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Transport elektronu pevnou latkou

Spektroskopie Augerovych elektronli: AES
Spektroskopie charakteristickych ztrat: EELS, HREELS

Fotoelektronova spektroskopie: XPS, UPS, synchrotronové
metody, IPE

Pridavek (starsi metody, nejnoveéjsi metody a moderni
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Electron spectroscopies

Basic definition and classification

Electron spectroscopy:

- surface analytical method using detection of emitted electrons => electronic structure and its dynamics
- excitation source (primary probe) of any type: photons, electrons, ions, elmg. field

Electron spectroscopy classes

1) Externally induced emission of electrons
AES, XPS/UPS/PES, APS, FES

2) Modification of electron energy upon interaction with surface
EELS, EPES, DAPS

Detection methods
* Dispersive spectroscopy — energetic distribution of emitted electrons
AES, XPS/UPS/PES, EELS, EPES, FES

* Appearance spectroscopy — changes of total output electron signal
APS

Not all methods using electrons belong to electron spectroscopy: diffraction and microscopy

Basic characteristics of surface spectroscopy technique:
* Surface sensitivity / specificity — true surf. specificity = signal only from surface (e.g. LEIS)
- surface signal is distinguishable from bulk signal (e.g. shift)

ideally) both
- surface signal is large compared to bulk signal or (ideally) bo

* Detection limit — lowest quantity of a given component that can be distinguished
(can vary greatly depending on a particular element)
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Electron spectroscopies

Overview of methods

Physical principle

Primary
probe

ypical primary|
energy range
(eV)

Electronic levels, information
content

Surface
sensitivity
(nm)

Technique

Acronym

Auger transition

Photoemission

Photoemission

Internal photoemission

Inverse photoemission

Electron energy loss

Electron elastic scattering

Core excitation threshold

Electron

Photon

2 photons
Photon

Electron

Electron

Electron

Electron

10-10000

0-20

50-2000

0-10000

1000-20000

0-5

0-20
5-20

100-1000

10-100

50-2000

50-2000

5-10
100-3000

50-2000

Electron

Electron

Electron

Electron

Photon

Electron

Electron

Electron

Electron

Photon

Filled states
Filled valence states, adsorbates
Filled core states, chemical sensitivity

Filled valence and core states

Filled core states (bulk composition,
burried structures)

Dispersion of filled states near EF

Dispersion of filled valence states

Electron dynamics, electron transfer
through interfaces
Electronic structure of solid interfaces

Empty and image states

Plasmons, valence levels

Core levels + fine structure

Vibrational transitions, adsorbates

Elemental info, IMPF determination

Empty states, adsorbates

high
high
mid
high-mid
low
high
high
mid
low
very high
high
mid
mid
very high
high
high
high

mid

Auger electron spectroscopy
Ultraviolet photoelectron spectroscopy

X-ray Photoelectron Spectroscopy

(Synchrotron radiation) Photoelectron
Spectroscopy

Hard X-ray Photoelectron Spectroscopy

Angle resolved Ultraviolet photoelectron

spectroscopy

Angle resolved Photoelectron Spectroscopy

Two-photon photoemission spectroscopy

Internal Photoemission Spectroscopy
Inverse photoemission spectroscopy
Electron energy loss spectroscopy
Energy-loss near edge structure

Extended energy-loss fine structure

High resolution electron energy loss
spectroscopy

Elastic peak electron spectroscopy

Appearance potential spectroscopy

Auger electron appearance potential
spectroscopy

Soft X-ray appearance potential
spectroscopy

AES
UPS

XPS
(SR)PES
HAXPES

ARUPS
ARPES
2PPE

IPE

IPS (IPES)
EELS
ELNES
EXELFS
HREELS

EPES

APS, LEAPS, HEAPS

AEAPS

SXAPS
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Basic principles

Experimental arrangement

spectrum
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Typical photoelectron spectroscopy setup

Analyzer for

Photon Source kinetic energies

* X-ray tube

* UViamp
 Laser

* Synchrotron

Photons

Sample



Zakladni principy: experimentalni systémy — elektronova optika

Electron optics

Basic principles

Analogy of electron and classical (photon) optics
Law of refraction (Snell’s law)

Determination of trajectory based on equipotentials

Law of reflection

Fermat’s principle (of least action)

,index of refraction “

relatively slow electrons (no relativistic effects)

Analogy limitations
No independence of rays (space charge)

Non-zero inertia (no abrupt changes possible)
Energy and momentum continuously variable

Other differences
Limited choice of refracting media: electric and

magnetic field only

Vacuum required

sina; n,

sina,

ny

n <V

Abberation cannot be completely eliminated
Much higher flexibility (7>1000 possible)

Interaction with matter usually irreversible (Sincrease)
Special phenomena available by el. pulsing (e.g., el.
bunching in klystron)

Almost all lenses in practical el. optics convergent

photons

electrons

P
-

Photon Electron

Charge 0 e
Mass hv/c? m = mo[l -(v/c)’]"'"*
Rest mass 0 me
Momentum p = hvjc p = mv
Energy W= hv-cp W= mv*2  c(myic? § p?)'?
Wavelength A= c/nv A - hlmv
Wave equation Solution real Solution complex
Statistics Bose Fermi
Index of refraction n=c/c’ - c/Av 1 Ao/A - (m/my)v/c)
Shape of refractive

chmenls Arbitrary Limited by Laplace's equation
Optical components Static Static and dynamic

“ Here, his Planck’s constant, 6.624 x 10~ * Jsec; v is the frequency.

energy dispersion

focusing

4 divergence

T @ Ty

applies to all charged particles
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Electron optics

Basic principles

Electrostatic (Coulomb) force Fp=qE Elements of electron optics
(electrostatic or magnetic)
Magnetic (Lorentz) force Fp = q(xB) * Lenses — (de)focusing, magnification, switching between image and diffraction
* Deflectors — shifting or tilting beam, beam blanking/limiting
right hand rule” * Stigmators — correction of deficiencies of lenses

Magnetic El‘ux
Density B Electron Velocity

Electron optics systems in spectroscopy
* static (slow changes of E, B)

Force on Force on * dynamic (time-scale of changes comparable to
siectren Fosiive Charge time of flight of a particle)

Helical path of charged particle in a uniform Deflection and focusing of a beam of charged Deflection of electron beam in the uniform
magnetic field particles by a uniform magnetic field field of a parallel-plate capacitor

-‘ >, / V<0 AN
p, W s i e =t :J:_m
1] T T 10 L I I ]

1 L - - P T
; SR o n
\
!
ek L &
A% \ V= \‘24.. #
\ 1 S——
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double-gauze electron lens

v |}

///ﬁ//
R

single-aperture lens

two-aperture lens

|

i

Electron optics

Basic elements of electron optics — lenses

double-cylinder (Einzel) lens electrostatic focusing (spherical capacitor)

V4 1

w

L/

+_

<
-

short-focus double-cylinder lens

magnetic toroidal coil lens

-

~~
-
~

Magnetic
lens field
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Electron optics

Basic elements of electron optics — deflectors

electrostatic deflector (parallel-plate capacitor) electrostatic deflector and focusor (sectional tubular capacitor)

magnetic deflector (transverse magnetic field)

by

Applications:

* Beam scanning
* Beam alighment
* Particle filtering
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Sources of charged particles

Essential components

* electron source (gun)
* electronic optics system - focusing, scanning, filtering

Methods of electron generation

by emission mechanism

* Thermoemission (Richardson—Dushman effect),
enhanced by field (Schottky effect)

* Field emission (cold emission - tunneling) — F>108 V/m

* Photoemisson (photoelectric effect)

* Plasma generation

by type of electric field

+ DC
* RF

Electron source properies

* Spot (source) size

* Brightness (spatial coherence)

[per area and space
* Mean energy

* Energy spread gl

Filament AE [eV] E

i

w 25 ;?

g

LaB, 1.5 -
FEG 0.25

angle]

thermoelectron energy distribution
T T T T T

1 Il
110°110° 101107 001 01 1 10
Transverse Energy (eV)

300 degress K
= 2500 degrees K

potential energy diagram

mean kin. energy

Richardson

w
I = AGT?e kT

Themionic Emission
E (eV)

Solid
T=1500K

Vacuum

P ~4eV

3
Ey, ~ kT

Sold

J <10°4.m™

Electron sources (guns)

electron gun (emitter)

1-
L L= R

Directly heated hot cathode filament material:

« W, Re (~2500 K)
* Ta(~2200 K)

* ThO, on W, Mo, Ta (~1800-2000 K)

* LaBg, CeBg on Ta (~1200 K)

Photoemission

L

Eiin~ hv- 9_

4
n(E) P "X
\\\

3
\

eF

47,

E, ~hv-0+ c\}

J <10’ Am™

Field Emission

T=300K

'\‘\

n(E) | "\\\\

K

F>1GV.m"
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Sources of charged particles

Methods of ion generation

lon source properties

Thermal ionization

Discharge (plasma, RF, arc, ...)

Spark ionization

Electron beam ionization
Photoionozation (laser, X-ray, UV, ...)
Chemical ionization

Electron capture ionization

Field ionization

Electrospray

Field desorption

High-energy particle impact
Secondary ionization (by primary ions)
Laser desorption/ionization

lon type (+/-, at. mass)
Spot size

Beam divergence
Brightness (current)
Mean energy

Energy spread
Stability

lon sources (guns)

L atomic ions

molecular ions from
. volatile compounds

molecular ions from
non-volatile compounds

simple unfocused ion source
(Specs™ IQE 11/35)

+ high currents

+ simple and small design
- unfocused

- high pressure operation

ion gun with electron beam ionization

M+e — M™ +2e

magnet
Velectron half ZEro
plates  plates
filament ']
Vriepeller ! Va
it
nut
e ::: ion beam
R
L
ut
repeller i
'Yll'
Vi
ion hox* | trap | | I " {

High Voltage

- D
gas

differentially pumped focused ion source

repeller deflection
lens 1
/
/ protective
cover
‘ differential
| [lens 2 pump stage 2

differential

gas inlet
pump stage 1

+ beam scanning feature
+ low pressure (typ. by 2-3 orders)
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Radiation sources

Photon sources for photoelectron spectroscopy

UPS - UV vacuum source {~He in

cold cathode capillary discharge: glass
excitation in discharge = decay back to ground state A=copper glass seal
Pump out d
for chamber B=copper anode

,\g m C=Teflon spacer
s Conflat flange i ,.———gggciggrge
‘ D=aluminium
I cathode

‘Photons

Wafer i Gold mirrors (defail) scale=x9
cooling

Specs™ Ultraviolet Source UVS 300

=)
Pump out
for chamber
No. 3
Typical UV lines:
Hel(21.2. eV)
He Il (40.8 eV)
Nel (16.6 eV)
Ne Il (26.8 eV)

| - light emitted from neutral atoms
Il - light emitted by singly ionized atoms

(+Ar, Kr, Xe)
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Radiation sources

Photon sources for photoelectron spectroscopy

XPS — X-ray source

-]

" Target atom
- Al Window - ,\Sﬂhe"s Ejced Mo anode
A.ofe |} electr 5
X-ray Nucleus L n‘;{».f e = g Ke
e - = characteristic
Fil ncidentelechions. £ r [ CRE BN 2 4 ]
Filament — - _—+ Filament S LA A = continuous
N ) 4 e - i 4 ' 4 Characteristic i 25 kv radistizn
e 3e : H : o |/ A Discrete energy P \ \
Mg ~ ~Al ;. o £ 3 z
i 1 A ? Z kg /_; S
Silver —— ) e / & /
Substrate Shield 3 12 Close interaction Z 2
(Gfounded) Moderate energy E 150 N

""""""""" : A
Anode - Impact with nucleus Distantinteraction / /107\\-‘\\‘_
Maximum energy Low.energy SWL / 5 \'\
15 kV 0 N e

0 1.0 2.0 3.0
WAVELENGTH (angstroms)
cooling

Typical dual (,,twin-anode“)source:
* MgKa line (1253.6 eV)

* Al Ka line (1486.6 eV)

(+ Ag, Mo, Cu, Si, Zr, ...)

Specs™ X-ray dual source XR50

Metal (Al) filter (~um thick window)
* shielding electrons from X-ray gun out
and from the sample in

* filtering out low energy photons
(elimination of signal “cross-talks” and ghost spectral
features)
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Radiation sources
Photon sources for photoelectron spectroscopy
X-ray monochromator 2 HR-XPS
Al Kau: quartz (SiO,) with <1010> orientation => 1486.7 eV

* narrower energy distribution
* lower spectral background Intrinsic

Monochromatized
S . . - FWHM [eV] FWHM [eV]
* elimination of unwanted x-rays from satellites and anode impurities
(elimination of PE peak satellites) Source 0.43 0.16
* elimination of Bremsstrahlung and thermal radiation Broadeninginel.  0.6-0.8 0.21-0.3
(reduction of x-ray induced damage) analyzer
Other materials:
Bragg’s law: constructive interference LiF, SiO,, InSh, Si, Ge, PET, ADP, Beryl, TIAP, RbAP, KAP, CsAP, ...
0.21 ev
nA=2dsin0®
AlKa,, After
monochromatization
Crystal
Adjustment
Crystal
o o e $
Quartz E 3
! _— i crystals
- e g
" Emission A ‘ 500mm Normalised Data v
», angle Rowland Circle XPS Ag 3d
& Monochromated MgKa X-ray
- X-ray radiation '| radiation
NY Al

‘
(7 \l |
= \ \
1 | Angle a 1 B
r / = Adjustment g | “ | || Peak broading
\" Rowland circle with = | I !I | due to X-ray
\-" D = 500 mm diameter f I Il || radiation
\ / Elecgon Higher background || '\‘w I
Anod L due to bremsstrahlung“ 1‘; i1l X-ray satellite
Sample A node radiation . \‘7 \ peaks
X-ray source Sample e e e . k‘; p
e g g L

384 382 380 3/8 376 374 372 370 368 366 364 362 360
Thermo Scientific XR5 X-ray monochromator Binding Enerzy (eV)
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Radiation sources

Photon sources for photoelectron spectroscopy

PES - Synchrotron radiation source

Elettra synchrotron (Trieste, Italy)

* continuous source VOV-SM
* originally an instrument of particle sc
physics, photons as a parasitic phenomena A
* since 1970s used as a photon source 3 _
BS_._..-D W ===x" Y

SR: synchrotron radiation

M 1, M 2, M 3:focussing mirrors

DL: delay line

BS: beam shutter

PM: primary monochromator

SC: sample chamber

S: sample

VUV-SM: vuv-secondary monochromator

MSB - Photon Energy Resolution

g

— slits 300/600 um|
- — Slits 200/400 um
| — Slits 100/200 um|
Slits 50/ 100 um
-—Slits 35/ 70 um

H

g

Photon Energy Resolution [meV]
3 H

Advantages:
* tunable energy

s high energy resolution ~ " eiewen
* high luminosity (brilliance) — typ. 1011-10%° fot.s"..mm=2.mrad2 (X-ray gun 10°-101°)
* collimated beam

* polarized light

3

s
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Older Synchrotron
Radiation Facility

Circular
electron
motion

a

Continuous e~
trajectory
bending

Photons

“X-ray

* Tightly controlled

Photon sources

Synchrotron radiation source

Modern Synchrotron

Radiation Facility

Photons

Many straight
sections containing
periodic magnetic

structures

X-ray

electron beam

—

light bulb”
“Bending
magnet
radiation” “Undulator * Partially
ho and wiggler coherent
radiation” « Tunable
Forms of synchrotron radiation
F Bending magnet
radiation
10} -
1
>>
'Y —_
AN
NE FI© Wiggler radiation
A
T (10
1
e YN l F Undulator radiation
e
A f
10} -

Bendi

Insertion device:

SUO1199S JU3(q

(suordas 1y3iens)

S9JIA9P UOlIBsuUl

?/mrad’/0.1%bw)

ge Brilliance (P

A

radiation

wiggler fan

undulators

N
5
/@l‘/%

Undulator
radiation

A
interference
1000 lin. scale 10 1 0.1 .
T T T T T T T T Ty 10
H i ; E
g different harmonics e 3
E —t— l=3soma | |
310
5 10 15 :
Photon Energy (keV) 10"
. 10"
scw
- 16
W14.0 1o
— 10"
Bending Magnet §
i 1014
sl o sl g aaaaul sl PR EETY 10"3
1 & 5

10 10° 10° 10 10
Photon Energy (eV)
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Role of electron analyzer

Analyzers

Basics

- filtering of specific particles (E, m, q)

- beam focusing (usually)

Types of electron analyzers

Static
* Parallel-plate analyzer
* Cylindrical mirror analyzer

* Radial (127°) cylindrical analyzer .

* Hemispherical analyzer
* Magnet sector analyzer

Main parameters

Energy resolution

- ability to resolve
adjacent peaks
- general formula:

AE
5 S+ bAa? + cAB?

