magnetic
Chemical
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IB I

eam-Sample interaction

» Damages:

» Knock-on damage (elastic scattering)
Important in conducting specimens
Often reduced by lowering microscope kV
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» Radiolysis (inelastic scattering)
Reduced by cooling, encapsulating specimen

characteristic dose (Clcmz)
)
|
~

> Electrostatic charging (inelastic scattering)
Reduced by lowering beam current
Conductive coating

103 102 101 100

dose rate (A/cmz)

» Contamination

>
. current density
» Heating
Secondary event
Very complicated
Scope/V\ Still not well understood Alan Maigné | 04.11.22 | 10
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Left: Lithium Dendrite growth
Middle: NaO,/CO, battery?
Right: EELS of CH,3

Environmental control
In-situ TEM

1: R.L. Mehdi et al. Nano Lett. 2015, 15, 2168-2173 o
Scope/V\ 2: Liu et al. ACS Nano 2010, 14, 13232-13245 Alan Maigné | 04.11.22 | 11
3: Crozier et al. Ultramicroscopy 111-3, 2011



IW I

hat type of control do we have on the
environment

= Gas

= Liquid

= Biasing (contact or bias)

= Heating (resistor or MEMS)
= Cooling (LN, or LHe)

= Mechanical (Tensile strain, nano-
indention, MEMS)

= Magnetic Field

De Knoop Scr. Mater., 74 (2014), pp. 44-47 o
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I Gas in-situ 1: E-TEM I

Advantages:
* Any sample holder
.. Electron
* Robust gas mixing system source
* No need for windows
» Direct observation of the
experiment f;’:tgfn“”'
« EELS possible
§pecimt:n
Dlsadvgntage: ;‘"07:;':9 o
* Dedicated TEM
* Pressure low (max:20mbar)
« STEM performance limited by Projection
. system
diaphragm
Detection
system
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I Gas in-situ 2: MEMS cell I

Advantages:

« Higher pressure (up to 1bar)
* Any microscope

* Highly customizable

Disadvantage:
« SiN window

« EELS very difficult
* Image deteriorated by windows

SCOpe/V\ Alan Maigné | 04.11.22 | 14



I Gas in-situ 2: MEMS based Gas cell holder I

Electron transparent windows

Scope/V\ Dens climate holder, available at ScopeM Aaneigne | 031122 1 19




IG I

as example: Charge Discharge NaO,/CO,
battery

' 11-1-5:;;
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P 7,731 views 0:00/0:29 oy 7
K

In Situ Electrochemical Study of Na—0O,/CO,
Batteries in an Environmental Transmission
Electron Microscope

Qiunan Liu, Yongfu Tang,* Haiming Sun, Tingting Yang, Yong Sun, Congcong Du, Peng Jia,
Hongjun Ye, Jingzhao Chen, Qiuming Peng, Tongde Shen, Ligiang Zhang,* and Jianyu Huang™
Scope/V\

Cite This: ACS Nano 2020, 14, 13232-13245 Read Online Alan Maigneé | 04.11.22 | 16




I MEMS based liquid cell holder I

0:31/3:22

SCOPG/V\ Protochips Poseidon holder, available at ScopeM Alan Maigné | 03.11.22. 1 47




Liquid Cell example: Lithium Dendrite growth

09012014 18: 18:52 02: 19 300

e-beam 5
1.0 M LiPF6 in PC electrolyte E [Vim]

2.00 x102

Top Lid RE 1.83x10?

Y I 167 x102

N 1.50 x102

Largg ‘i = 1 133x102

E-chip 2 117 x102

with 1.00 x102
lectrode

features

Bottom o
150 nm Si;N, window

i viewing area
spacer chip

NAN E T T E R S pubs.acs.org/NanolLett

Observation and Quantification of Nanoscale Processes in Lithium

Batteries by Operando Electrochemical (S)TEM

W. Xu,* C. M. Wang,™ J. E. Evans,* J. Liu,* J. -G. Zhang,:t K. T. Mueller,™ and N. D. Browning

B. L. Mehdi*" J. Qian *E. Nasybulin,:L C. Park’ D. A. Welch,|I R Faller," H. Mehta," W. A. Henderson,”
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Left: phonon map hBN
Right: monochromator schema

Electronic properties

Application for quantum material
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uantum Materials = Condensed Matter

Topological

electronics Example:
7 e Quantum dots

Quantum * 2D Films and interface
Magnetoelectrics . Superconductors

g computing
pit int.
\ < %y * Nanotubes.
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: Mottronics

Applications:
* Batteries
Quantum * Super capacitors

materials )
*  Quantum Computing

* Bio-sensing
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Introduction to EELS

Elastic scattering

Electrons count

Inelastic scattering

L

Carbon

atom

Zero loss

CK

Fermi
energy

1s

Ni (0]

Electron energy loss (eVS

Core-Loss:

Bonding
Valence State

Spin*
Charge
Orbital

Topology?

