;’uantitative Electrin. picroscopy 2025

Low-loss EELS and Cathodoluminescence

Sean Collins (s.m.collins@leeds.ac.uk)
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Overview of inelastic scattering processes in STEM: Excitation and relaxation pathways

Cathodoluminescence (CL)

Conduction Electronic \ /Conduction
band transitions \  f{ / band
= Collective \\
excitations @
Valence Elastic scattering Valence
band Nk band
Inelastic scattering
AE(AK)
X-ray ener
di y . &Y Electron energy loss spectroscopy
Ispersive
(EELS)
spectroscopy
Core (EDS) Auger electrons Core
states @ Non-radiative recombination states
| Irreversible structure and bonding changes (damage)




Monochromators: Wien filter and magnetic sector approaches
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Reference points: Dielectric theory and Quantum descriptions

EELS of interband transitions, excitons & surface plasmons

Demo: EELS of surface plasmon resonance modes

Light emission: Cathodoluminescence

o
Phonons



Light-driven transitions: Classical and Quantum pictures

Classical picture: Oscillating electric and magnetic fields couple to charge oscillations (dipoles)

At — v =

Quantum picture: Polarization in electric field couples to transition dipole
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P. J. Walla. Modern Biophysical Chemistry: Detection and Analysis of Biomolecules, Second Edition. Wiley-VCH, 2014.



Electron-driven transitions: Pulse-like excitation

Evanescent fields with transverse and longitudinal components

Sample sees
time-varying

J. Garcia de Abajo Rev. Mod. Phys. 2010, 82, 209-275.

E-field
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bt of frequency
/V
components



Dielectric response: Drude model for free electrons

Applied field (light, electron beam)
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The plasma frequency: Longitudinal volume excitations

Bulk (volume) plasmons: longitudinal
waves of valence electron density
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Bulk plasmon energies:
a fingerprint of electron density
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Prominent bulk plasmon
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Lorenz Oscillator Model: Dielectric function with multiple transitions
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Dispersion: Energy and momentum

Free electron gas (FEG)-like dispersion Tight binding picture
E = hw /
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Reference points: Dielectric theory and Quantum descriptions

EELS of interband transitions, excitons & surface plasmons

Demo: EELS of surface plasmon resonance modes

Light emission: Cathodoluminescence

o
Phonons



Transitions — Independent particle picture

Interband transition
(absorption)

Photoemission Inverse Photoemission
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Epinotic E\inetic shows influence of JDOS for
vacuum vacuum - semiconductors/insulators
E;—energy after excitation
% E /G)\ — ground state
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Ground state approximation — all transitions are between fixed states (not true)

EELS - shape of spectra

One particle states for quasielectrons (quasiholes) approximation —
density of occupied (unoccupied) states with all remaining states’ relaxations handled as renormalisation

Joint density of states (JDOS) — density of occupied and unoccupied states both taken into account
— necessary to describe absorption and other spectroscopies where initial and final states inside system
*possibly also need to consider electron-hole interaction (excitons)
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Electronic transitions - the joint density of states
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EELS of interband transitions: Kramers Kronig Analysis (KKA)
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EELS for bandgap mapping

Direct gaps Indirect gaps
I < (E—Eg)'/? I < (E—E)3/?
a2 HAADF-STEM ™ ¢ .3

b MAADF-STEM

Rafferty and Brown Phys. Rev. B1998, 58, 10326-10337.
S. Marti-Sanchez et al. Nat. Commun. 2022, 13, 4089.
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EELS of excitons

Multi-particle

interactions

Upon removal of a charge from VB (or
addition of charge in CB) there will be
reaction, polarization, and screening
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Multi-particle effects:

a

Normalized intensity (arb. u.)

S.Y. Woo et al.
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Excitons in transition metal dichalcogenides
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EELS of surface plasmons 2 °°'

excitations
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Surface plasmons in nanoparticles Dielectric and metal nano- and micropartiCleS

show size and shape-dependent scattering

Surface plasmon polaritons Localised surface plasmon

Propagating oscillations on a surface Standing wave resonance
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K. A. Willets and R. P. Van Duyne Annual Review of Physical Chemistry 2007, 58, 267-297.



Collective

EELS of surface plasmons . ciations

A Charge

! distribution
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J. Nelayah et al. Nat. Phys. 2007, 3, 348-353.

F. P. Schmidt et al. Nano Lett. 2014, 14, 4810-4815.

D. Rossouw and G. Botton Phys. Rev. Lett. 2013, 7170, 066801.
H. Lourengo-Martin and M. Kociak Phys. Rev. X2017, 7, 041059.
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Collective

EELS of surface plasmons . ciations
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EELS versus light excitation

Single molecule E:

. 7
fluorescence design Z l(/(’
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A. Kinkhabwala et al. Nat. Photon. 2009, 3, 654-657.
H. Duan et al. Nano Lett. 2012, 12, 1683-1689
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Demo: EELS of surface
plasmons resonances



Reference points: Dielectric theory and Quantum descriptions

EELS of interband transitions, excitons & surface plasmons

Demo: EELS of surface plasmon resonance modes

Light emission: Cathodoluminescence

o
Phonons



Cathodoluminescence of plasmonic particles

EELS intensity maps
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After excitation - what next?