AE ... energy passband

w ... entrance and exit slit width
Ac ... angular deviation of el. beam
in the plane of deflection

Ap... angular deviation of el. beam
in the perpendicular plane

Dynamic

* Quadrupole

¢ Time-of-flight
Cyclotron resonance cell

Transmission function

- efficiency of electron
transmission

- depends of E, and
analyzer settings

Current

1.0

gaussian

05 AE (FWHM)

AEg
AE, (HBW) = = ® AE

»

AEg (FEW)

0.0 Energy

. | E,

Parallel-plate analyzer Cylindrical mirror analyzer

d
L el
}ll’\ r

Nentrance I. e:gil/
slit slit
s L |

EO | i 0 N}

Radial (127°) cylindrical analyzer

entrance entrance I-—Ro—q }xit slit
E slit T slit f l.g -~
0 — = 127°17’ Eo
V2
Magnet sector analyzer Quadrupole
Resonant (detected) ion
e
lighter

g Non-resonant
lon source (filtered out) ion

selected

Special: Energy-dispersive analyzer
— broadband analyzer + position-sensitive detector
Output electron beam carries complete information
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Analyzers
Parallel-plate Analyzer

(also called Plane Mirror Analyzer, PMA)

V,=V2d/L

d (V=E/q)

(optimal)

1 d>L/2 to prevent striking the back plate
energy resolving slits (@)

Vg=V2.6d,/L guard electrodes — eliminate distortion of the field
caused by fringing
%
— 1
o =30° (b) )
(optimal) additional slits in a field-free region s

+ simplest electron analyzer

- relatively low transmission

- field distortion near slits => aberrations (can be suppressed by mesh)
- field distortions near edges (can be eliminated by guard electrodes)
- strong field needed (=> shielding necessary)

Particle trajectories through a 45° parallel-plate mirror

Energy resolution analyzer with angular, energy, and positional variation
(2-plate arrangement)

AE w , 1
7 = 1 %nt 50680

Ay, APy, ... input angular divergences

go=4'fy’l
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Analyzers
Radial (127°) Cylindrical Analyzer

(also called Cylindrical Deflector Analyzer, CDA)
Slit width, wy
lv Optical axis

Vi,=V,+2VIn(R;5/R) Double-pass HREELS based on 127° cylindrical deflectors

o

Inner walls ususally /r

plated to absorb light r
¢ =127.3° % 4
Wz ’l:/

/l
AR

+ Relatively simple design
+ High resolution

- Low transmission Particle trajectories through a radial cylindrical analyzer with
- Only radial component of velocity affected angular, energy, and positional variation

Detector / Plasma Controls™ radial cylindrical analyzer

Energy resolution

T
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Electron analyzers
Cylindrical Mirror Analyzer (CMA)

Double pass CMA

ML-METAL SHIELDING

Single pass CMA 1.3V In(R,/R,)

RETARDING. OPTIC

DETECTOR

injection angle
42.3°

gnd
(com. with source)

CORXIAL
ELECTRON GUN

CMWTY PE ENERGY ANALYZER

Used for AES, ELS’ UPS Used also for XPS INTEGRATED ELECTRON GLIMN
+ axial symmetry with room for integrated el. source + better resolution SCANNING FLATES
+ high sensitivity - less sensitivity

- relatively low resolution
Staib™ single pass CMA ESA 100

Energy resolution
/// .} ‘
AE w .// AN
7 ~ 109I ................... \,‘4, ............................... /.’.)...,‘ ..........
A A4
. T Particle trajectories through a cylindrical
L ... source-detector distance . 1€ e_ ug ¥
. mirror analyzer with angular, energy,
w ... axial extent of the source . L
" y and positional variation

g
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Electron analyzers
Hemispherical (Deflection) Analyzer (HDA)

Hemispherical electron analyzer (also called Spherical Deflector Analyzer, SDA)

with lenses Outer . .
hemisphere Resolution—Intensity tradeoff

Inner
hemisphere

V,,=V(2R/Ry,~1)

H-—deceleration sector [ deceteration: sechir

| electren path

- Photoemitted electrons | electron path

e 1st

Energy resolution of the analyzer

Factors: AE  wi, +woyue 1 ) ' A sample
* energy of photoelectrons ? - 2R + ZAocin Small Epass <> Large Epearg Large Epass < Small Eetarg
* pass energy High resolution Low resolution

« analyzer radius (R) Low throughput (low count rates) High throughput (high count rates)

* slit width (w)
* transfer optics quality (Aa)

Particle trajectories through a hemispherical analyzer

with angular, energy, and positional variation
Omicron™ Hemispherical

Energy Analyser EA 125

Pass energy
- original E, is lowered to get higher energy resolution ="
- theretarding lens system also focuses electrons

Operation modes
* Constant Analyzer Transmission (CAT) 2
(or Constant Analyzer Pass Energy, CAE/CPE)
- constant pass energy => fixed resolution
- discriminates lower KE electrons (most are
backscattered) 2
* Constant Retarding Ratio (CRR) — not used for XPS
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Detectors

Detection of charged particles

Detectors of charged particles
- conversion of electron/ion flux to current

10 ,..mw"'"‘.
* Faraday cup 0 /
3 ° /
* Electron multiplier: y,>>1 (typ. 3-10) g 6
- dynode(s) A surface aging
- channeltron 3
- microchannel plate (MCP) 2 j

1.7 1.8 1.9 20 21 22 23 24 25

lon detection: requires conversion electrode (-> e’) P e )

typical parameters:
voltage =1-3 kV
amplification 106-10°

* CCD (charge coupled devices) or MCP+CCD

(position sensitive analyzer)

Multichannel detection

channeltron
HV

Faraday cup

Secondary electron suppressor  Charge collection cup

Electrical connection

e
LR

Electroding

Specs™ extended-range channel

Semiconducting

electron multiplier (CEM) Py . ]
y
Primary Secondary
Radiation Electrons Glass Channel

Wall

CHANNEL
DIAMETER: d

QUTPUT SIDE

WALL ELECTRODE

INCIDENT o3
ELECTRON

INPUT SIDE
ELECTRODE

 OUTPUT
ELECTRONS
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Environment for electron specroscopy

What is needed for a spectrometer to work

General requirements

- low pressure (vacuum)
- no (or low) electromagnetic interference (EMI)

Mean free path in gas phase
(ideal gas, hard spheres)

?
Why vacuum? keT

1) Avoid scattering of electrons and/or photons EEE————) = —
; V2md?P
2) Ensure surface cleanliness s

. . O ... (effective) cross section
Typical pressure 10°-108 Pa (ultra-high vacuum) %
Rule of thumb: MFP at 1 Paair~6 mm @ @

Not available until 1960s

Electrons: more complicated and E, dependent,
but similar magnitude (o = 101°-102° m?)

Reduction of elmg. interference (noise)

- magnetic shielding (mu-metal)

- electric shielding (metal plate, mesh, ...)

- active field cancellation (on the scale of instrument or room)

- elimination of sources of elmg. radiation

- proper grounding

More critical for microscopic methods
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Samples for electron spectroscopy

Types of samples and their treatment

Solids

Most common, best vacuum compatibility

Issues to be aware of
* Electrical conduction should be guaranteed
(especially for AES) — problem for powders
and isolators
* Sources of degradation or alteration
- surface-environment processes
(adsorption, desorption, vaporization, corrosion, ...)
- surface-bulk processes
(segregation, relaxation, restructuring, ...)

Solid sample preparation methods (vacuum, in situ)

* jon sputtering

* desorption

* surface reaction

* annealing

* material deposition
* cleavage

Liquids

\

Gases

differentia

Precipitate on a so
Beam-jet crossing

|

| pumping required

lid * atoms, molecules, clusters, ions, ...
* can be mixed with calibration gas

* /Separating membrane (typ. Ar, He)

A

’ a
2

u\,a

}k il /
,sklmmer \

Vacuum Photoelectron Analyzer
10 %
——
» 104~105Pa \\‘)
X-rays Photoelectrons

Silicon Merbrane

X-rays Vacuum
Photoelectrons

Silicon Membrane ,'
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Sample treatment for electron spectroscopy

lon sputtering

lon sputtering yield
Depends on:

- target material

- ion energy

- ion mass

Collision cascade \ , desorbed particles - incidence angle

- nature of the primary ion
\ Q)
pnmar\ ion /

lon sputtering
- most versatile vacuum-compatible method:
many types of solids, highly tunable (E, Z, ®, t, F, T)

(inert/reactive)

incidence angle

- 300 eV
uppermost monolayer  — = —
S o
\ g E S
ooooQ\WVoooo B o}
0000 9 O» oo 00 substrate % : %
S
©0o00po c@oo | - A | &
= § 50eV
o
Higher energy, lighter ions: bulk more affected @ ']
target material
2_
=
e Al
S
-
g
=
&
v Cu
51
&
Ag
1 L L
0 30" 60° 90"

Angle of Incidence

Elastic energy transfer

E,  4M,M, ,
Zo—12 o520
El (M1+M2)2COS

(Inelastic collision = second. electrons)

Sputtering yield

MM, E

—_ D

(ML+Mt)2

bond
PE>Eihreshoid (= heat of vaporization)

E=3-10 eV (=> energy efficiency ~0.01-0.1)

Sputter Yield (Atoms/Ion)

For ~100-1000 eV typical yield ~0.05-1

ion mass and energy

too deep penetration

10 -

T TTTTI TT1T

—
(=
T

10'2 ! 11/ ul gl vl v eowl 3
10 10? 10° 104 108
lon Energy (eV)




Zakladni principy: vzorky

Sample treatment for electron spectroscopy

Potential pitfalls of ion sputtering:

- preferential sputtering

- structurally-dependent sputtering (channeling)
- surface roughening

- ionimplantation

- ion-induced defects (surface, bulk)

- ion-induced intermixing (multi-comp. samples)
- ion-induced chemistry

= for harmless surface cleaning:

- optimal incidence angle (~60-70°)
- optimal surface temperature

- heavierions (less penetration)

- moderate ion flux

- cyclic annealing (surface , healing”)

(wu) asueysig

000L 008 009 0OF 002

Height (nm)
b o o

lon sputtering

Surface l A l l

morpholog ol
ion beam

COOTOG.
e

quartz
Ion beam sputtering (composition
Ir 1 and ion g)

He;ghl (nm)
P 5

ion implantation

preferential
sputtering

amorphous

0.

N
A A’

5.0 nm

-_—
(wu) aoueysig

0nm

0001 008 009 0Oy 00Z

0.0 Height 1.0um

Original morphology
Furfaoe roughness: 0.18 nm RMS

OSNVa b AN
LAY LSS A
00 " Height 1.0um
Surface morphology after IBF
urface roughness: 0.49 nm RMS|

takes part also on the atomic level

channeling
surface roughening

-

NORMALIZED BACK-SCATTERING
YIELD

0
TILT ANGLE

H (b

e

E GAUSSIAN

g % CHANNELING

. g L TAIL Au(111) + Ne* 1keV @ 400K

channeling - \
more important 2 \
at higher E, DEPTH

(c)



Zakladni principy: vliv zafeni na vzorek

Impact of irradiation on sample

Vlivy dopadajiciho zareni na slozeni a strukturu povrchu a moznosti jejich eliminace

Charging Electron beam damage Photon beam (radiation) damage
(7]
g -work function change -e-beam heating (generation of phonons) -radiative heating
S -coulombic repulsion/attraction -electron stimulated reaction -photochemistry
a -differential charging -electron stimulated desorption -ionization
-electron stimulated adsorption
can be of local character -sputtering
-melting

-energy shifts in spectra -structural changes (lattice, grains, defects,
b -intensity changes in spectra amorphization, crystalization, segregation, ...)
g -structurél char_wf_ges -phase transitions or separations
S -spectrainstability -composition changes
Q -change of NP disperision (precipitation, -changes of chemical structure
5 coalescence, disintegration, ...) _surface reactions
“ -surface desorption mostly permanent

mostly temporar L
4 P 4 -surface contamination

Energy and time dependent. Generally more damaging:
Mid E (~1 keV) Lower E (~10-100 eV)
or higher E (~100 keV) for sputtering and near absorption edge

-short exposure
-monochromatization
-change of beam position

-clean environment (UHV) Example of e-beam damage of graphene

-reference line to correct Eg
-charge neutralization; electron flood gun (1-20 eV)
magnetic lens system

Elimination methods




Zakladni principy: experimentalni systémy

Experimental systems for electron spectroscopy

Take-home Messages

Hold/yow guwv
What | o |
Learned Quality primary source essential
fowm
" The wide; the shovt, ... the ugly

Electron analyzer resolution | 2F o aperture size

E analyzer size

There's no-gain without paivn

Resolution x Sensitivity

Yow canv do- something ovly invthe middle of nothing

Vacuum needed

Gentlemoww' s rule; Observe, touch;, but donw't huut

Minimize beam damage

Bumpy is funy, but lat makes it done

Surface sensitive methods: Planar and clean samples preferred



Interakce elektronu s prostfedim

Interaction of electrons with matter

Elementary processes

Primary processes Influence of electron energy and atomic number
Electron beam Electron beam
electron beam l l
Auger Electrons (AE) Secondary Electrons (SE) (electrons from outer shells;
surface atomic composition topographical information (SEM) Max. at E~50eV) SE SE
o Backscattered Electrons (BSE) o
Characteristic X-ray (EDX) atomic number and phase differences (€/astic collisions)
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states information
(secondary fluorescence by
continuum and f
characteristic x-rays) @ -
Y Y A 0.5-8 nm Material with low atomic number Material with high atomic number
Electron beam Electron beam
-------------------------------- 5-50 nm
L
= E=E,
Low voltage / \ Low
3 \ / voltage
DR e 20-100 nm —
E_O \\ / High voltage
---------------------------------- 0.5-3 pum o/
""""""""""""""""" ~10 um
High voltage
Material with low atomic number Material with high atomic number

Inelastic Scattering
composition and bond states (EELS) Elastic Scattering

Incoherent Elastic structural analysis and HR irkaging (diffraction)

Scattering

Transmitted Electrons . . .
morphological information (TEM) Volume of primary excitation

(interaction volume)

Work function @ Diameter of the interaction larger than the

- surface dipole layer due to spillout of electrons to vacuum electron spot
=> depletion of electrons below surface - important in microscopy (=> resolution)



Transport elektronu pevnou latkou

Electron transport in solids

Elementary processes

Electron scattering

Elastic — the electron trajectory within the specimen

Inelastic mean free path of electron in elements
“Universal IMFP curve”

T r 7TTTT 71 | I T rT 1
changes, but its kinetic energy and velocity remains 10 o ‘\/_
i _ — A=1840054VE
essentially constant. 100} Aveas £ w 005
The result is generation of backscattered electrons (BSE). E C \\ Y
= = 2100} 4
— sf  Asd Theory
Inelastic — the incident electron trajectory is only slightly c I Ana® Ay "\/ s o s
perturbed, but energy is lost through the transfer of energy 2T P \ Electron energy (eV)
o ‘,‘:
to the specimen. The result is the generation of: 3 - e ca P .
*phonon excitation (heating) = Aue .k o ¥
. . . . c , Age ®Au -2
*cathodoluminescence (visible light fluorescence) T 0 L] o~ n{s,. e *{l,,_ -
econtinuum radiation (bremsstrahlung) = C N W omeliy o oo ol ]
. . . . k- #Fc - -
echaracteristic x-ray radiation sk H® Ags e o .
] Mo® @
*plasmon production (secondary electrons) i | . l \ -
. . 1 1 1 1111 1 | 11 1111 1 | I
*Auger electrons (ejection of outer shell electrons) ]2 5 10 0 100 500 1000 2000
Electron energy ( eV )
Multiple scattering — elastic, inelastic . . . Rule of thumb
Quasi-universal nature of the curve for different materials is due at hv =1000 eV
to the fact that the major interaction mechanism between the A =5-10 A ... metals
electrons and the solid is the excitation of plasmon waves whose . .
. energy is determined by the electron density in the solid 15-40 e . Oxides
Photoelectron probe (sampling) depth 15-30 A ... polymers
Contribution of atom id depth d:
1 Angular dependence
—d n " ~” A
< Ie /A cos 6 A 2\ SAL sizp
0.8 Al Ko ‘/@ Detector
. 2
=>95% of the signal comes £ 0s
from atoms within 3A depth £ o\
£o04f N
&
In some cases the information depth is 02 | \
rmin r netration h
dete f.sd byp obe penetration dept . \\
(INS, grazing incidence angles, ...) 0 2 4 s 8 10 12
Depth (nm) d~10 nm d~8.7 nm d~3 nm |




General

Atomic structure

Quantum numbers

Quantum numbers

Symbol Name Values Defines Notes
n rincipal 'Fr.:z:ﬂ:fs(l 2 Electronshesl X, Principle binding ener,
AL ¢ )g "4 =1, 3=M, etc) P g energy
Orbital angular momentum. Chemists follow
Electron cloud shape ; : p
. Integers from optical spectroscopy conventions using letters
l azimuthal (O=sphere, e
Oto(n—1) 1=dumbbell, etc.) rather than numbers: sharp (I = 0), principle
T (I = 1), diffuse (I = 2), fundamental (I = 3)
. Electron orientation Not significant in the absence of an external
m magnetic —lto+l : G B
in magnetic field magnetic field
A EI 1 i 1
s spin t% .ec rf)n R Clockwise or counterclockwise (T orv)
direction
: Total I Determines permissible transitions between
] e . 1+ glatangiar electron shells. For s orbitals (I = 0), j can only
precession momentum vector

be +% (vector sum must be positive)

—— (spin-orbit interaction)

Arrangement of electrons in atoms

Pauli exclusion principle

“No two electrons in an atom (or a molecule) can have the same set of quantum numbers

simultaneously.” (i.e., electrons are fermions)

K L Li Lu Mi My My My My Ni Ny Ny Nw Ny Ny Ny
ni 2 2 2 3 3 3 3 3 & 4 4 4 & 4 4
[0 0 1 1 0 3 8 1 2 2 0 1 i 2 2 3 3
s th th % % w% % % % th th % % K % % +%
TR % % 1% % % 1% 1% 2% % % 1% 1% 2% 2% 3%

N (S S B S U W —
1s singlet 2p doublet 3p doublet 3d doublet 4p doublet 4d doublet 4fdoublet

¢ g%»mxy

n=principal I=angular M =magnetic  S=spin
distance shape orientation electron
from nucleus of orbital in space spin
Subshell # of orbitals @'\\
s 1 00({‘
P 3 eoQ\e
d 5 ?}(’&?
f 7 ¢

max. 2(2/+1) electrons per subshell
max. 2n? electrons per shell

Spin-orbit splitting (coupling)
- interaction between electron spin
(intrinsic magnetic momentum) and its

motion (magnetic field generated by orbit)
(Internal Zeeman effect)

Transitions between electron shells
Quantum selection rules
1) The change in n must be > 1 (An # 0)

2) The changein/can only be £1
3) The changeinjcanonly be £1 or 0



General

s-block

Atomic structure
Orbitals and periodic table

hydrogen| 2
T esle son

Li |Be
lithium | baryllium
1 2298|12 4xm*

sodum _|magnesium| 3

w
[ om
He

13 1 1 16 w helium
5 1osnf6 1200|1408 16008 10.00(10 2018

B|C|N|O|F Ne
boron | cartion | nitragen | oxygen | fluorine | neon
T 269814 2809[15 309716 3206(17 3845°[18 305

Al | Si| P | S Cl|Ar

‘ s 6 7 0 9 10 i 12 Jaluminium| _siicon _|phosphorus| suifur | chiorine | argon

K Ca|Sc

19 3910(20 4008[21 4496

lpotassium|_calcium | scandium

22 4787(23 s09424 5200|258 s494[26 Ssms|17 se93|a Sa6o|m 635S[30 65 3@ |31 6972|312 7263(33 7482(34 7806035 79.90°(3 8380

Ti| V |Cr Mn| Fe | Co| Ni Cu|Zn|Ga|Ge|As| Se|Br|Kr

tRanim cobait | nickel | copper | zinc | gallium |germanium| arsenic | selenium | bromine | krypton

Rb|Sr | Y

rubidium | strontium | yttrium

B ENCEIE

4 9122(41 929142 950643 [9B[44 10L1[45 102946 108.4|47 1070[4d 112449 1la8[50 1&7F[SL 121852 127683 1268(5 1313

Zr |Nb|Mo| Tc |Ru|Rh|Pd Ag|Cd|In |Sn|Sb | Te 1 |Xe

zirconium | niobium thodium |palladium| sitver | cadmium | indium antimony | tellurium | iodine | xenan

55 132356 13135101

Cs|Ba

caesium | barum
87 [223ss (2261 89-203

Fr |Ra

francium | radum

72 178513 1808|7a 1838|175 1862|76 1902|717 1522|7a 1951|718 197.0[80 200.6|s1 2044+|s2 2072(e3 209.0[s4 (203](85 [210](8 l222]

Hf |Ta| W |[Re|Os | Ir | Pt Au /Hg| Tl Pb| Bi Po At |Rn

hafrium | tantaiim | tungsten | menium | osmium | indium | platinum | gold | mercury | thallium bismuth | polonium | astatine | radon
104 (2671105 (2681[106 (2601[107 [2701[108 [2601[100 [278][110 (2811|111 (281|112 (2851[113 [286)|114 [2891[115 (2881116 (2031117 (2041118 (294]

Rf |Db|Sg|Bh|Hs | Mt Ds Rg|Cn [Uut Fl Uup Lv UusUuo

rasartontis| dubinium seaborgium| bahrium | hassium flerovium

*H:[3.00784, 1.008111
Li [6.938, 6.997]
8:[10.806, 10,871
€ (12,0096, 12.0116]
N: [14.00543, 14.00728)

. [35.446, 35,45
f-block o
2n: €5.3812)

Ma: 35 96(2)

Inner transition elements

57 138958 101[s9 1aesfe0 1sazfer fusifez 1s0afer ws20fes 1573f6s 1smafes 16235[67 1easfes 1673[e9 1ess[r0 173|110

La | Ce|Pr|Nd| Pm Sm|Eu | Gd|Tb Dy Ho|Er Tm Yb|Lu

lanthanum terbium [dysprosium| holmium | erbium | thulium |ytterbium | lutetium
89 (227]] 97 (247)(38 [251)(99 (252][100 (257){101 (258](102 ([25%)103 (262]
Ac Bk | Cf | Es [Fm Md No| Lr
actinium : | | fermium |mendsiauuem| nobelium [tawrencium|

Effective nuclear charge for outer electrons

Occupation of subshells (by energy) — works for most elements

1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 4f, 5d, 6p, 7s, 5f, 6d

Electron shielding (screening)

Electrons outside
have no effect for Positively charged
electron of interest nucleus

Electron of interest Electrons in between
cancel some of

the nuclear charge

Effective nuclear charge e 3.0
Zefr = Z — Oshield

Z (nucleus)
1

Cl

5 Z,4(far 1s)

Al
Mg

Z, (for VE, o=#el.)