Valence EELS:

Band structure
Optical properties
Dielectric properties
Lattice

Temperature




IH I

ow to access topological properties
 Schematic of Angular Resolved EELS:

—_— —

<

(Strongly) demagnified SA Image limited
by illumination aperture

lll\ Slit aperture
‘ Diffraction Pattern
e =
1

"Energy Filter

o

Electron Energy Loss H i Ty H -
Spectrum 190 200 210 220 230

Nitrogen K peak from hBN'

« Limitation Angular Resolved EELS:

 Inelastic o decreased with 1/g2. -> High q but very weak signal
> Sensitive detector

e qresolution proportional to beam parallelism
» Nanobeam parallel setup

* Multiple scattering involving low q, tails

» Monochromator
Scope | |
p /V\ 1:Loiseau et al. PRB 96 (2017)



QSTEM: NION STEM for energy Momentum EELS

2017 (- electron
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Applications: Batteries, Super capacitor, Quantum Computing, Quantum-sensing, nanomaterials
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Left: CL GaN nanorods
Right: CL tomography

Optical properties

Exploring Nano-optics

Tu et al. Nanotechnology 27-2 (2016)
SCO pe/V\ Nicoletti, de la Pena et al. Nature 502, 2013. Alan Maigné | 04.11.22 | 24



LIGHT EMISSION

= Light emission phenomena:
= Electronic Physics:

= Free Electrons -> Plasmon Surface plasmon

=  Quantum confinement
= |nterband emission

= Excitons (e-h pairs bound by coulomb attraction)

= Vibronic Systems
= Molecular materials

= Luminescent defects and impurities (phosphors, diamonds...)

= Vibrational Physics

= Phonons (IR)
= Nonlinear Optics

Real-color images from CL spectrum for GaN nanorods
ith different growth conditions.

Scope

resonance mode in
800nm gold prism
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Phosphor nanoparticles — Y,03:Eu (red)

Broad band *"Zero phonon
line
4.09 eV

NV center in nanodiamonds?!

1: L.Tizei et al. Nanotechnology 2012, 23, 175702



_E :

lectromagnetic spectrum

Exact wavelength (energy) is characteristic of a particular electronic transition

EDS (keV)

‘llt aviolet H-ray Gamma Ray

High Frequency

WY \NVMW\P N

Long Wavelength Short Wavelength

|

|

2000nm | 165nm
(0.5eV) (6eV)

[
[
!
Typical CL emissions |

EELS (0 — 3000eV)

Scope/V\



How to probe optical properties at the

nanoscale
Incident : Cathodoluminescence
electron
interact with
Einduced O\OQ
' A \(\
- E 3

Incident
electron

Scope/V\



Cathodoluminescence and EELS

EELS CCD camera

EELS soecrometer :

Scintillator

EELS aperture

HAADF =

CL spectrometer
CL CCD camera

bRl

> CL spectrometer slit

CL
Mirror

Probe forming lens

“+

——

Scanning coils

Field emission source, gun
- and monochromator

50 nm

Inbensty (nu




IC I

urrent State of the art in nano-optics

« Cathodoluminescence . @ L (€
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Microwave)

« Resolution down to single
atomic defects

« Angular distribution
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Chemical properties

From solid to gas

SCOpe/V\ Alan Maigné | 04.11.22 | 30



I Chemical properties I

Basic Chemistry:

» - Element Identification (EELS/EDS)

- - Mainly Bulk

* - Resolution VS speed

Interface Chemistry:
» “Useful Chemistry”

*  Much more challenging

« Often Invisible (ions, electrons, gas,...)

» Surface Chemistry
» Gas Chemistry
» Liquid Chemistry

Scope/V\

O

Catalyst

Gas

Co/Si02 system by EELS
F.Yang Chem. Sci., 2021,

4D-STEM
=

R
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Chemical Bonds

* Inorganic solid : Density of States. Normal EELS

MnO (Mn*")

Intensity (arb.units)

Single spec.

Lo ) ) AverageI spec.
640 644 648 652 656
Energy loss (eV)

H. Tan et al., Phys Rev Lett., 107 (2011) 107602

* Gas : Similar but technically challenging - P
M <+==- |nand 36 -> 46"
gl
15,000 - 4,000 - &
’z.
12,000 A CH, 3,000 H, g B 20 -> 4:3'and50‘
9,000 = b i N,*+e->N,2* +2e
2,000 A : i
6,000 =
3,000 - L0 -
0 ' . " : : ) 0 . - - T : ; 7 et e 0 s e T i L
0 5 10 15 20 25 30 0 5 10 15 20 25 30 8 15 20 25 30 38
Energy Loss (eV) Energy Loss (eV) J Energy Loss / eV
0 20 40 60 80 100 120 140 160 180

Energy Loss / eV

Crozier et al. Ultramicroscopy 111-3, 2011
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Chemical Bonds

» Solid-liquid interface: frozen

Li electrode

—Dendrite (type I)
Dendrite (type I}
1 ~Electrolyte

5 10 15 20 25 30 [

Energy loss (eV)

STEM-EELS of dendrite - electrolyte interface

Counts

Dendrite (type )

Li metal
/\‘\Lizo

LiZOZ

LIOHH,0

Counts

50 55 60 65 70 75 80 90 525 535 545 555 565 575

Energy loss (eV)

Energy loss (eV)

El Baggari et al. PNAS 2018-115

* Organic or hybrid molecules:

> Vibrational Spectroscopy

e |In-situ Vibrational EELS ~ 2025
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Collins et al. Nano Lett. 20 - 2020
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= Experiments in Electron Microscopy should be designed with a clear
plan in mind: Sample — Environment — Properties

= Characterization should be a mean for properties analysis.
= Various stimuli can be applied to samples (gas, bias, magnetic field...)

= Advanced techniques can give us direct insight on many properties
such as the chemistry, the electronic structure or the optical properties.

Summary and Outlook
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