Radiative recombination Non-radiative recombination

defect
w u ® emission
Auger Trap and surface state
(high carrier density) assisted

Excited state lifetime — depends on relative rates of competing recombination pathways
e.g. High trap density will shorten observed lifetime (as will efficient emission)



CL: Overview

Different excited state
vibrational energies

» Possible emissions split
by phonon energies

{
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\
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Excitation of electrons from ground state | 0>
to high energy bound states |n>

Backscattered & secondary electrons may cause further excitations

Non-radiative relaxation to lower energy CB, bound states

Diffusion (3D) and drift (in external fields)

Radlatlve recombination (light emission)
Competing with non-radiative recombination and charge separation




CL: Outcoupling and generation volumes

len(ry) = C ] ARG @)8p(r, mo)dr
V
|

electron beam V(r, r,) — generation volume

A= lElesaligien } Outcoupling of light
R - reflection

n(r) - internal quantum efficiency (IQE)
op(r,r,y) — excess carriers

K. Lohnert and E. Kubalek Phys. Stat. Sol. A 1984, 83, 307.
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Applications of CL in STEM __CsPbl, perovskites
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Defect emission: example in hexagonal BN (h-BN)

Match for three sharp emission lines
indicates common origin
(phonon replica, ~180 meV)

Intensity (arb. units)

- . . " ’ r \l. ;' \I I~~.'
3.5 4.0 4.5
Energy (eV)

Broad band
Mid-gap emissions — excitonic
emissions quenched at same locations

Likely at C-substitution defects in h-BN

R. Bourrellier et a. Nano Lett. 2016, 16, 4317-4321.



CL light extraction: Mirrors + optical fibres or free space coupling
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Reference points: Dielectric theory and Quantum descriptions

EELS of interband transitions, excitons & surface plasmons

Demo: EELS of surface plasmon resonance modes

Light emission: Cathodoluminescence

o
Phonons



Phonons: Lattice vibrations
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Normalized intensity

lonic crystals: Phonon polariton and surface phonon polaritons
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Phonons: Measuring dispersion

Parallel beam scan
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Electron
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F.S. Hage et al. Science 2020, 367, 1124-1127.
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Molecular vibrations: Isotopic effects and functional group chemistry
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4D-EELS: Spatially resolved phonon dispersion
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Summary

* Low loss EELS and CL detect a variety of excitations of valence electrons
 Bulk plasmons provide a fingerprint of each phase’s electronic structure Metals
* Surface plasmons in metals appear in slabs and nanoparticles e

* Materials with bandgaps: Interband transitions and excitons
Semiconductors

1.5

. Cl

* CL captures light emission arising from electron interaction

* Farfield radiation from plasmonic resonators
* Electron-hole recombination (after relaxation and diffusion)
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 AtIR energies EELS explores phonons and vibrations
* Surface phonon polaritons (ionic crystal: phonon analogue to surface plasmons)
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Magnons: Spin waves

Model: 1D chain {_‘(/_{

spectrometer

slot EELS
aperture

NiO

e-beam

20 mrad

D. Kepaptsoglou et al. https://arxiv.org/abs/2410.02908.
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https://arxiv.org/abs/2410.02908
https://www.nist.gov/image/magnon-animation/

EELS+CL of sandwiched TMD layers

Sample: exfoliated WS, encapsulated in h-BN (5/10 nm top/bottom)
on carbon filled with 2 pm holes

electron

beam h-BN encapsulation:

- Increases interaction volume
(more signal, esp in CL)
- High purity/quality gives sharp

impurities

photons

lines
1.0- -
onl ™ X EELS
Peak position and -‘30.6- i 1
decrease in X~ peak at 7 X Xc
room temperature used =t | Xg
to assign features 0.2
BEH ;
O e
2.0 2.5 3.0

Energy (eV)

N. Bonnet et al. Nano Lett. 2021, 27, 10178-10185. Attolight Monch CL system

Whatis a trion?

| A4
< @ Experiment :
107 = Linear fit m
0 ‘ | ' I ' I ' I '
0 10 20 30 40 50

Fermi energy (meV)

Fermi energy controlled through
applied bias (gating). Trions form in the
presence of excess electrons (doping

or gating)
K.F. Mak Nat. Mater. 2013, 12, 207-211.



EELS+CL of sandwiched TMD layers

Gaussian fitting of peaks with both EELS and CL data enables several further optical parameters to be
extracted
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Key optical parameter as reflects relaxation and dissipation of excited
state

Small energy shifts consistent with PL observations — broadly
differences in chemical environment, strain (lattice
distortions)

XA’ EELS — XA, CL

N. Bonnet et al. Nano Lett. 2021, 21, 10178-10185.
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