Van der Waals Radius (A4)

Z,4 (for VE qalc.) 059

Atomic radii trend

single electron

. Fr
in valence shell Cs

van der Waals
radii

3d 4d 4f 5d 5f

filled valence shell

s 10 12 14 16 18 20 o
Atomic number (Z)

10 20 30 40 50 60 70 80 80 100
Atomic Number



General

Atomic structure
Band theory of solids

Origin of an electron band Conductors, semi-conductors, insulators

Homonuclear molecule Defined by relationship between

with 2 atomic orbitals with 3 atomic orbitals
valence band - low energy electrons

i, antibonding &

,— antibonding
: conduction band - higher energy electrons

Al Rl [IENIRY]

ﬁ\\mn — * insulator — large energy gap
J_L Boiidkis . * semi-conductor —small energy gap (~eV)
\.]_L bonding * conductor — VB&CB overlap (no energy gap)

From single atom to solid

&
n=10__’,.n=_1.2‘--- E
antibonding n=7 i — L
e >
Ea—" o = = 2
; £
e
n=1/ u
— — = non-bonding
Semiconductor
—e— .= = = S I
. Saa — _-— A A
bonding —_— = 2 -=Vacant states
T — I}

Insulator .=°°°Upled sites

electron occupation at T>0K
(half-full band originating from single-electron orbitals)



Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

History and fundamentals

Brief history

1925: Discovery of slow electron emission upon irradiation of solid matter by electron beam by Pierre Auger

(independently also by Lise Meitner in 1923)

1930s-1950s: Auger transitions considered just a nuisance in standard spectroscopies

1953: First use for study of surface impurities

(but still remained difficult mainly due to small peaks on large background)

1968: Measurement of differential energy distribution — demonstrated usefulness of AES (using LEED optics)

1969: Invention of CMA — great speed and sensitivity improvement
1969: Depth profiling using AES and ion sputtering

1980s: Implementation of Schottky field emitters as electron sources (spatial resolution ~20nm)

1990s: Use of hemispherical analyzers (along with CMA)

Auger phenomenon

- non-irradiative electron de-excitation process

(competitive relaxation process to irradiative fluorescence)

- occurs by Coulombic interaction: energy loss by emission of
one or more electrons (Auger electron)

- initial excitation of any type: 10

electron (= AES), photon, ion, proton, ...

Auger electron yield

Solids vs. isolated atoms

» diff. electronic structure (delocalized bands)
* primary beam alteration

+ alteration of AEs (transport through solid)

Yield per shell valency
a B B B B 8 8 8 B8
Dk o B b B n m s

«  work function 7 Xeray yield

* valence band o, R T T T R T
Atornic Nurmber

- E, diff. up to ~15-20 eV relative yields for K-shell

AEs are ,slow” = short mean free path = very surface sensitive technique

Provides information (chemical composition) from very thin layer (ca. 1 nm)

Scheme of Auger process

Vac
Electron collision = == == <+ -
| | valence Level
=M, ...
En
2p,
2 ————t——t— |, }
L,
K

Auger electron emission



Spektroskopie Augerovych elektront (AES)
Auger electron spectroscopy
Auger process in solids

Auger recombination Conservation laws

A ionization and el. transfer Auger electron
I o el transfer - fuses Ep(@) = g (N — 1) — &;(N)
kinetic A
By, “gesssss  mmememmm mmee e Eyin(a,b,c) = Eg(a) — Eg(b) — Eg(c) — Us(b, c)
Es I e
Final state energy difference
¢ hange of potential due to
——0&— 2P & — e — & chang
. 2;;2 —= . = _ —= — KL,L; - hole—hole (a-b) and eI_.—eI. interactiqn in the
b transition final state (h-h repulsion, el. screening, ...)
- relaxation energies
Spectrometer reference
—o— s —ao—o— e —e o
ground Initial transition final s A= Tt R r i
state state process state density of states e
kin
s e T EB(a) - EB(b) l
e 55 L™ Ly
— LVV e e
—t&— —— transition NELs £L2Ls 4
——o— = ——o— = ——o— :
- Eg(c)
fast slow l
A(0) + hv - At (a) + e~ At(a) > ATt (b,c) +e; samp—le T~ St
There is no real photon intermediating the transition Ekinsp(a, b, c) = Eg(a) — Eg(b) — Eg(c) — Us(b,c) — Py

(not an internal photoemission)

AE energy is independent of primary beam energy



Spektroskopie Augerovych elektroni (AES)t=

Auger electron spectroscopy

Nomenclature

Naming of electronic levels in Auger transition

- conventionally X-ray type (K, L, M, N, O) + V (valence band) e.g.: LMM
- for energetically well distinguishable electronic levels: sub-indices e.g.: L,M;M,, M ;VV
- group of Auger transitions: sub-indices omitted

X-ray type (AES)

Spectroscopy (XPS) 1s 2s 2p1/2 2p3/2 3s 3p1/2 3p3/2 3d3/2 3d5/2 4s

n 1 2 2 2 3 3 3 3 3 4
S
E | 0 0 1 1 0 1 1 2 2 0
C
§ S +% +%5 Y +% +% -V +%5 % +% +%
j 1/2 1/2 1/2 3/2 1/2 1/2 3/2 3/2 5/2 1/2
Coster—Kronig transition Most common excitations

- special case of Auger transition: vacancy is filled by an electron

from a higher subshell of the same shell initial level _element

uger electron oster-Kronig electron K 3 (L|) -13 (AI)
X XY Auger elect LMM Coster-Kronig electron LLM
ACRES } A L 11 (Na) — 35 (Br)
- fast => wider peak " = " : = M 19 (K) — 70 (Yb)
(Uncertainity principle: SESt = h) ) - = - N 39 (V) —94 (Pr)
—_—— —_— —_— ——
- observed for some elements only ’ .

Super Coster-Kronig: X X X,
- very fast => usually dominant transition



Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy
Instrumentation

RFA (LEED) setup CMA setup

5’0

e 1
! X-Y Recorder
—— E . ——» -3 3KV, 100 A o
| | Fluorescence/,” 7, -, A § )
! %_J, b Grids bias . screen ////’/’ 61 I Electron Oscilloscope | -
Ll F300V1 (050RS 1 s Target [ JgUn
X : ) Gun r
A 51 2 ) T [ Lf’;crknﬁl
pwitiary  [2A Leed supply ¢ T 1 Isolation amplifier
5 S —‘0—] = p :
supply-500V 8 500V op : I_J S transformer | ~ T Ref
. weep eference
Digital L a:/
Diode sotinister Deflection [%] supply 71 ?é output
Lock-i?{gmpt ~ L26A T TL plates
PAR HR-8 3 J.
_%“K l\udiolreq?cncy = 20°%" — Electron [
generator Highvan%c 51 {A:Normalmodc }ar ot _”multiplier Collector
0-2000 B: Sweep follower mode g \ Final 2 10¢
Slope S7{C:Jncidentcnergy 5 dynode 3
compensator L D: Sweeping energy N ”
T First +3kV
Programmable Programmable S
Y Henorer. supply IV L Coavial cylindrical analyzer  0Y"00€
Motorized ramp
il AES using CMA and glanci le pri lect
T g and glancing angle primary electron gun

LEED-AES device by Chang
The sweep follower mode eliminates all energy loss peaks from the spectrum

(from Palmberg et al.)

cylidrical symmetry => azimutally integrated signal

spherical symmetry => integrated signal

Analyzer

most commonly CMA

RFA and HSA: angle integrated,
no diffraction effects

Primary source
- most commonly electron beam: much higher -

intensity than std. X-ray -
- X-rays: lower background, less beam damage

Low-Pass

Amplifier Multiplier  Filter

Electron beam angle Lock-in detection

- optimally grazing incidence (~84°) - produces differential spectra
- Auger electrons have low escape depth - suppression of the slowly-varying
(at higher angle the intensity drops due to background
roughness)

Reference imput




Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Auger electron spectrum of solids

Direct Auger spectrum % ) Differential Auger spectrum
\:\/ Elastic
=N Peak
| S DAE
True secondary B L=
N(E) electrons (SE) ‘ \"é\" ASE

(secondary electron

cascade) s \
® 0~50eV
@™ | dN(E) o E g
9.:. dE (E+ ®)* ot - o A =
c 1 Ep E Ex — E
= ~ =
o = Emax 34) Loss tail
2 (inelastically scattered Background of
o Auger electrons) scattered primary
© electrons (BSE)
@
w + J 200 400 600 800

TT Electron energy (eV)
\\N L
~Awuger Peaks 0SS
e —————— peaks
e dN(E)/dE
0 - (E)/
p
Energy —————a
EO
Very high background & low efficiency of d _E
Auger process => small peaks 3£ ‘g
e s 0
- amplification
- derivation
£x10
1 1 1 1
200 400 600 800
? { Electron energy (eV)
0 200 400 600 800 1000

E, Electron energy (eV)



Spektroskopie Augerovych elektront (AES)

N(E) vs E dN(E)/dE vs E
(a) (b)
x10 o
- w
[ 2
z )
g Analog acquirement — derivative
achieved by modulation voltage
(peak-to-peak intensity « Vpp)
- Lock-in detection technique
1 1 1 Iy T T T 1
20 200 400 600 800 1000 20 200 400 600 800 1000
ELECTRON VOLTS ELECTRON VOLTS
N(E)-E vs E d[N(E)-E]/dE vs E
Natural output of FRR (d) most Often used in classical AES (c)
(fixed retarding ratio)
acquisition mode
w s
- 3 v l ¢
) — v
z w
2 =
]
-
1 1 1] T
20 200 400 600 800 1000

Auger electron spectroscopy

4 display modes of Auger spectra

Auger electron spectrum

ELECTRON VOLTS

ELECTRON VOLTS

Current state-of-the-art technology:
high sensitivity, digital acquirement
=> direct APS measured

(can be derived later numerically)



Spektroskopie Augerovych elektron( (AES)

EN(E)

d[ENE)]/ dE

15t row transition metals

Small energy differences
=> usually not used in analysis due to overlaps

¢/ Mz :W

A uw

Auger electron spectroscopy

23

MM

2" row transition metals

1
N \~‘——~/
1M .
| L
41 rich structure — various possible M-shell final vacancies
(similar for the whole row)
T T T T 1
0 200 400 600 800 1000
Kinetic energy (eV)
M, W
DM W L“MM

==~ 5O

400 600
Kinetic energy (eV)

W» /\r,__-___&“,_____, Mn

T
800

1
1000

d[EN(E))/dE

Qualitative analysis

1
1 1008

H

hydrogen| 2
f esfe ooz

Li |Be
lithium | barylium

11 2289012 43¢
Na | Mg

sodium_|magnesium| 3 ‘

s

6 2 8

) 1o

>

" 2

1 1 15

i
7 som

He

16 7 helium

5 1086 120171 1401

B|C| N

baron | carbon | nitrogen

Al

luminium|

Si| P

silicon

[3 2698[10 200015 309716 3208 (17 3sasfia 3098

lphosphorus|

e 1600°[s 190010 2018

O  F |Ne

oxygen | fluorine | neon

S Cl

chigrine

Ar

suifur argon

K | Ca

Sc | Ti

300 400
Kinetic energy (eV)

T T
100 200 600

15 3910(20 4008[20 nu’n Y

23 sosafza s2g)

V'

Cr|Mn

0 aa

Nb

42 05.96"

Mo | Tc

25 540126 558527 580328 586920 63550 6538"

Fe Co | Ni Cu|Zn

Ga

Ge As

s 1124

Rul Rh Pd Ag Cd

rhodium | palladium | silver | cadmium

niobium
Ta| W Re | Os

tantakim

105 [268)(106 [269](107 [270]|108 [269]
Db|Sg Bh| Hs
dubnium [seaborgium| bohrium | hassium

tungsten | henium

In |Sn | Sbh

indium | tin

31 6972(32 7263(33 7482(34 7a0er|3s 79.90°(36 8380

40 14850 1875 11sfly 1276[53 12es(ss 1313

antimony [ffellurium

> %0

Se

lenium

Br

bromine

Kr

krypton

Te | | [Xe

lodine | xenon
209185 [z100[e6 (2221

At [Rn

astatine | radon

polonium

109 [2741(110 [m‘] lltomfjlll 1‘1“:“[;:] I:n;“;:] ll:ﬁi(:lgl ;;'; 2881|116 [203]|117 [294]] “" 204]
Mt | Ds |[Rg Cn Uut| Fl Uup Lv UusUuo
flerovium

66 162567 164968 1673]09 1689]70 1731[71 1750

Yb

yiterbium

Lu

lutetium

thulium

Ce|Pr Nd Pm | Sm Eu Gd Th Tm
cerium gadolinium| terbium |dysprosium| holmium | erbium

30 2320(91 2310092 238.0|93 [237](%4 [244)(95 (243]|96  (247)[97 (247

Th|Pa| U Np Pu Am | Cm| Bk

orim [pctctaen] wrarsum | ‘ artm

- Rh

I T T T
200 300 400 500

Kinetic energy (eV)

T
100

600

doublet

(not resolved for lighter elements)



Spektroskopie Augerovych elektron( (AES)

Auger electron spectroscopy

Qualitative analysis — basic identification

Basic elemental analysis

— identification by peak position (Auger electron energy)
— often more Auger lines present = cross-check using relative intensities

dN(E)/dE

| |

start with most
intensive line

200 400

Electron energy (eV)

Static charging issue
Total electron yield

> 1 — positive charging (= higher EB) - identification remains possible
< 1 - negative charging (- lower EB) - analysis often impossible

Elimination
- lowerE, (= fewer secondary electrons)
- glancing incidence beam

mic number

90

80

75

70

65

60

55

Chart of principle Auger electron energies

Auger peaks
predominant

" | 1 T  J | | [ PaU

Dots indicate the electron energies of the principal +—f= Th

for each element. Large dots represent Ra
peaks for each element.

MNN .

45

40

30

25

20

15

P

&

LL P o
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Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Qualitative analysis — chemical and structural effects

Main spectral features:

peak shape (lineshape) and peak position shift Typical chemical shifts due to oxidation

Chemical effects due to:

What can be detected:

~8-15 eV for p-group elements (Al, Si, ...)
- ~4-5 eV for d-group (transition metals)
- always to lower E, — charge shift towards

contain information on the nature of the environment: (reflect
changes in initial electronic structure, screening, and relaxation

process) * .

i i electronegative oxygen
peak width due to: -

. . . 2
* excited state lifetime Ey IW

. XVV TN . o

* XVV:valence band width (AE;"" = 2WW) —— [ ompmve  AES of Tiand Ti oxides
* energy losses of escaping AE in solid n ! (LMV Auger line)
* instrument (analyzer, not source: Tjopni; K Tayger) AN |

(2.4 x10%L at 400C)

- chemical bond = charge transfer = shifts of electronic levels

- changes in valence band electronic structure

- modification of loss processes

- new states possible in XVV: cross-transitions between different
atoms (interatomic transitions)

TiOp g

= Ti

- chemical state in compounds (oxidation state, stoichiometry, ...)

- substrate-particle interactions (supported nanoparticles) interatomic L;(Ti)M5(Ti)V(O) line
- adsorbates
- structurally-induced electron density redistribution (coordination, ! ; ! ! ] 1
450 440 430 420 410 400
crystallography) KE (V)

- charge transfer in alloys (but usually weak shifts)

Better than AES to study
Theoretical modeling difficult » core-shell chemical shifts — XPS
=> in practice spectra of standard samples * valence band structure changes — UPS
are often used (“fingerprint method”) Photoemission = single-electron process => easier interpretation

[

VLI



Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Qualitative analysis — chemical and structural effects — examples

Differences in the line shape and peak AES of nickel halides Gradual oxidation of nickel
position for the C Auger (KVV) in clean (Ni LMM Auger line)
carbon and different C,H, compounds
NiF, i
@ :
y N = !
raphite & '
,I graphit ! Clean
- & i e
/’\J 252\‘ il NiCl; -‘L: (A) !
,Il 238 \ '/ 'é i
/ = |
/ carbide i gl 3
! 2.1x10”
s NiBrz Pressure 5
N change i 2.5x107
L o 3.9x10°*
g l 6.0x10"
° o ST )/
-3
N\ 14x10
Carbon KVV L j 1.9x1073
1500eV, 3V,, TN : 2.6x1072
G B T T
v T r > ! ;
200 250 300 = msEnemy | I i« i 5.3x10°3
ENERGY  (eV) b . !
i W ' 9.6x10°
Ti oxides (LMM line) g'g i . :
GAS PHASE Ctkwv) . L . -2
- - different stoichiometries © i - Vol .
" :
- ! Pressure , o g
CHy [ P -__--*’J. [ change ~3-\ § “~IP) ;
W e i $=20pV
) II |I Ti || ' { ip=50ptA
SR Al j T=300
wol- L || v V=860V
o e L TIRY i i W optop
y o . N
'-.. "| I' __f"r R III.I'I B
L — 1T A b bl 7.3V
- VS TR0, SRS TPE | (- S I
(MNP LA 10 228 356 484 612 740 868 996 1L
R A i
o N/ Tio, ™ & 8
direct spectrum

180 220 260 300
ELECTRON ENERGY, eV

IH0 ST 42100



Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Quantitative analysis

Auger line intensity

——

G, Y, 2D= I cos(9)A 03 (B, ) K, V. DT (B DCEn DL + 1y (B, ] [ (VeGP <05 0

0

[ [ | |
source atbm measurement solid matter
(AE 3ttenuation)

m ... matrix
X ... analyzed element

Determining factors

Sample dependent terms
* jonization cross section
* Auger transition probability
* secondary ionization coefficient
* concentration profile of an element
* inelastic mean free path of AE

Instrument dependent terms

* primary beam intensity and angle
* analysis area

* analyzer transmission function

* detector sensitivity

* Auger emission angle
Solids vs. isolated atoms
» diff. electronic structure (delocalized bands)
* primary beam alteration
* alteration of AEs (transport through solid)
* work function
* existence of valence band



Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Quantitative analysis

Auger line intensity

0

m ... matrix Electron IMFP
X ... analyzed element s0-

Peak intensity determination  lonization cross section & =102°cm?

I
Peak-to-background i 1 2
= b o
i 08 08 é
06 06 w
- - 24
04} 0.4}
: 02| Kshell 4 02 TR % % o ksbo s bo 000
! E b 3 0 1 Electron Energy,eV
E o 0 0 . ield
Direct spectra: often after © T \F Auger transition yie
background subtraction - .
08 i 1ok LMM MNN 410
Peak-to-peak sk o e T E
dN(E) ail 0.5} § =
dE ol max. at £, = (3+4) E, 5 1
02- 1 E,..appearance threshold - Z2osk Ao 8
h 0 INPU I NRPU S RPN | /U [P R < =
pp 0 2 4 6 8 10 0 2 4 6 8 10 g
Ep/Ea : =
¥ Primary energy dependence for ionizing K and L levels 0 L . L 0
- E by electron impact 0 15 30 45 60 75 90

Atomic number, z
Relative yields for Auger emission and
fluorescence from K, L, and shells

Quite universal curve for different levels and elements

Assumption: Gaussian shape . '
=] xh E, choice trade-off: max. o, min A

p(P) => X-ray can be neglected for low zand £,



Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Quantitative analysis

Semi-quantitative approach Method of standards

Quantification analysis using first principle:
possible but rarely done
(mainly due the large differences between coupling

Assumptions:
* the same instrument and settings (/,, ¢, 6, T, D)

schemes that govern the Auger transitions in a multi * homogeneous sample:
ionized atom) - no depth dependence
. - ho anisotropy
a ... 1st element (matrix) => use of standard spectra or relative
b ... 2nd element sensitivity factors derived from pure materials The atomic factors (o, ) are cancelled-out

Iq
/13 _ [1 + 7ap(Eaa)] Ng Aap (Eaa) [1 + 1 (Egp)] Ny Ay (Eap)

N = R;3 ... atom density of pure element x Ib/lo [1 + 7ap (Eap)] Np Aap (Eap) [1 + 15(Ea) ] N Aa(Esa)
N, = R 23X, ... atom density of element a in compound ab b
A

X, ... relative atom. concentration from standards
R, ... atom. radius & o 1,719

n X ab I 10
NaNg  Xo(Rq\® b b/1p
N_bN_(‘l’ B X_b R_b I FA ... matrix coefficient (factor):

15 yE pa _ L+ ran(Ean) [1+ 70 (Ega)] (&)1'5

A= OARENVE - flomb (645 approx by Ponel) | = T+ ranEad] 1+ 1 Ean)] \Rq

a1+ 7a(En)] (& e
® Xp=0[1 + 1, (Eap)] \Rq

= constant for a given matrix type, does not depend on
the concentrations of g, b

_ la/Ig

. A
similarn, Rt Fjp =1 a=7"%




Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Quantitative analysis

Auger line intensity

\ I

/|

(o8]

Ix(X; Y: Z) = IO COS(ﬁ)A O-x(Ep)Xx(X' Y; Z)T(EAx)D(EAx)[l + Tm(EAx; 0{)] f Nx(z)e_z//lm(EAx) cos de

Jlo

|

f

m ... matrix

independent
X ... analyzed element
values

(determined theoretically or
experimentally for each z, E, and X,Y,2)

* A andr,, usually hard to determine
=> assumed constant

anisotropy (azim. angle dependence) not

Sx(Ep, X, Y, Z)

sensitivity factor

f

constant

considered

(otherwise I, should be angle-integrated)

Handle with care: lot of imprecision and
assumptions, should be used judiciously.

HANDLE
WITH CARE

Simplification: Homogeneous sample

Ny(z) = Ny

[oe]

f Nx(z)e—z//lm(EAx) cos edZ
0

= Nxf e_Z/Am(EAx) COS@dZ = Nx//,{
0




Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

Quantitative analysis

Relative sensitivity method e ..
Sensitivity factors (coefficients) @
- sensitivity determined for pure S ’

HeBe C O NeMg Si S ArCa Ti Cr Fe Ni Zn Ge Se Kr Sr ZrMo Ru Pd Cd Sn Te Xe Ba Ce Nd Sm Gd Dy Er Yb Hf W Os Pt Hg Pb Po

elemental standards X H|Li|B|N|F|Na[al] P|CI|K|Sc|V [Mn|Co|Cu]Ga|As|Br|Rb] Y [Nb|Tc|Rh|Ag|In |Sb| I |Cs|La|Pr|PmlEu|Th|Ho|Tm]Lu([Ta|Re|Ir [Au|Ti |Bi|At
1.0 A
0.8 !
e \
- most accurate for alloys with similar z 0.6 \
. . . 0.5
(=>similar o, %, r, A => linearization i i 3
conditions obeyed) '
0.3
N 7/
/ \
L 0.2 \ \
. s \ \
Alternative: 2 \
Zg: 0.1 - \
Reference spectra method .o \ :
4 - { \
= 1
- uses library of ref. spectra taken 3 -06 1
iy .05
under constant conditions
b hing i binati ¢ -0k KLL LMM C MNN
- best matching linear combination o _ AT ® a8 \. 7 )
. -03 N 7 \
spectra is found NLLLLA \
.02 \ N\
.01 11}
Non-homogeneous samples ) 10 15 20 25 30 35 L0 . 45 50 55 60 65 70 75 80 85
Atomic number
- combination with numerical models Relative sensitivity factors obtained from standard samples (pure elements)
- complementary input required (XPS,
STM, SIMS, ...)

- will be discussed later (XPS, PES)



Spektroskopie Augerovych elektront (AES)

Auger electron spectroscopy

What |
Learmed

From
‘.

Take-home Messages

* Auger transition = non-irradiative electron de-excitation process
(no photon generated)

» Surface sensitive (~1 nm) — good for adsorbates

* AE energy independent of primary energy

Main indicators

peak position
- elemental identification (cross-check all transitions)

peak intensity
- elemental concentration

peak shift

- charge transfer (chemistry)

- local structure (coordination)
- interatomic transitions

peak width

- excitation lifetime
- losses

- valence band width

peak shape
- changesin DOS
- loss processes



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

History, basic classification, instrumentation

Brief history Electron energy loss spectroscopy e I o Ak

, o - based on characteristic energy losses distrbuton
1940s (mid): EELS developed by James Hillier and R.F. Baker due to inelastic scattering —'EO_’Ekm
1967: Mapping of small molecules on W(100)
1970s: Further development - HREELS (H. Ibach)
1990s: Widespread in research due to advances in
instrumentation

e

Fo Exin

EELS
- plasmons, inter- and intra-band
Instrumentation transitions — ~10°-10! eV Ry <« R
Masigdie Chgggg:gg‘ - surface sensitive — small primary

beam penetration (typical £,~10'-10° eV)
- =>spectroscopy of transitions from occupied to unoccupied states
—Be => interpretation less straight-forward that in XPS

HREELS
- adsorbate vibrations and surface phonons — ~10!-10% meV
- vibrational spectroscopy

ELNES/EXELFS
- resolution determined mainly by el. source - absorption edges and related fine structures at higher energy loss
- usually large impact angle region (= 100 eV)

- AREELS - angle resolved measurement - core-levels
- HREELS - resolution down to “meV

TEM-EELS

- excitation of bulk plasmons, inner-shell ionizations, interband
transitions — £,~10% keV

- high spatial resolution (~10-1-10° nm)

- penetration depth ~um

- most common EELS variant nowadays

- complementary to XPS (inner-shell electrons = elemental analysis,
chemical sensitivity) — absorption edges instead of peaks



Spektroskopie charakteristickych ztrat (EELS)

EIectron energy |OSS spectroscopy
Fundamentals

Characteristic energy loss

Electron energy loss spectrum
energy loss = primary interaction event (affects primary electron)

. . L nr silicon with
* vibrational excitation (~10-10%2 meV) (- HREELS) ,; - SRR AR S
* single valence electron excitation (3—20 eV) to & S, 60 ||xs | xs00 5000 carbon contamination
- the same shell — intraband transition & 2 i et p
o - adifferent shell — interband transition % @50 . f;gpel i edge
m
E - an adsorbate state E *dé i N electronic structure
] * collective valence electron excitation (plasmon) (5-50 eV) = 40r C-K
* inner-shell ionization (~102 eV) + extended fine structure at [ SiL
the edge for core electron excitation (= ELNES, EXELFS) 30r N
 deeper inner-shell ionization (102103 eV) — usually glancing [ $b°.nd”.1g o concentration
. 20 F oxidation state
angle to be surface sensitive (= REELS) @
. ].0 B O K
Zero-loss (primary) peak I \'\ =
P —
- in EELS used for energy scale (E,) and intensity (I,) calibration 0 ) o= ) 2

(utilized directly in diffraction methods or in EPES) 0 100 200 300 400 500

- width « energy spread of primary source o ros T B

LOSS LOSS LOSS energy loss (eV)
- typically 103-10% x intensity of low-loss signal
40 T T T T
. . . o Ni
Basic EELS interpretation 2 3 Ly
% 30} | 2 .
- losses appear as peaks or edges @ 2 o
- very small features on large background = /?‘ g’ L2,
o Lo
* sharp initial state (e.g. d band) => EELS represents & 208 g = )
: 2 g g
DOS vs. E of the final state B 3 S L-edges with
* both initial and final state broad — more complicated @ 10| 2 white lines
interpretation = @
- possible angular effects 0 J ) 1

0 200 400 600 800 1000 1200
Energy Loss [eV]



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

EELS vs. band structure

Counts
70k

60 k
S0k
40k
30k
20k

10k

Empty states
_ Core-shell
Conduction/valence baﬂds/_ Qlergy levels
X 0
Neighboring
atoms
L

T N

— — ——— — — —— — —

spectrum

i s s v s ) s

|
|
|
|
I
NiO EELS :
I
I
I
I
I

400 600 800
Energy-Loss (eV)

Dipole selection rule
Al between initial and final state = 1
=> just some transitions allowed

Inelastic collision of electron

= excitation of another electron from initial state with

wave function y; to final wave function y;in the coulombic

potential V(E)

Cross section calculation (from Fermi’s golden rule of QM)

doy 4% m?
dQ  h?

(s |V (o) |w:)

2
|

Nomenclature and quantum numbers of

electronic transitions in EELS

Initial state quantum number

Observed edges Initial state n ) J Final state
K 1s1/2 1 0 1/2 p

L 2512 2 0 1/2 p

Ly Lo 2p'f? 2 1 1/2 sord
Ls 2p*? 2 1 3/2 sord
M, 351/ 3 0 1/2 p

M; M3, 3p'? 3 1 1/2 sord
M; 3p3/2 3 1 3/2 sord
M, M5 3d%2 3 2 3/2 porf
Ms 3d5/2 3 2 5/2 porf
N, 45112 4 0 1/2 p

Nz N2_3 4[3”2 4 1 1,2 sord
N3 4p*? 4 1 3/2 sord
Ny Nys 4432 4 2 3/2 porf
Ns 4d°/ 4 2 5/2 porf
Ne Ne7 4f5/2 4 3 5/2 d

N 41712 4 3 7{2 d



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Loss mechanisms — plasmons

Plasmons

Information carried by plasmons

Thin Thick

quantum of plasma oscillation (collective phenomena)
solids: longitudinal wavelike oscillations of quasi-free (weakly bound — VB, CB)
electrons in the array of positively charged nuclei

quasi-particle with E = E(E) and plasmon frequency wy, (E, = hwy)

-> Plasmon types
- bulk plasmon: k;, # 0
- surface plasmon: k; =0

plasmons decay in phonons or photons

short lifetime © = 101> s (dumping via short range el.-el. interaction or
plasmon-electron interaction)

localized to <10 nm

typical energy loss AE = 5-30 eV (UV range, n, = 10%3 cm3)

(small AE => strongly forward-scattered — good in transmission setup)
multiple losses often detectable

reflect (quasi)free-electron density (w, x \/ne)
chemical effects (bonding)

surface effects (surface states, adsorption)
sample thickness (in transmission)

Energy Loss [eV]

' Low-loss spectrum taken from a thick
' sample of ~120 nm Al metal on C using
| bR 120 keV electrons and =100 mrad

Simple case: harmonic undamped oscillations of
free-electron gas within rigid lattice

4mtn,e?
w, = |[———
P m,

m, ... electron weight
N, ... density of electrons

1
W = Wy(p)—
p(s) p(p) Vite
€ ... relative permittivity (dielectric constant )
=>vacuum (no adsorbate):

1
Wp(s) = Wp(p) ﬁ

h o,

multiple losses
Sk

Intensity (arb. units)

Energy loss (eV)



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Loss mechanisms — inter- and intra-band transitions

Electronic transitions

Intraband

- within the same shell (typically valence or conduction band)
- optically forbidden in metals (photon momentum << electron momentum),
but can be facilitated by phonons (T>0K) or surface states

Interband

- between different shells (core electron-hole interaction)

- not forbidden in metals

Interband transition threshold (ITT)

- minimum energy required for interband transition

- material-specific value

* semiconductors and insulators: ITT = band gap

* metals: more complicated — bands overlap near E;
(=> electron-phonon scattering dominant source of electrical

and thermal resistance in metals)

Noble metals

d-bands

5
>

s/p-bands
i =0
hv-ITT =0 |interband

e o intraband

S
>

hv-ITT o kyT,

)\\r\\

S
>

Electron density of states

hv-ITT o kyT,

v

&

Electron energy

E

pand - Intrgy
)/ —

bay

Intrgy
Interbandx

=

Interbandx

K |

\ /
Intraband

k

Energy conservation
Em(ks) = Eq(k;) + Ao
Momentum conservation

Ef=El-+67

IG] «

e |, | ke~

ke, e



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Loss mechanisms — inner-shell ionization

Intensity

Inner-shell (core-shell) ionization
- high-energy loss due to core-electron emission
- appears as triangular edge in EELS

Absorption edge
E. ... critical ionization energy — main indicator (= elemental analysis)
- edge height o< absorption intensity « differential cross section
- intrinsically sharper than AES (2 vs. 3-level process)
- easier interpretation (rare ovelaps) but weaker features
- shape depends on electronic structure
- changes significantly with filled/empty states
- is affected by bonding
- background — multiple inelastic electron scattering

I
I
4 main families of edge shape
¢ ¢ a) saw tooth profile
b) delayed edge

c) edge with white lines
d) low-loss plasmon-like edges

- A ———

R et e R

=

\\\ -

\\\

o
3

g

ural-scatte
backgrour

. S T
00 S0 00 3 2 4
rgy-Loss (eV Encrev-Loss (eV

o
QU

Energy Loss

Additional features
- effects of further low-loss events of ionization-loss electrons

ELNES (energy-loss near edge structure)

- spectral features with AE < E_ + 50 eV
contains information on local density
of empty states, oxidation state

NS
T

ST

EXELFS (extended energy-loss fine

structure) '

- spectral features with AE = E_+ 50 eV
at the tail of an edge

- contains information on local
coordination of the respective atom
(no long-order needed => even for
polycrystals)

- typically ~100x smaller than low-loss

features
valence E; condt:jction
band \\‘ l [/’ban
%
core levels E; free electron—
° states
/7

|

| ELNES EXELFS
r—_A_ﬂf_"*—'_\

back-
ground

| -50eV_ ~50-200eV ~ =~ - -

& E
Scheme of core-loss excitation




Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Loss mechanisms — inner-shell ionization

ELNES fingerprints Chemical sensitivity
K edges L edges M edges N edges
90 10 10 70
421 K 10'4\0 1042 Stripped edge *10° Sm-Nas AI-K EXELFS
-1 - III E
. || 1\ I T Mo-M s H:'°'M"
1! ] ] A T
1\ : Y «
'\\\_,' \"“x___ : \\\E_“ b A .°§
0 " —_—— 0 oo . 0 - 3
200 300 400 500 600 80 100 120 140 160 180 200 200 250 300 350 400 45 100 120 140 160 180 200 -
Energy loss eV Energy loss &V Energy loss e\ Energy loss eV E’n
80 3.0 20 60 §
b 10°| d 0° | b |Gd-M = c Low loss
Al-K Cr-L. ] 104 PP B SR B 1
1 ! some in low- 0 100 200 eV 300
: I\ l | loss region AE above Al K edge (1550eV)
o \‘\\ \‘\ i || Ti-M; 5
] / . - ~_ | \ 5 Redistribution of valence charge
V d-M; .
0l — : o I e 5 => altered core-level screening
1200 1400 ,/ 1600 1800 2000 400 500 600 700 800 900 800 1000 1200 1400 1600 1800 2000 -20 O 20 40 60 80 100 => energy if core states change
|/ Energy loss eV Energy loss eV Energy loss ev Energy loss eV .
) \ Y ) => shift of edge thresholds

1
1
1
1
1

1

1
I
; sharp onsets

Edge intensity « differential cross section

broader; separate subshells often resolved

=> ELNES can be used to calculate energy distribution of empty states directly:

K excitation probes p-like unoccupied DOS

L,; probes both s-like and d-like states
M,s probes p-like and f-like states

allowed transitions: Al = 1

ELNES can be orientation dependent

(anisotropic crystals: ELNES changes with the
alignment of the momentum transfer along different
crystallographic directions)



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Loss mechanisms — inner-shell ionization

“White line”

- peak sometimes detected at the onsets of L or M shells
- arises from excitation of a deeper core electron to unoccupied outer states

3d and 4d transition metals and alloys

- L, and L; white line: excitation 2p > d state

4f and 5f inner transition elements
- M, and M; white line: excitation 3d -> f state

40 T T T T T 75— ;p 7T fdemm——— e Tm
Ni o P H— HHHHNE | Z2=69
) La st PN cantn \f\
240 M ) 2
z S TR W m ew
§20 L W Seame o orown stsle I
& E background i N | | Contiruum =
i é Energy levels
‘QEJ 10 N 75—  PTTT fdmm—m——  Bfe—mee Yb
o S ohh P sa——  attitittif) | 2=70 :
2032 ] ] ] 1 \ ssH se Wl 4aHHHEN _/\
) 950 800 850 900 950 1000 1050 sty PHER sabifiin / 33
i Energy Loss of Incident Electron (eV) sl m ﬁ " - EFE E-loss
2sH 2p Hﬁﬂ Electron configuration of neutral, | [
" - WERERIRIE I | | -I“ //c "
f ' o H Energy levels
CU0 For Yb (z=70? and highe‘r z, .the f-shell is
Xt completely filled => white lines cannot occur
white line electron exchange between Cu and O
almost no edge i Cu -> vacant states in the 3d band
- Fermi level shifts to 3d band
U - white lines
no white line
sharp edge filled 3d band
920 940 _ 960  980'eV
AE —




Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Qualitative analysis — elemental and chemical information

Most frequent use of EELS in qualitative analysis

* composition of surface precipitates containing light elements
* surface adsorption

* oxides, carbides, nitrides, carbo-nitrides, hydrides, ...

- easier interpretation (rare overlaps) but weaker features than AES

Inner-shell ionization used for elemental analysis — edge position

Energy Loss (1 div = 50 eV)

Intensity

T
Fe
1

Plasmon losses used mainly for VB DOS and surface analysis

total DOS
45 CS

[
¥}
=N

can be very complex

individual bands

00S (states/ryd spin atom)
o
wn

0
Position [eV]

wn
=
0

<.n
—
=N

energy (aV)

Chemical effect indicators
chemical shifts: chemical surrounding of atom - charge
distribution of its valence band measured as edge (E,) shift

- plasmon-loss structure changes

- presence and intensity of white lines
edge fine structure

»chemical fingerprint”
or QM calculation (DFT)

Vanadium oxides
vanadium L-edge

oxygen K-edge

V-L; V-1,
,f/\\ j.f/ \ 0K

- / I \ J 4 3 \ /
—_— {/ RS A "\\ ,.'f \\
‘3 B /‘JII.""JJ{\- I‘\t ~ / A \ \\ / \ /J_PAWXESE_
= i / F-'f ;',: I\I \\ f.«" ‘\ \ ’/\\m \_J-ﬁ AV 60 13

. I \ | .
—g / f';f;(\ \ Y T
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510 // 520 530 540 550

» y
Posit fL2.3

osition o 3/ Energy Loss [eV]

3
2
~

3

¥

%)
L

W
]
=}

[T Changes in the oxidation state of vanadium reflected by
/,,/r"/ - variation of the O-K edge shape
.2 - varying intensity ratio of 2 white lines at V-L edges
.3 (due to changes in valence state).
P

- e Shift results from a reduced screening

‘ : of the positively charged nucleus with

3 4 5 decreasing 3d occupancy

Valence State



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Qualitative analysis — examples

Solids

Oxygen K-edges from various
manganese oxides, showing a
variety of ELNES spectral features

Boron nitride Transitions to
a... t* bands
B K-edge b, c ... o* bands

b
.

Plasmon losses — effect of hydrogen in metals

Mg ]
] ] Ti ] convolution due to Mat)
MgH,, 1 TiH, o | ] Zr plasmon losses
ZrH, ¢ e e Mnao‘
. 4 - Tk A 1 A
1 175 lb 225 250 eV
i :J Mn?°3
] e A ——
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
En E: En
ergy nergy ergy MnOz
' 'S A
Plasmon losses of Al compounds oo k25 50w AE 555 530 535 540 545 550
*
] ag
] i > Density of states Energy Loss [eV]
| in solid ) )
| Fe L-edges of different iron
Irradiated Spinel jé compounds
pon Fely,

EF E |
Al,O, (Sapphire)
ALO,*MgO (Spinel) Chemical shift of the first peak in Si L,5
M ELNES of amorphous silicon alloys Clvomie /

o Siderite

AN o

Al (metal)

10 20 30 40 50 60 70 80 90 ‘ ; .
Energy loss (eV) 0 T 05 " e 705 710 715 720 725

Energy Loss (eV)

Hematite

Fe-leucite

Energy Shift (eV)
N I

T T
"o
O

=z

{ & L\
'—(

Electronegativity (eV)



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

-d?l/dE?, rel. units

Thin films

DOOO00

Si
Cu

CoSi

| Co,Si

| Cu

' Fe

Cu

8 12 16 20 24 28
Electron energy, eV

32

Low-loss EELS during the growth of

Cu/Fe/Co/Cu multilayer film on Si(001)

Qualitative analysis — examples

Counts (arbitrary units)

Nanoparticles

EELS STEM

“\fw

5.5 nm

JWM 3.5 nm
it %,
2.5 nm

1.7 nm

| |s[e @

»
&)

25 3 3.5 4
Energy (eV)

4
>
3

Set of normalized, deconvoluted low-
loss EELS spectra from quantum-sized
Ag particles

Intensity

Molecules

Carbon K edge

NH7
NN :
L; ] > adenine
N (a)
el | | | ! :
300 eV 305

280 285 feo 295
uracil
(b)

0
ie

280 285 290 295 300 eV 305

i)j’CHS thymine
07 N

{c)
{ ] | | |

"l |
280 285 290 295 300 eV 305

AE ——=

Core-level EELS of different nucleobases



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Qualitative analysis — structural information

Structural sensitivity

.03

ELNES can exhibit a structure specific to the arrangement and 02
type of atoms in the first coordination shell (and local

electronic structure) — “coordination fingerprint”

.01

>
- bonding information g .
- changes possible in both edge position and fine structure =
- small variations in the fingerprint structure can reflect o
changes in bond lengths and bond angles o1
- the choice of a scattering vector allows selection of
particular final crystal orbitals for the transitions in question 0

1s—+=*

absorption
edge
at 284 eV

no mx-electrons

Graphite

300 320 340

Loss Energy [eV]

280

Carbon K-edge — fine structure

(a)

193.6 eV

(b)

198.6 eV

L

L 1

80, Boron K edge
VONSENITE
Trigonal-planar oxygen
1 coordination (vonsenite)
RHODIZITE b
1 Tetrahedral oxygen
1 coordination (rhodizite)
210 215

180

195 200

205

Energy Loss (eV)

exitation of carbon K-shell electron (1s electron)

to empty anti-bonding m*-orbital

o*

Amorphous

m*

Diamond

1
1
1
1
1
1
1
1
1
1
*
I
1,
A
1
|}
1
1
I
1
k
1

! Ile

1 — —
Graphite
F——————— 1 ag *

o

: Lc

1
Graphite '~4eV (bandgap) |

270 280 290 300 310 320 330 340
Energy Loss [eV]

Adouyosiue ayydeud

Energy Loss (eV)

a
(7} ) Nanotube
-
w
w2
g 2
_I -
s =
o ;
Graphite Electrons
[0 0 10 2030 40 50 =
b)
parallel geometry o .
* . Narnotube
>
) ‘é Electrons
e J -
17,) =
[7.} el
2 ﬁ axis
é 3 ) . ; Graphife
o
o Electrons
c ) (‘6* I -
o Tk t
C <z ~ )
c a Nanotube
o g
3 Electrons
g Jj\/w -
axis
normal geometry , e . ! é ;%
270 280 290 300 310 320 Graphite



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Qualitative analysis — adsorbate induced losses

Plasmons Fine structure

Si(100) + H, Ni(100) + O,
Fourier transformation:
surface plasmon

Deriv. EXELFS spectrum  |ocal spatial information
bulk plasmon

) I G e e S T A R ) A s N L [ g !

O K edge L)

Ep=1006V

[V\W o AT Xefclean Ni(100)

07ML O,

Intensity Arbitrary units
Q;;
?“

~
z
=
Ke)

. -d®1 7dVv?

hydrogen-
covered

(d)
10 ML 0, 10 ML 07
’\;V\"v\u'v'

L

. 560 5;0 660 650 700 O 100 200 300 400 500 600 700
surface states Eriirgy: Toss eV Rm
bulk intraband transition
N ! 1 | 1 1 1 1 1 L 1 1 | 1 el
(0) 10 20 30
Energy loss 2t ey

Most surface-related features within AE=30 eV

Better method to observe adsorbates: HREELS =



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy
HREELS

High resolution EELS

- vibrational excitations (=> sibling of IRAS): E,,,. = 6-500 meV (~50-4000 cm)

vibr
- E,= 5-10 eV

pre-monochromator

M

&
b &

\

&

- standard resolution AE = 3-4 meV, 0.25 meV in modern instruments (UHREELS)
- extreme surface and absolute sensitivity (<102-10* ML depending on molecule)
=> mainly for characterization of gas-solid interfaces (adsorbates) and thin films

- usually angle-resolved

Scattering mechanisms

1) Dipole scattering
- electron behavior similar to IR elmg. wave — interaction with oscillating dipoles created by 1000
vibrations of species at surface
- long-range interaction
- IR selection rules apply:
* only fundamental transitions allowed
* only vibrations accompanied by a change in dipole moment observed
+ on metal surfaces:
* only vibrations perpendicular to surface are HREELS active (image charge effect)
* intensity maximal at specular reflection

100

2) Impact scattering
- involves penetration of incident electron to the adsorbed molecule
- very fast energy transfer, vibrational mode excited while electron still inside the molecule
- more complex process
- dipole-scattering selection rules do not apply
- ,propensity rules”:
* vanishes in the specular direction
* dominant process at higher vibrational energies 0.001 R R T B

. . . -5 0 5 10 15 20 25 30
* strong dipole scaterers are weak impact scaterrers and vice versa 5 ()

Absolute intensities (kHz) (log scale)

0.1

0.01 |-




Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy
HREELS — examples

Adsorbates Solids
Ethylene on Pd(111) Aluminum oxides — thin films
di-o bonded ethylene n-bonded ethylidyne

vibr. spectrum characteristic of aliphatic vibrational modes of C;, symmetry
(sp3-hybridized) compounds

5 : T 67 N ]

LI KL I N O B R B I T T T T T T T
100K | | 300K A

136 = 4 o-Al,0;

v7-Al,0,4

amorphous Al,O,

- Off-specular -

x 6001 25 A AILO,/NiAI(110)

|
relative intensity (arb.units)

| *" 7 Offispecular | [~ Specular ]
x 5] | %5 - 1 < calculated ] .
L L L L L L L P L L [T T 7 ™1 T T 5AA|203/RU(0001)
0 50 100 150 200 250 300 350 400 450 0 50100 750 200:250 300 350 400 450
=nergy loss (meV) Energy loss (meV)
C—H symmetric stretch 24 A ALO R (0001)
CH, wag | ,U3/RU
CH; wag 200 400 600 800 1000
C—C stretch

metal—C stretch electron loss energy (cm1)



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Quantitative analysis
Quantitative indicators

* Plasmons * Core-level edge * White line

Valence electron density (occupied Edge intensity « differential cross section intensities reflect number of electrons in in the
states): E,, \/Tle => energy distribution of empty states final-state d or f band

- adsorbates, nanoparticles, thin films, (mainly s, p or molecular bands) => the doublet ratio does not necessarily

surface compounds, ... follow the ratio of degeneracy of ground state

Originates from electron transitions from

~. @ " core orbitals to unoccupied bands
3 o : => |n first-order aproximation it images
2
&= projection of the unoccupied DOS
3
g E(V) Density of states E(V
2 N R R el I ;
8 I¢<4‘~V \ R 2400 2500 2600 500 520 540 560 580 600 620 640
O Empty states = Energy Loss (eV) Energy Loss (V)
6 E $ I L'ulmluclmni E
Filled states valence
Energy loss (eV) band N White lines: typical for

M

: L 7transition metal oxides| => Wwhite line ratio can
cI L2y reflect oxidation state

states o

Plasmon losses in Al nanospheres

Wavelength (nm)
1000 500 400
B s T
(a) experiment

~ metallic Ni

Distance N(E), number of states with energy E 850 900 950 1000 1050 1100

ev

Loss probability (eV-') Intensity (arb. units)

12e+6
Iy (zero loss) I
.. . — tot
Transmission experiment - ot = lo + e d=2 ln( /10)
. . Of inelas!
- plasmon or edge intensity can e
be used to calculate thickness Em A = A(Ey, 2)
(relative or absolute) or IMFP = e
Plasmon modes in an individual Ag lineiast (Plasmon)
triangular nanoprism supported on mica

2 0 20 40 60 80 100
Energy Loss (V)



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Quantitative analysis — edges

120

-
=
=

Steps of quantitative analysis
1) removal of background (below peak or from beneath the edge) bg
2) deconvolution of features
3) integration of area (within the peak or edge
4) determination of composition

Q
ISy
&
nits)

~
Il
.Iu‘
o
=

=1
L=

Intensity (ar

Iy = Lok
$r = Noy
I, 0 , , :
N=— 40 60 80 100 120 140
0%k Energy (eV)
1 ... probability of excitation of k-th shell integration 6Ej
N ... areal density (concentration) of analyzed element energy ranges SE,
Oy ... ionization cross-section for k-th shell

If low-loss distribution or absolute o;'s not available:
Ratio method

Assump. : most electrons in zero-loss peak

(=> total beam integral = I,) Iy _ Ok X (intensities from the same spectra;
— We can instead use [}, ... low-loss intensity I o X ifpossible, also the same edge type]
integrated up to the energy loss X; ... relative concentration
In general, the core-loss intensity is measured across finite j edges measured = j-1 equations
energy and angle region .

&Y g & & j unknowns

=> we have to consider partial I and a: [(8E,a,3), 0 (0E, a, B)
a ... incident beam convergence angle
p ... collection angle

5 j e uftions Xi
X, =1 /€4

J
i=1



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Quantitative analysis — multiple scattering issue

Effects of multiple (plural) scattering Numerical treatment methods Fourier space:
e . . . * Deconvolution (Fourier-based methods) convolution > product
* Redistribution of core-loss intensity — due to convolution of the . e . .
dee sh d low-| ) * Incorpotate into quantification (direct calculation,
edge shape and low-loss spectrum .
. . P P . . . modeling)
* Alteration of the edge shape and intensity, additional features
A | convolution >
In general, higher z and thicker samples Convolution of single scattering Single scattering ggtsr?brzggnirg??hseity
are more affected by plural scattering distribution (SSD) with distribution = SSD o)
low loss spectrum L
Observed Edge Low-Loss Profile
Ideal Edge
(%]
C =
w =
-
=
' By ' 3 Ex ' 0 50 100
Energy-Loss (eV) Energy-Loss (eV) Energy-Loss (eV)
< deconvolution
detector noise _-'> Complicated example: overlapping edges
Energy loss Fourier-log deconvolution
) ) o ) o o ) sek from reference spectra
Consideration of multiple inelastic scattering in transmission experiment | oo
Incident electrons Sity u 8000 siL, Beis
1 Ally 7000.
A‘l = NO- st'oa 6000.
t i § -
Probability for n-times scattering: w = 4000
(@TL = A_ enmi AlpBesSigO1g Ea
i : 10004
" & T o
Singre soattering (Poisson distribution) ; \ %
100 150 Energy-loss [eV] b)

Plural scattering Energy Loss (eV) From: Hofer & Kothleitner, MMM 4 (1993) 539



Spektroskopie charakteristickych ztrat (EELS)

Electron energy loss spectroscopy

Photon-excited methods equivalents

What |
Learned

From
‘.

electrons photons
HREELS IRAS
ELNES XANES
EXELFS NEXAFS

Take-home Messages

* Monochromatic source crucial
* One of the best methods to characterize adsorbates (especially HREELS)

* Very wide energy range (vibrations to core-levels)

Main indicators

plasmon intensity
- occupied valence band DOS

edge position
- core level position
(effective charge on an atom — composition, valence)

edge intensity
- empty states DOS

white line intensity (or ratio)
- occupation of outer d or f bands

near edge loss structure
- local coordination

orientation dependence of ELNES
- crystallographic information
- anisotropy in the chemical bonding and band structure



Fotoelektronova spektroskopie

Photoelectron spectroscopy

Brief history and fundamentals

Brief history

1887:
1895:
1899:
1900:
1905:
1958:
1967:

19609:

Discovery of photoelectric effect (H. Hertz)

Discovery of X-rays (W. Réntgen)

Discovery and identification of the electron (J.J. Thompson)
Discovery of energy quanta (black body radiation) (M. Planck)
Quantum theory (photoelectric eff. explanation) (A. Einstein)
UPS spectra (W.E. Spicer)

ESCA (XPS) (K. Siegbahn)

Originally, ESCA was meant to provide bulk or gas-phase
information; soon its surface sensitivity was discovered.

First commercial XPS (HP)

1970s: First applications of synchrotron radiation
1970s+: Development of UHV instrumentation,

Classical expectations

2) Electron should
light frequency

investigation of A of electrons

Actual results

rce on electrons « electric field of lig

iffed independent of
iciently large E 3)

A

A

Photoelectric effect

Experiment (discovery)

metal plate

1) Maximum Ej independent of
intensity, but depends on v.

2) Minimal cut-off frequency v,
required for emission

No time lag. Light intensity
determines emission rate.

UV Light Hertz:
light > charged particles
- A\\ collector Thompson:
= charged particles = electrons
e
+
vacuum - V
1 i
o
Ammeter

Explanation (theory)

Planck, Einstein:
light is emitted and absorbed in quanta of
energy
E = hv
- electron absorbs a single quantum to
leave the material

E** = h(v —vq)
Ej* =hv—W

h ... Planck’s constant
W ... work function

Millikan: (5
further verified in subsequent experiments



Interakce elektronu s prostfedim

Interaction of photons with matter

Photoionization process

Photoionization

lonization of atom (molecule, solid) by photon

Koopmans’ theorem (frozen orbital approximation)
The negative of the HOMO energy = ionization potential

... or: Energy required to add an electron to an excited state is eigenvalue of H, (Hartree-Fock hamiltonian) HF approximation: orbitals
of ion are identical to

Originally for closed-shell systems but applicable also to open-shell systems neutral atom (molecule)
“frozen orbitals” — no orbital

initial state final state relaxation considered

.

hv

Final state lifetime very short

W) T e (=105 10

A(N) A*(N-1, k)

excited electron level

A(N)+ hv > A*(N - 1,k) + e~

Energy conservation

Ei(N) + hv = Sf(N -1, k) + Ekin

Ekin = hv — [&f(N = 1, k) — &;(N)]
\ |

Y

1
— HF
Eg(k) = —&k | Erelax—€eorrel —-frel

relativistic energy

binding energy correlation energy

} usually very small contributions
referenced to vacuum level

relaxation energy

k-th orbital energy by HF first approximation calculation



Interakce elektronu s prostfedim

Interaction of photons with matter
Photoionization process

Photoionization cross-section

- probability of a photoionization Photoionization of molecules

- quantum effect: minimal threshold hv required

- analytical solution of ofE) only for H atom (z>1: numerical methods) - more degrees of freedom

=> add. contribution to total energy:

Wy 10— * translational and rotational E:
8 I-ll-'d;oge1n (H 7 - Nitragen {N) too small to be resolved
3 - E 3 \\\ e vibrational E: fine structure (UPS)
- . - T - orientation dependent
0.1f 4 01f \ otal p
0.01 4 oo \.\
E E c 2 2s 08
c ] - P hY \\ He | UPS of CO
n._m*] 1 Ll |||||| Ll |||||| ‘1001 1 1 IJIII]I 1 1 IJJ\IJJ 3
1D§ T T IIIIII| T T IIIII'II E 1ﬂ§ T ||III| T T IIIIIII g i
B Beryllium (Be) B E
_ . 7 -4 i L i ;1;.0(8)
£ E g 1F E
=] F E B 3 3 - 19.68(8)
= - ] B 1] L f
= 01 = 0I1F ™ = n 106'53[6)
= F E - \ 3 €
< £ 1s photo- \\\ E g \\:\\ 3 2 Ny
g 001k ionization s = 00l f 2\1\\ = ‘
E  threshold E - N
- N, 1 - NN
0,001 L1l [ B A RR | 0.001 [ NN T |
10; 1 IIIIII| 1 1 IIIIII| ; ]GE T T IIIIIII T T IIIIIII E W\/\Aww
= Carban (C) 3 S E A Nlse
1 __ Z=6 __ 1 __ __ 1 L L 1 1 L L I
E E E E 20 19 18 17 16 15 14 13
E E - - eV
0.1k 4 01k -
0.01 NN Td oo y
2 N2p 25 ] i pu— -1 N Multi-electron system: shared e-e interactions
0.001 vl oo TR SRS Sl => shielding of an electron has smaller impact on other electrons
10 100 1000 10 100 1000
Photon energy (eV) Fhoton energy (eV)

Numerically calculated values for isolated atoms



Interakce elektronu s prostfedim

Interaction of photons with matter

Photoemission process in solids

Photoemission from a solid

New phenomena:

* Band structure (valence electrons)

* Surface states

* Electron transport through solid => surface sensitivity (1)

* Electrostatic surface potential (work function)

* Photon momentum has to be considered (=>dispersion/angular effects)
* Quasiparticle (manybody) effects (plasmons, phonons)

sp Direct Transition Surface State
Work function E sp Band
. N . : E
- reflects surface charge distribution € &
E =z
. . 2 2
Surface orientation dependence (~100 meV) s B
Q —
contour of constant o 3
Wigner-Seitz cell elctron density 2
- - - . . / i E
| | | |
CI)closed > (Dopen 4 3 2 1 0 - .
. . Binding Energy (eV) no dispersion
closed-packed open- surface: charge smooting
(Smoluchowski effect) g | [Ag(111) Normal Emission
c 6 Upper sp Branch
® change due to adsorption - additional dipole moment (+ or -) © %‘ s Eyac
o 2
©
5 82 Surface
[
T =
m E
S F
< -2
4




Fotoelektronova spektroskopie

Photoelectron spectroscopy

Fundamentals

Photoelectron spectroscopy
- mapping of occupied electronic states up to Fermi level
(empty states = Inverse photoemission spectroscopy)

Energy diagram of photoemission process

5P i s, s ==

Ekin
Z
- *— — - vacuum level
vacuum level —J— o / eszP
Fermi level oy th Zzézmzz
ermievel gz g T T T T Er
I I
Eg
Sample ' Spectrometer

Ekin =hy - EB = e(osp

Photoemission in a solid — 3-step model

1) Probability of absorption of photon by electron and its excitation
2) Probability of photelectron scattering on its path to surface

3) Probability of photoelectron transmission through surface

Often not well separable (the steps can interfere)
-> one-step model — more accurate

Schematic representation of the density of occupied
states (DOS) in the photoemission process

AEKN
E 4 B
F S
£ —
EVAC
.
Er
V
VALENCE /
BAND
CORE LEVEL [Z==-"~""""

PHOTOELECTRON
ENERGY
SPECTRUM

valence electrons l

ADSORBATE
LEVEL

core-shell electrons




Rentgenova fotoelektronova spektroskopie (XPS)

Basic elemental analysis

X-ray photoelectron spectroscopy

Qualitative analysis — basic identification

K =] (S
z 1s 25 2p1/2 _2p3f2

M-IV

M-V

3pl/2_ 3p3/2 3d3/2 3d5/2 4s

NIV

NV

4p1/2 _dp3/2 _ad3/2 _adsjz

1H 136
2 He 246

— identification by peak positions (element-specific core-level photoelectron energies) = 3u |

5B 188

— often more levels present = cross-check using relative peak intensities sc | e

N 4099 373

— doublets wherever applicable (p, d, f) - spin-orbit splitting so | sa1 as

10 Ne | 8702 485 217 216

. and peaks area ratio almost invariant of environment wha [oms s 04 s

12Mg| 1303 886 496 4921

— take Auger peaks into account too (E, is E, independent) BA| s oars ms s

— be aware of source-related satellite peaks (non-monochromatic sources)

Intensity (a.u.)

5P | 21455 188 136 135
%S 2472 2309 1636 1625
7d 2822 270 202 200
18 Ar | 32059 3263 2506 2484
19K | 35084 3786 2973 2946

1000

800

Wlde SPECtrum (Survey) 20Ca | 40385 4384 3497 3462
L 21 8¢ 4492 4980 4036 3987

2T 4966 5609 4602 4538

23V 5465 6267 5198 5121

24 5989 696 5838 5741
25Mn| 6539 7691 6499 6387
26 Fe 7112 8446 7199 7068
27 Co 7709 9251 7932 7781

28 Ni 8333 10086 870 852.7

- 29 Cu 8979 10967 9523 9327
prl ma ry Stru Ctu re : 30 Zn 9659 11962 10449 1021.8
31 Ga 10367 1299.0 11432 11164

core-level peak 2Ge | 1103 14146 12481 12170
33 As 11867 1527.0 1359.1 13236

(no energy loss) 3Se | 12658 16520 14743 14338

35Br | 13474 1782 1596 1550
36 Kr | 14326 1921 17303 16784
37TRb | 15200 2065 1864 1804
38Sr | 16105 2216 2007 1940

seconda ry asY | 17038 2373 2156 2080
407r | 17998 2532 2307 2223
structure 41Nb | 12986 2698 2465 2371

42 Mo | 20000 2866 2625 2520
43Tc | 21044 3043 2793 2677
44Ru | 22117 3224 2967 2838
45Rh | 23220 3412 3146 3004
46 Pd | 24350 3604 3330 3173
47 Ag | 25514 3806 3524 3351
48Cd | 26711 4018 3727 3538

backgrou nd (ph0t0e|ectr DNS 490n | 27940 4238 3938 3730
. . s0sn | 25200 4465 4156 3929
with unspecif. energy losg)

Settings:
Anode: Mg (240 W)

Pass E 175 eV
ass Energy: 75 e valence

band

600 400 200 0
Binding Energy (eV)

XPS also called:
Electron spectroscopy for
chemical analysis (ESCA)

1.7
177
249

107
169
239



Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Resolution and surface sensitivity

Photoelectron energy resolution

AEiotqr = \/AESZ + AEZ + AEZ,

AE, ... inherent energy linewidth of the PE production event (Lorenzian shape)
- lifetime dependent (lifetime of the core hole state) « 2h/t
- temperature dependent (thermal broadening) o« 3/, kT

AE,, ... exciting (x-ray) line width (modelled as a Gaussian)

AE,, ... analyzer resolution (modelled as a “box” function or Gaussian)

Convolution of inherent signal with instrumental function

s(E) 1(E) d(E)

Practical measurement of total resolution

" 10 meV (16%-84% criterion)

Problematic determination for
AL * semiconductors — E; within gap

T ] * insulators — additional problem of charging
hy =9eV
[armearany

444 448 452 456
kinetic energy (eV)

used (usually C 1s)

-> Some good reference core-level peak can be

m)

Escape depth (Angsts

Information depth

Kinetic energy (eV)

100 SO0 1000 2000 1000 G000 S000

60

0 ’_ AE,,) “universal curve"

b

Conventional VUV

For XPS: 3\,pr = 2-10 nm

Angular dependence

+

),

»
73

[ 7

Escape depth (nm)

Detector

| d~10 nm d~8.7 nm




Rentgenova fotoelektronova spektroskopie (XPS)

Intensity

XPS background origin

Extrinsic losses

- electron-phonon events

X-ray photoelectron spectroscopy

Energy loss background

- inelastic scattering (photoemission non-specific electron
energy losses — a part of electron transport process)

Intensity

Photoemission

Inelastic
scattering tail

peak

X-rays

Kinetic energy — |
\

VsS.

pass)

Character of background depends also on transmission function (affected by E
- — 10ma Pass =206V — 10mA
Pass energy = 80 ¢V S, CNETRY . Smh
+ better energy resolution
2 - higher background
.E - lower peak intenzities
Au
T T T T T T T T T T T
1050 900 750 600 450 150 0 1050 900 750 600 450 300 150 O

Binding Energy (eV)

Binding Energy (V)

Intrinsic losses

- electron-electron events

- alternative final states (a part of photoemission process)

Intrinsic loss example: plasmon losses

AlL,O, ”
(sapphire) | | Al

b: bulk plasmons
s: surface plasmons

Normal b

190 110
Binding Energy (eV)

Some photoelectrons can excite multiple modes
(equivalent to multiple loss events in an extrinsic plasmon process)

Sometimes hard to separate

- similar timescale => extrinsic and intrinsic processes
interfere coherently

- similar energy magnitude



Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy
Spin-orbit splitting

Spin-orbit splitting (coupling) or LS coupling
- interaction between electron spin (intrinsic magnetic momentum)
and its motion (magnetic field generated by orbit)

(Internal Zeeman effect)
$ ? T

J=l-s

\ntonsty\u)

initial state: completely S j=lts 380. - .375. - ‘370‘ - .365. - ‘360
filled core subshell lonization final state: unpaired spin Binding energy (eV)
left behind
Energy Ag3d: (3d)°+hv > (3d)° + e
n=3,1=2,s=1/2,j=1+/-s=5/2,3/2
A e 4f degeneracy: 3ds,: 2x(5/2)+1=6
n=4 _-_ 4d 4py, 2 3d,,: 2x(3/2)+1=4
e :gp,' 3d3/2 4
W .3d- 353/2 4
—3 - < =i £ 6
&: - _g‘;- 3p51’g 5 Intensity (branching) ratio = ratio of spin-orbit
T, __33: §p3/2 4 component multiplicities
S10 2
C2jT 41 21+2 1_|_1
n=>2 -2p. 2py, 2 20 4+1 21
=z Dg 2Py 4
28, 2
Subshell Total angular Ratio of the
(n momentum (j) degeneracies
Eg(j=1-5)>Eg(j=1+5) components (g*- = 2j*/- +1)
s (0) 1/2
n=1 p (1) 3/2,1/2 4/2
=l e 4§--— 15, 2
1/2 d (2) 5/2,3/2 6/4
Shell Sub-shell  Spin-orbit coupling f 3 7/2, 5/2 8/6

multiplicity of states




Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Chemical shifts

Origin of chemical shift

core shell electrons (EB)

valence charge ¢;

/ surroundings charges q;
\

Chemical environment factors

* oxidation state

* electronegativity of neighboring atoms
* coordination number

Charge potential model

Ep = E§ + aq; + eV, Vizzq]/rij
= J#EI
contributions from surrounding atoms
(= polarizability)
qi/rv ... classical potential inside hollow sphere
(> electronegativity)

Eg ... reference energy (neutral atom)
i,j ... atom designations

Ty ... average valence orbital radius

=> All core level undergo the same chem. shift (approx.)

For equivalent compounds AEg decrease down a
periodic table column (r; T)

True chemical shift is an initial state effect

2 identical atoms in different chemical environments

AEg = alq; + eAV;

Atomic and molecular solids (covalent bonds,
dispersion forces, dipole-dipole forces, H bonds)
J =~ atoms bound to atom i

=> AV; small

=> electronegativity effects dominate gq;

=>AEp X Agq;

S5 Chemical Shift (eV)
L1 - © o
YT T TTY

)
@

| o O |

Lalatalatal

)
(%}

lonic solids (ionic bonds) _—

~

V; summed over the whole solid

=> AV; can be 2 Ag;

=> shifts can be very small even for oxidation
states change (AV; and Ag; can even cancel out)

168

166

164

LIS B B B B B |

162

Szp Binding Energy (eV)

Salalatatatatat.

References: e o 0 05
- handbooks of instrument manufacturers Calculated Charae
- NIST database

- pure samples

- literature data

Simple assignment often impossible — tabulated values vary widely

o

C1s I Binding Energy (¢V) Au 4f 4f; Binding Energy (eV)
Qompomd Ty 20 202 24 206 280 20 02 24 Compound Type 83 84 85 8 8 88
Carbide = ‘4 o B
Chubos AuSn
S AuSi -
Cwith S N4
CwithO YbAu; -
o ClAuPh:P -
Beny
Kewoney Aldchydes ClAu(PhsP)2 [ | L
Carbox;
Cotonss ChAuPhsP
CwihQ (PhsP)AuNO: -
Cwith F ClAu(Ph3As)
?f‘ (-AuSPEt:S-)2
1
Ch TT (-AuCH2PEt:CHa- 12 F




Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Chemical shifts — examples

Nitride — different base metals Oxide - different level of oxidation Organic molecule - different atom position
First-Row Transition Metal Nitrides (ScN, TiN, VN, and CrN) almost fully Ethyl trifluoroacetate
' ' ' ' ' ' ' ' Sclp ' ' ' oxidized
Metal and N Auger Lines C1ls
P Sc2s N1s 7 i
Sc3p
/JL\_& _‘____,..»L,./J ScN Sc3s |
I Ti2p ] d
E Ti2s Nis 3 i 8
i3p Q
| TiIN  Ti3s c o %‘
V2 e ] < c
o | ! & 8
| N1s
- L V3P %— ° )
. . VN V3s []] ] 7 |l
Cr i a4 | ; b 4
Cr2s Nis a3 a wootprt | Rook | Moo | | o,
L. = ] clean i | Chemical shift
1200 1000 800 600 400 200 0 '
E, (eV) 467 457 447
Binding Energy (eV)
[ N1s 1 \ — Cls Increasmg oxidation state
L \ | Gas phase Condensed phase
[ \ ' graphite methanol
z | e "
S + 11 ; ;
a \‘ \ 1 q 3 5
= | \ ] 3 I I ]
‘S’ L PO SN | . 3 284 286 288
_g I e ’- \ e IE (M) Binding energy [eV]
8 TiN
L AV 1 s 1 . LT "Er;N ‘ ' M & (Msm ;
389 398 397 396 395 294 S

Binding energy (eV) BE s gveten (M:



Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Chemical shifts — range of the effect

what we have... ... what we actually see
XPS of polymethylmethacrylate /
O1s| Ci1s e .?'gm/
rr9),
4C=0
;1 é; 2.1 C13H3
Hj 2,
1 ] CH»-C
(CH:—C) €+ .)n
/n 4C=0
O
4. ,,
4C=0 )
1000 800 600 400 200 0 o) SEws)
Binding Energy |(eV) 3CHgz (')

292 290 288 286 284 282

Binding Energy (eV)

Sensitivity to chemical structures with XPS is short-ranged.
=> Additional information or the use of complimentary methods is essential.

538 536 534 532 530 528
Binding Energy (eV)



Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Particle size effect

10 nm

Shift of BE due to

* Intrinsic (,true”): different electronic structure of NP vs bulk metal
(atoms with different coordination numbers
=> can also depend on fine structure of particle)

* MSI: size-dependent|charge transfer between NP and support
=> can be also very substrate-dependent)

o : . : ;
() SI0/Si(001)
we can even measure o -
- =
the charge transfer = (i) TIO/ T 50mySi(001)
b |
Pt particle size (nm) :S,
- 1015 20 25 3.0 35 2 (W) TiO/THol
\% | fulsass ] ! 1 | 1 18 g
& . i Largest B J -
145 " EMSI B ™ - ; S
] S ! m ol k14 5. g T VL
c .J._,l-r g AT A
71.8 eV k = L _m F12 o= - - - -
= o_8 3
¥ & ..5 2
% : - i
ST o |
H\\\h____ £ ;' O B )
v i 0., = -
720eV T —~——"""1 %04  |§ o L6 B (-
e E e, =
A S A I A @ SO La & “ (iii) THO/Tifail
78 77 76 75 74 73 72 7 70 < &0 e g § 3 e
Binding energy (eV) : 2 2 ]
000 4 | | | ' | | 0 % (W) ITO(200nm) Giass
¥ W9 200 300 400 e 600 700 800 1=
1 Pt atoms per particie {

Lykhach Y., Kozlov S.M., Skdla T., Tovt A., Stetsovych V., Tsud N., Dvordk F., Johdnek V.,
Neitzel A., Myslivecek J., Fabris S., Matolin V., Neyman K.M., Libuda J.: Counting
Electrons on Catalyst Nanoparticles, Nature Mater. 15(3) (2016) pp. 284-289

88
Binding energy (eV)



Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Final state effects

Final state consideration

Effects due to final state

initial state ,5-\\0{\ final state - relaxation effect
.\_& hot electron & ionic ground configuration - multiplet splitting
%,\ R ((\Q’ ,5'&\0 p— - multielectron excitations

hv .Qé@ hole kq}’b.\‘ ejected electron - shake-up, shake-off, shake-down => satellites

' —_— wud + Oe' (E..) - electron-hole excitation = continuous satellite
core sha|l S / <1017 s | ! At kin (asymmetric line shape)
valence shell - (plasmon loss peaks)

A(N) A*(N, k) A*(N-1, k) - vibrational effects (UPS/VB-PES)

lonic ground state = “parent” (main) peak

* — + _ —
AN) +hv > A(N.k) +e” - ATN -1k +e Unrelaxed states = final state must be considered

Energy conservation

g(N) + hv =g (N — 1,k) + Ein

often Erelax = OEcorrel = Koopmans’ theorem good approximation

Eki" = hv — [Ef(N - 1' k) - gi(N)] ot é“c—'correl = Ecorrel(N - 1; k) - gcorrel(N) >0
\ J
A

Y

/| \
EB (k) = - SII;IF — &relax|™ [ecorrel(N) - gcorrel(N - 1) k)] - 5Srel

relativistic energy term

experimentally determined correlation energies — must be considered for both initial and final state
binding energy
referenced to vacuum level relaxation energy

k-th orbital energy by HF first approximation calculation

Improvement over Koopman’s theorem: relaxation considered

—> lowers apparent Eg (by ~1-10 eV)



Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Electron screening

Final state effects — relaxation effect

- dynamic screening of the generated hole (quasiparticle)

by remaining electrons

=> weaker coulombic interaction

=> higher E,

Localized screening 1016 ~101> s <—

Atomic relaxation (gas phase)

Previous scheme: adiabatic approximation

X

In reality: diabatic process — electron is removed quickly
=> the final state is not necessarily the ground state
(consideration of hole decay time = dynamics)

b — Cexcit

Relaxation energy > AEg(0t) = hv — Egin — €re1ax(01) + ¢

Relaxation time = intrinsic peak width (AEAt > h/2)

Screening response time ~ ——  Delocalized screening 1013 ~101? s

Franck-Condon principle: electrons move much faster than nuclei,
transition probability « (overlap integral between Yinitia1 & Yrinai)?

Energy

final state

initial (ground) state

1. instantaneous

2. relaxation

el. transition

Nuclear Coordinates

Extra-atomic relaxation (solid phase)

- final state relaxation dependent
on chemical environment

- many-body process

CO/PM(IN)
Exp = W2 Vol

\]@

Iy

R
! CoOuI Yy
~< Exn = 47 kNmol
,% COMgaill)
. s‘g = 19 kVmol

.« EN
CCsou10
~4 Econo = 7 Vol
da Lx So
LA o
20 15 10 s Om
(eV) ) A



Rentgenova fotoelektronova spektroskopie (XPS)

Shake-up and shake-off

X-ray photoelectron spectroscopy

Final state effects — multielectron excitations

- relaxation AE = excitation of a valence electron
=> |loss of E, = Satellite at higher EB

shake-up

O

excitation to unoccupied
bound states

Shake-down

shake-off

O

excitation to unoccupied

unbound states
(rarely results in peaks)

- electron from occupied valence state 2 empty state
(down-shifted by reduced screening)
=> E, gain > Satellite at lower EB

- Usually interatomic screening-relaxation effect
(e.g. transition O 2p > M 4f in metal oxide affecting

emission from 3d)

- Relatively rare, but typical for rare-earth elements

Inorganics Organics
manily transition metals and rare earths

with unpaired electrons in 3d / 4f shells

Poly(ethylene terephthalate)
Cis Scan

Strong Cu?* Cu2psp
satellite
“adiabatic” peak

Cu2p.
" Strong Cu?*

/\ /\ satellite

shake-up structure

LT\

,"\ll chemical shift

Counts /s

|
[ V] \
Cu:0 / \k\x Weak | \\
P e \ \_/s\alelhte /
el I J \
\“\_.4/\\ 204 202 200 288 285 284 282 280
Binding Energy (eV)
960 950 240 930

Binding Energy (eV)

&

shake-down Both intraatomic and interatomic

interactions possible
Evac 777777777777777777
Relaxation of an empty state
E EE due to reduced screening
F
AAAZ => re-increased screening => £, gain
&

O

(Kotani-Toyozawa model)
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X-ray photoelectron spectroscopy

Final state effects — multielectron excitations

Electron-hole excitation " 610 _—
5 Au
. qe . (o]
- metals: many-body response of a Fermi liquid to a sudden =" o 5 10* | A 4f
. 210
creation of a core hole : e \ e
(core hole acts as potential scattering conduction electrons) . § 4107 -
. . . o 7 B
- shake-up like event within unfilled el. levels above E, i - = 2 3 10* |
=> high-EB tail — asymmetric shape, no discrete peaks . “E S0l
. . . 5 24 Pt -
- intensity «« DOS at Fermi level = 8 U
- 4
(=> significant for transition metals) a2 : Ll | S J
8 y
20 0 105 3 1 1
- 100 95 90 85 80 75 70 65
@ ANI(E) -10 s Y’ Binding energy / eV
E-E¢ (eV)
ﬁ::— —> Doniach-Sunijic line shape
-
Eg Ee
Koopman's adiabatic sudden
theorem
> A
g“ intensity 1 |
eh XPS £

L

> 7? %_ \Er 7
%_ v v

XPS|- Spectrum
Er

y
>

my
~V

hv

X-ray absorption

Efhuw)

EFAbSDI"p tion
edge

Ebin




Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Final state effects — multiplet interactions

Multiplet splitting (exchange splitting, electrostatic splitting)

- in presence of unpaired valence electrons

- coupling between the unpaired core electron (after photoionization)
with the unpaired electrons in the outer shell

- different energies for parallel and anti-parallel spins of the interacting
levels

- usually observed as an envelope of multiple structures

Multiplet Interaction S level interaction
Fe'(a%) Fe''(a®s')
Ss s ’s
30 Py & % §
Saam *66 o 966 £
hy é
3s —_— ——
Initial State Final States
FIGURE 5.24. Schematic of muitiplet splitting 107 103 99 95 91 a7 83

3+
following photoionization in Fe: BINDING ENERGY (eV)

FIGURE 5.25. Photoslectron spectra of 3s shell in some
transition metal compounds showing effect of multiplet
splitting. [Reproduced from Carver et a/,'117) Figure 2.]

2p level interaction: more complex

fiFe,0, 1108V

(a)
710.8 eV |

a Fe,0, \7097EV

/ ()

Sres oy (o
Flaore 2. Dotaed Fa(2p *1;) spoctra of () yFe,0s, (5) oFe,0,

-

719 om om 707
S —BINDG ENERGY (oV)

Detailed Fe(2p®?) spectra of (a) fIFe,0,, (b) aFe, 0,

Origin of the multiplets

T T T T T T T =T
100 LyL,
2724
50 I
80
w 7
9 10
)
£ 60 Lt
8 =2572pt
w 5.0 Lty
.g 25'2p%
+— -
_U 40
]
& a0
20 L,
25%2p1
10 [
21"
. 'S, L, 202
oS T I I — T —
20 60 80 100
z
L-S coupling j-j coupling (spin-orbit interaction)
(normally in the final state) (normally for the initial state)
(coulomb >> spin-orbit) (spin-orbit >> coulomb)
Stark effect Zeeman effect

intermediate coupling
(spin-orbit = coulomb)
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X-ray photoelectron spectroscopy

Final state effects — plasmon losses and vibrational effects

(Intrinsic) plasmon losses

Screening of core hole potential by collective oscillations of valence electrons

-bulk plasmons, sufrace plasmons
-higher modes possible

x3

plasmon losses

Mg 2s

-hwg

110

Ag3d spectrum of
silver metal | Ag3ds, | f } I I
“ (metal) H
ALO |
( 2 3h' ) || Al2s
sapphire
. PP b: bulk plasmons
Ag3dy, F ' s: surface plasmons W
{metal) ‘
.
||| Loss | ‘ Normal b b
Loss | A e
f ) | feature
eature |1 | | |
\ / 'k [ ]\ Grazing
I/ | I~ . . i
—~ some photoelectrons can excite multiple modes
I 382 I 3".-"3 37:"4 I 310 I 3!‘56 3é2 ]90

Binding Emergy (eV)

Vibrational fine structure

- solids with significant vibrational structure
- e.g. polymers — C 1s peak asymmetry mainly due to

Binding Energy (eV)

C-H stretch vibration

more surface sensitive

0 2 40 60
Relative binding energy (eV)
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X-ray photoelectron spectroscopy

Surface core level shifts

Surface core level shift (SCLS)

-related to the different surroundings of the surface and bulk atoms
-usually smaller extent than CLS => high resolution PES usually required

Surface band narrowing due to smaller number of nearest neighbors
-> shift of binding energy

less than half full more than half full

bulk surface bulk surface

core level ——— — — — —— | — =

charge neutrality => electrostatic shift

photoemission intensity (arb. units)

Clean Ru (3d;,)

bulk
2" Jayer
15t layer
e i
Sp S22 S
hv=4058V
hv=3858V
hv=3558Y
hv=3458Y
hv=3358V
f Ru 3ds,
f hv=365eV

286, 285 284 283
binding energy (eV)




Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy
Resolution of local structures

XPS = integral method, but local-type phenomena often detectable

Adsorbate Surface and interface

T et (n=390ev) 0OCCH,/Cu(110) =
W afy7 320 meVA 0= 450
o hv=71eV $=50
Cl .
Surface Bulk
<110> W 1st ML
(a) Clean
009 100 105 145meV |90 mev
Kinetic energy (eV) —_~ PN oy
8 B
L = Interface [ 2nd Layer
Local stoichiometry CeO, XPS:Ce3d et
p fy Bulk Fe
‘ £ [(b) (1x1) W 1st ML
Ce0, (100) 2 Fe/W(110) W 2nd ML
= W bulk
Interface 390 meV— Bulk
(©) .
(7x14)
Gd
W 1st ML
W bulk

CeO, (100) +
Ce3* oxygen vacancy
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X-ray photoelectron spectroscopy
Auger features in XPS

700
Auger transition of photoexcited atom & ZnO - Al Anode
=
. . N 5
E, independent of primary photon energy 600 - ; ZnO - Mg Anode
=> distinction from PE features AE;U — AEgIgE N
500 - L Zn LMM
ik Kinetic Energy g . 7n LMl\(Ef :
| Vacuum ‘ g 400 — . : it
Sample e(DI ; g o
Qll Fermi-Level - n — % 300 - O
© ;
N ®eeee 2p, eooe 8 eveoe
) 2D —eo—o| 5 —o—e— 200
: N
S @ @ 9<'g ® <. 100 4
K ® ® Is ® L L ] 1
(a) (b) (©) 0

I | I ! | !
800 600 400 200 0

Binding Energy/[eV]

! |
1200 1000

Chemical effects on X-ray induced Auger peaks

ZnOp‘SiO;g b ZF'IOJ'SIOQ

lonization -> change in h
- atomic core potential 1 i
] ZnLMM h

- valence charge 1 | Zn2p
- charge distribution around atom '_MJ(\J“\)\ u ]

- final state — doubly-ionized system

T Trrr LELELEL L L LI B A B |
360 960 10‘00 120 160 200 240
-> affect: AE energies, lineshapes, intensity ratios

(+ satellite structure via local unoccupied DOS) Auger photoemission
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X-ray photoelectron spectroscopy

Auger parameter

(def. by Wagner)
- primarily for prominent lines (core —level states)

a = Ex(Cy, Cy, C3) — Ex(C)

Ey(Cy,Cy, C3) = Ep(Cy) — Ep(Cy) — Ep(C3)
Ex(C) = hv — E,(C)

Usua”y C e {le Cz, C3}

1) Fixed difference between Auger and photoelectron
line of the same element in a given chemical state

2) Charge shifts eliminated (are cancelled out)

3) Work function doesn’t need to be considered

- Especially useful for insulators and semiconductors

- can be negative

- Aa « polarisability of chemical environment of core-
ionized atom

(Modified) Auger parameter

a' = Ex(Cy, C;,C3) + Ep(C)

a’ = Ek(Cll CZ! C3) - Ek(C) + hv

- no primary energy dependence
- used nowadays instead of o
- always positive

Wagner plot
= chemical state plot (diagram)

Kinetic: Energy (LM, M) (eV)

Auger parameter

Auger parameter shift

Positions of compounds
indicate both relaxation energy
and initial state effects

Aa'= AE,(Cy, Cy, C3) + AEL(C)

AE,~ —Ae — AR
AE,~ Ae + 3AR

Ac ... initial state effects (chemical shift)
AR ... relaxation energy

=> Aa’'~ 2AR

correlation between PE and AE energies
for most intense core PE and core-core-core AE features
positions of compounds indicate both relax. energy and initial state effects

3

1850

1848

1848

1847

Cu Auger Parameter (eV)

1846

ST T A T T A
Diff. a’ => final state 5 " [
way Om-2 =1
(relaxation) effects y :
247 4 Ll 1508 y #  NiMetal o
(slope ~-3) g»- N ai7:}
i 34 NIOH),
846 18978 & ABDO s
fe cammaMoOH
515 wes ¥ ASO0 2 o
]
=
Bdd w
8
243 ;5_-’ 915 4
x
z
842 — Ef
The same @’ 3 ..
241 L AL =>initial state effects
I -1
. (slope -1)
‘ i 913 f
835 | | 933

850 858 B57 B56 BS5 854 853 852 BS1
Binding Energy (2p,,) (eV)

Ni 2p;/,—Ni LMM Wagner plot for Ni metal,

Ni alloys, NiO, Ni(OH), and NiOOH.x

Cu2p,,, Binding Energy (eV)

Ao’ due to polarization

932

contribution of the support to AR
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X-ray photoelectron spectroscopy

Quantitative analysis — homogeneous solids

Photoelectron line intensity

\

Iy cos(9)A Ux(Ep)T(EPEx)D(EPEx) j@_z/lm(""”’f") cosb gz

0

U | J\ J

SR I Y — v
source atom measurement solid matter

(PE attenuation)

m ... matrix
X ... analyzed element

Determining factors Sources of quantitative information

Sample dependent terms - primary spectral features

* photionization cross section - inelastically-scattered electron background

* concentration profile of an element - secondary electron cascade background (low E}, <250eV,

* inelastic mean free path of AE usually ignored in XPS — low intensity and only few levels, but

essential for AES)

AES and XPS quantification similar...

... but AES a bit more complex:

more levels involved (= Auger transition probability)
secondary ionization coefficient

inelastically scattered primary electrons => strong background

Instrument dependent terms

* primary photon beam intensity and angle

* analysis area

* analyzer transmission function

* detector sensitivity 1
* photoelectron emission angle

L.(C)... pure PE intensities (without background)
If not angle-integrated — to be considered:

- analyzer acceptance space-angle

- angular dependence of sigma
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X-ray photoelectron spectroscopy

Quantitative analysis — homogeneous solids

Photoelectron line intensity

L:(€) = Iy cos(9)A 0y (Ep )T (Epgx) D(Epgs) f Ny (z)e~#/Am(Epex) 056 7
| | Jl0 |
| |
independent
S, (E,, C
values x( p )

m ... matrix
X ... analyzed element

sensitivity factor

Simplification: Homogeneous sample

(determined theoretically or
experimentally for each z, £, and X) Ny (2) = Ny

(o)

f Nx(Z)e_Z/Am(EpEx) cos 6 4,

* ) usually hard to determine 5

=> assumed constant 0
* anisotropy (azim. angle dependence) not = Nxf e ~Z/Am(EpEgx) cos 6 4, — N, A
considered o
2 (otherwise I, should be angle-integrated)
z o -
2 L
/s,
‘T N, = N———— .
1s > Il-/ Sincorporates o
2 / ANY, => angle dependent

Li BN FNaAl P Cl KStVMCoCuGAsSBrRbY NbTcRhAgInSb | CsLaPr PEuTbHo T LuTaRe Ir AuTI Bi
Be C ONe M Si S ArcCa Ti CrFe Ni Zn G Se Kr Sr Zr M RuPdCdSnTeXeBaCeNd S G Dy Eryb Hf W Os Pt Hg Pb
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X-ray photoelectron spectroscopy

Quantitative analysis — layer thickness

Thin layer (single-layer model)
- Thickness calculated from layer signal relative to bulk

Assumptions

- planar geometry

- homogeneous sample: N, (z) = const.
- normalincidence: 8 = 0

“Indefinitely” thick sample (£10-100 nm in practice)
(00]
I2(C) = KinserNxox(Ep) f o2/ (Ex) 4z
0

Thin layer

da
IJ‘Ci(C) = KinStTNxO-x(Ep)J e_Z/Ax(Ex) dz
0

=>
I18(C) = 12 (C)(1 — e~ U/2x(ED)
=>
d = e(Ey) In—%
= n
x Ly I;o — I,‘Ci
+0: d = A, (Ey) I cos 6

A(E) in XPS = attenuation length at photoelectron energy E:
both inelastic and elastic collisions considered

= A > Amrp

Similar for small angles (6 < 50°)

Thin overlayer (two-layer model)
- Thickness calculated from under-layer signal attenuation

Assumptions

planar geometry

- homogeneous layers: N,(z) = const., N,(z) = const.
under-layer thick (> A)

i i/
d = 1,4(E,) In—2—cos 0 d| : .

att =
Ib L‘,}

Aq (Ep) ... attenuation length of photoelectrons
with kin. energy E}, in the matter a

If d < 1 monolayer (ML) - coverage © = d/dy;

If we don’t know I’ (layer a is already present)
=> determination from XPS intensities of both compounds:

]g = kSa(l — e_d//la(Ea))
1 = ks, e-d/2alBs)

=>

Aa(Eg) = Ag(Ep) = 4 :

Ia/5a>
d=A,In|l1+ cos @
“ < Ip/Sp

Energy dependence of A considered - numerical solution



Rentgenova fotoelektronova spektroskopie (XPS)

X-ray photoelectron spectroscopy

Quantitative analysis — disambiguity and use of energy losses

Tougaard’s method (software Quases)

Traditional XPS guantification assumes
a — fitting of inelastic scattering tail (background)

- sample surface (detected depth) is homogeneous
- surface concentrations are directly proportional to
peak intensities Different peak intensities The same peak intensities

(and known structure)
Non-homogeneous samples

. . 25 r
— more complicated and sometimes disambiguous Audd Buried Au
layer: 1.14
More accurate quantification should include 20 S 20A -
- peak intensity Cu e oA
- peak shape 1| [ AU (1nm) =
- background signal a b c d
10 | 25
: : 5 pn 3 Cu2p
Examples of in-depth profiles -
o C
15 -
Zg| Zgl Ca 0 :
2 B
az L
MI Ca I - - 10 .
{: -
Cy 15 L
5 =
e g : k\
(a) (b) (c) o RN L P
= - _ il 450 500 550 600
UL, e [B ™ el ° Kinetic energy [oV]
Cs Ca 0 o i e 1
//‘_“\. 1000 1050 1100 1150 1200
(d) () (f)

Give identical spectra



Rentgenova fotoelektronova spektroskopie (XPS)

ion sputtering - destructive

Conventional (serial) ARXPS

1) slit limiting angular acceptance

2) step-wise sample tilting

3) scanning through electron energies

Surface sensitivity o detection angle
=> non-destructive depth profiling

/ - o \ oy
” _Surface N\ _ .

. 46 42 38
Binding Energy (eV)

Parallel ARXPS
- additional el. optics and multi-chann
- no sample tilting needed

Angle resolved XPS

Depth profiling

'Bulk Angle'

Oxide

Oxide

'Surface Angle'

Metal

Binding Energy

Binding Energy

Substrate
0.7
_ 08
% 0.5 O1s
g 04 si2
£ i
S oa P Hfaf
E 02
&
0.1 Si2p(
o ‘
20 40 60 80
Angle (9
el detector

- with 2D detector: energy dispersion measured directly

(no energy scanning needed)

Parallel ARXPS

Beer-Lambert

[00)

1,(0) x j ca(z)e_z//la cos(8) dz

100
80
60 |
40
20

Atomic Concentration (%)

modeling 0 2

4

Depth (nm)

relative depth profile (RDP)

VACUUM

[eetle

METAL

Spectra set obtained in a “single-shot

III

OXIDE  METAL

« 20°
40°
60°
80°

Parallel ARXPS Spectra




Ultrafialova fotoelektronova spektroskopie (UPS)

Ultraviolet photoelectron spectroscopy

Basics

Basic properties and applications

- mapping of valence electrons for both substrate and adsorbate

- study of chemisorption (determination of bonding orbital, bond
strength, ...)

- vibrational states accessible (higher resolution)

- most common sources: He (21.2, 40.8 eV) and Ne (16.8, 28.6 eV),
synchrotron radiation (tunable)

Three-step model

Energy distribution:
N(Ep) = ANo(Ep)L(E})T(Ey)

L(E) ~ A(Ey)

a(hv)
« ... light absorption coefficient

T ... smooth ,cut-off” function — doesn’t introduce any structure to spectra

No(Ey) @ ®  nEy)

E,+hv-———9 transport escape
L(E)
™ . T(E)
= Conduction \
= Band :
1 X
-2

>}
g

@ s Band-gap Eg secondary electrons
é (inelastic scattering)

/ Valence Band
0 Z

UPS quantification

- valence orbital energies (& compar. to QM theory)

- interaction strengths and bond energies

- adsorbate coverage
- work function determination

Example: d-group metals

FREE e e T |

valence-like
N

core-like L
d

d band is partially
filled, it intersects
the Er.

d'" shell = the d
band falls well below
the Er and show a
band like character.

d" shell > the d band
is 10 eV below Er and
therefore show core-
like character.



Ultrafialova fotoelektronova spektroskopie (UPS)

Ultraviolet photoelectron spectroscopy

General issues

* There is no well-defined boundary between valence and * Unlike XPS, UPS also sensitive to empty DOS

core-level electrons (up to ~10-15 eV) => overlaps

possible

* Photoelectron spectrum # DOS
- hole-lifetime broadening (< E})
- cross-section differences

- multi-electron excitations (e.g., resonances)

— peaks possible in empty parts of DOS

Density of states
(states/ry spin cell)

Counts per channel (10%)

Re0,

g 8 3

N oW A
S & ©
T 1 71

0 strongly
bressed

d enhanced

)
L [
2 0 8 6 4 2 0 =4

Binding energy (eV)

L)

Intensity (a.u.

* Low hv => Spectrum distortion due to high SE background

* Hybridization effects

5d
54 Au

18 -16 14 12 10 8 6 4 2 ]

* Strong dependence of VB spectra
on photon energy (esp. low hv)

overlap
6s => strong hybridization - . NJ
hw
.
6sp i 90 |
R S e : 80
Binding Energy w.r.t E; (eV) i
70
60

| mrewsiry
I |

* Selection rules (k conservation) in solids
— direct/indirect transitions



Ultrafialova fotoelektronova spektroskopie (UPS)

Ultraviolet photoelectron spectroscopy

Chemisorption studies by UPS

- based upon comparison of gas phase and
chemisorbed spectra

* energy level positions
-> orbital identification
* energy level shifts and shape changes
- nature of bonding, charge transfer across
interface
* polarization and photon energy dependence
-> orientation (structural information)

Adsorbate vs. gas phase

* Superimposition
- Overlap of substrate and molecular levels

* Selective intensity change
- charge transfer (donation/acceptance)

* Broadening

— initial state effect: coupling of adsorbate levels and surface bands
— final state effects: inelastic processes, reduce lifiteme of excitation

* Shifts

-work function of adsorbate level

-chemical shift (initial state effect)
-extramolecular screening (final state effect)

Adsorption on solids

6o

I\

a bondine
M_=C—0

o Po

AZP N B antibonding
\‘J V- )
F i == 60
f Il.:",’j_!_ { r,".\ * ;(’ h
Energy ". o " A L
t \ d'n—)p'n.
I w .
b s b e 400
2s Ty = 'y
CO (gas phase)
(A AL
ALt | oes
| 3¢
L [ S R | |
11 13 15 17 19
G o 9 Schematic So i 4o
(2s22p?)  Bondorder=(4-1)=3 (25°20")  Gas Phase
Spectrum Ih Alhh |J|

Schematic orbital for CO

gas phase

Ix+ So . .
5o orbital — surface bonding
40 Chemisorbed
’ T T T T
bonding Er 4 8 12

BE

Ni




Ultrafialova fotoelektronova spektroskopie (UPS)

Angle resolved UPS

Fermi surface scans

Fermi surface FS simplest case: Li
- Abstract boundary between ccupied and unoccupied electronic levels - atom: spherical between 2s and 2p
- Changes shape upon bonding - lattice: spherical symmetry broken

- Many implications for transport (thermal, electrical), optical, magnetic, and
equilibrium properties

Fermi surface scan (mapping)

* Setting the energy windows to a small interval around E, (dE, ~ E[)
* Accumulating the data over the crystal hemisphere (azimuthal and polar angles)

< Surface
Brillouin zone
v
Polar scans at different Ni(111), - K’
M .
azimuthal angles ——

Lithium Copper

Ni(111), [ - M’
N 0
\
B — ’\% 0°f 10°
et \
\
g \ 20°| 30°
§
g \ 30°| 40°
)
e \\\ 40°| 50°
‘ \
e | i 50°| 60°
60°
T T T T T
4 3 2 1 0

Binding energy [eV]



Synchrotronova fotoelektronova spektroskopie (PES)

Photoemission spectroscopy

Synchrotron radiation photoemission spectroscopy

Synchrotron radiation photoemission spectroscopy (SRPES)

Synchrotron light source

photon source energy analyser

- high monochromaticity

controllable polarization

high luminosity

high spatial coherence (= microscopy) ~eV-keV

hv ' 2
Benefits of tunable energy ;@; J
- covers all energy ranges (UPS, XPS, HXPES) ‘ :
- variable probing depth (= depth profiling) — ;
- high resolution \ —/
- mapping of band dispersion (= ARPES) /@ tJ:\i-lg[r;amrll)Lgrh)VacuumJ

- resonance effects (= RPES)



Synchrotronova fotoelektronova spektroskopie (PES)

Photoemission spectroscopy

Resonant photoemission

4 CeO, XPS:Cedd

Synchrotron Radiation Resonance Photoemission: Ce

CeO, (100)
Tuning h resonance e
115 - 130 &V Q:::)
@
_____ f--------] -| Vacuum
Ce 4f ¢ - Fermi 920 910 900 890 880
_ T l E: BE (eV)
R \ 4 § b
Ce 4d ® o CeO, + Ce,0, XPS: Ce3d
E CeO, (100) +

~ Ce3* oxygen vacancy

hv=121.5e
a
/N 3
,/ ) High Energy HX-SRPES

g 5 . 5 0 hv: 115-130eV 6 keV — 7 nm information depth, low contamination sensitivity — well

suitable for nanocatalyst PES study
_ BE (eV) [
nnnnnn ms-tum;m;mm‘r? »
B 4d104f1 | 4d94f2 | 4d104f0 N
hv=124.5eV %9 ﬁ - I 11 4 <5 HRTEM Ce02
7 11 g
/ i ] 4d04f0 y 4d=aft 4diodfoLt Oxygen vacancies
f 4ol i BE=1215 e\/] l &
/ 1 }
/ 1 B ‘ :
/ Yo i 5946.7 eV
i | BE=1245eV Ce3d
T T T T T T T T 1
. 116 120 124 128 132

|| 529.5
hv (eV)

lattice

5946.7 eV

532.3
vacancy




Synchrotronova fotoelektronova spektroskopie (PES)

Photoemission spectroscopy
SRPES depth profiling

Depth sensitivity through A(E,) by variation of hv
- non-destructive

T 1 FTT1T1T1] T T T T TT111] L TP T ErrTy !
__Iﬂl.‘,lll_—l-u gy -
= :
= sof ]
E L -
i Lied
nr:_ Iﬁ':‘
. gt
= TlE
. TR
L ™ T SO
— % Lo 3 1 aagl 1 Lt i mjinl 1 i bk Lidil L
— 2 k-1 ] a0 le]s] 200 000 2000
3 — ELECTROM EMERGTY (eV]
4 —




Synchrotronova fotoelektronova spektroskopie (PES)

Angle resolved PES

ARPES Fundamentals

Photoexcitation in a periodic potential

I | | |
electron \! ! i II/ i v i
I
Y - - | |
y light I I I I I I
L/ AU ] | |
]
> >
o — o -~
eh ch At the Brillouin zone boundary,
@h ® the gradient of the energy is
X arallel to the boundar
: h\" hv P ¥
Band gaps open at
zone boundary
1 1
I T R N o R R | [ B I R B |
T T
O | Ak—| « r o I 0 |

~—G—

free electron/
constant potential

extended zone
periodic potential

reduced zone
periodic potential

F?f(%m % (external) Energy conservation Momentum conservation (k-selection rule)
vacuum kl(EXt):/ Eu(int) = Eu(ext) - - — — -
crystal k ,(int) > k | (ext) Ef(kf) = Ei(ki) + hw kf = ki +G6+ kp%ton
K, (int) G ... reciprocal lattice vector
k (internal) Q/
low E, => only “vertical” transitions
— X
=== Band structure mapping: determination of E;(k;) . , ,
k ,(int) high E, => suppression of direct

(near k-conserving) transitions



Synchrotronova fotoelektronova spektroskopie (PES)

Angle resolved PES

Direct mapping of electronic state dispersion

Final state energy referenced to the vacuum level

detector (angle-
and energy-

— hz
resolving) Ef(k) = m (kuz + kJZ_) +ed -V,

® il
photon’
source

sample surface
tsmgle cryslal) ‘,

\ A Vo ... inner potential (= energy of VB bottom rel. to E,4.)

Energy conservation
Ef = Ekin + ed
Er(|k[) = Ei(|k[) +hv

Bl X-1mys itraviolet Direct transition => conservation of k;
photon energy:

hk” =,/ ZmEkin sindy

first order
interference

energy

k) is conserved
k, not conserved => cannot be mapped directly by PES

“forward-
focusing vacuum level — |
Fermi level —=
bottom of —»

valence band “2ma iLfa ;n — wa 2.:5:"( = gOOd f:lor mapplng 2D.Struc‘!:ures (eg graphene)
wave vector 3D mapping accessible via variable E,

real space reciprocal space
ol0 &
Energetically unresolved > XPD
XPD (diffraction) >1
E
e
@ 1 layer H2
2
S —
.Z“d layer £l
rd
3rd layer A
a)
-211
[-211] r K,




Synchrotronova fotoelektronova spektroskopie (PES)

Angle resolved PES

Direct mapping of electronic state dispersion

the same momentum,
different energies

2D-detection setup ey Z

hy \ Electron detector different momenta

Momentum

Direct resolution of electrons in energy-momentum space
=>imaging of electronic structure of solids

E-Ef (eV)




Synchrotronova fotoelektronova spektroskopie (PES)
Angle resolved PES
Direct mapping of electronic state dispersion

energy-integrated  angle-integrated

a 0 b '
1[110]
2
3 3
~r 4 ~
> >
20 20
g 6 z
oo =]
c =
T 8 S
£ £
@ XPD e
10
300 K (raw data), W = 0.09, hv = 5,956 ¢
-4 -2 0 2 4 6 -4 -2 0 2 4 6
Detector angle (°) Detector angle (°)
c d
S
—~ L)
> S
) 86
% D
a-, (7]
c <]
] £
o14] o
C c
© @
£
o
-§ 2 0 2 4 6
-4 =2 0 2 4 6 Detector angle (°)
Detector angle (°)
e f

A.X. Gray et al.: Nature Materials 10, 759-764 (2011)



Interni fotoelektronova emise (IPE)

Internal Photoemission Spectroscopy

Basic principle

General concept and instrumentation

Optically induced transition of a mobile charge carrier (electron or hole)
from one solid (emitter) into another solid (collector)
= Used mainly to characterize interfaces

* similar to classical (external) photoemission methods, but difference
in potential barriers of interface and surface
* can be combined with electric or magnetic fields

IPE mechanism

Photoemission from el. states near

Fermi level to
vaccum insulator

:-\: E
5 VACUUM
4- ;7r—-—~ Ec
% 9 Pyac @
= vt
== —_
22 Pso, £
c
L
14
E- E-
o1 =Ort —C
Au
Vacuum

(@)

semiconductor

collector

Optically excited electron transitions
due to photoemission of

electron hole
=3
Ec
EF EF
E\"
E
metal semiconc}{mtor
(a) (b)

(IPE Yield)"® (relative units)

Examples of IPE spectra

o a-Sc,0,/Si(100)
0.02 -

0.01

o ¢-Sc,04/Si(111) e

i (a)
0.00
o a-Lu,04/Si(100) i
0 c-Lu,04/Si(111) &
0.02
0.01 -

A ST
1

0.00

1 !
o a-LaluO,/Si(100)
o c-LaluO3/Si(111)

0.02

0.01

3.0
Photon energy (eV)

3.5



Fotoelektronové spektroskopie

Photoelectron spectroscopies

Take-home Messages

What |
Learned

From
l.

PHOTOELECTRON
ENERGY
SPECTRUM

valence electrons l

LEVEL
core-shell electrons

XPS
Main indicators

primary structure (initial state effects)
- elemental analysis — peak positions
- chemical state analysis — peak shifts

secondary structure (final state effects)
- multiplet splitting

- shake-up and shake-off satellites

- metal core level asymmetry

- vibrational fine structure

- plasmon loss features

UPS

- correlated with occupied DOS near FE
- sensitive to adsorbates
- band dispersion mapping: ARUPS

SRPES

Variable E =>

depth profiling

band dispersion mapping: ARPES
resonance effects

ARXPS vs. ARUPS/ARPES
depth profile x electron structure diagram



Dalsi metody: Appearance potential spectroscopy (APS)

Appearance potential spectroscopy

Fundamentals

» Developed in 1970’s (R.L. Park and J.E. Houston) Main variants
* From ~2000'’s replaced by XAS (X-ray Absorption spectroscopy) « Soft X-Ray Appearance Potential Spectroscopy (SXAPS)

— SR available, easier interpretation * Auger Electron Appearance Potential Spectroscopy (AEAPS)

o * Disappearance Potential Spectroscopy (DAPS)
Basic principle — measurement of quasi-elastic scattered electrons (abrupt decrease

. upon Auger electron emission threshold); direct — no role of deexcitation
- variable £,

- measurement of threshold energy for the creation of inner shell
excited atom => probing empty states
- relaxation = emission of Auger electron or x-ray
- no energy analysis of the decay of the excited state required
=> no electron analyzer needed (but can be used)

... special or newer variants
* inelastic electron tunnelling spectroscopy (down to ~0.1 eV)
* nuclear resonance capture spectroscopies (>1 MeV)

_ : ~ E()- Excitati A Inelastically scattered electron
typlca! E, =~ 50-2000 eV_ _ Xcitation L
=> highly surface sensitive L; oo a4 2
- differential spectrum: separation of appearance features from e e
primary and scattered electrons _ Inner electron shells

- primary source = electrons => focusable to Snm

APS instrumentation K —e—o—
) ) Deexcitati
AEAPS basic analog set-up LEAPS setup (LEED optics) eexcta 'on/\
K A Y ; ,- : U.' ..
e 4 Characteristic X-ray Auger process
"—/’%'— Look-in
O - e k3 -0-4—0—4; Ly ~o—o—0—0~
Ly ot [y =
- L,‘——._._-— L1—0—0—

\\{L e~  Auger
Koty KL electron

P SXAPS AEAPS



Dalsi metody: Appearance potential spectroscopy (APS)

Appearance potential spectroscopy

Basic mechanism and quantification

cathode sample
Energy conservation Electron Thermal Field
Electron F’rimary gun emission emission
gun electron eV+ &, +kT =E,+¢& + ¢, ®, ~4-5 eV 0eV
¥ ( J
KT r b! kT ~250 meV  ~25 meV
P, p
F §
g ~0,&=0 =>
eV v E,~E Ep = eV
~ Lp
1% o— Nc(E) P
- v NI ¢
FC 2e2 —— FS Transition rate
f”‘l NV(E) !
: =1 E (E
£ WMWY hy T@E) o [ [ Ne(E") N(E = E")AE" X Ni(E + By = E')dE
: 0o Jo
—» Auger
: electrons N, ... density of empty states for one-electron
h O—X N; ... density of filled states for excited core-level
Sample
N,(E) o
N;~6-function ([=1) =>
Threshold: E , , ,
* Primary electron captured in empty levels T(E) °<f Nc(E')N(E — E")dE
* Core-level electron excited to empty level 0

=>2 electrons in empty level + core-hole > relaxation => rate (- spectral intensity) proportional to self-convolution of density

of empty states for one-electron system (because there are 2 electrons)



Dalsi metody: Appearance potential spectroscopy (APS)

Appearance potential spectroscopy

APS schematic spectrum: 3d transition metals

two-electron DOS
N2c(F) / (empty)
3d

N(E) one-electron

| ==

' dNZc{E)’dE - APS derivative
l el spectrum

4s, 4p H

(quasi-free) ¥
transition
-matal »

Spectrum analysis

SXAPS vs. AEAPS

“Chemical shift” in APS

. S
.
Posd

Chromium 3 L2

Cr+O

560 570 580
Potential {volts)

590

Fine structures above APS thresholds
—>EAPFS (extended appearance potential fine structure)

- extends to ~100’s eV

periodic features

Fourier
transform

interatomic spacings

| Transform | (a.u.)

600

70 LNEE 5é )
POTENTIAL (Volts)

1.98+0.05A FT of EAPFS
| Al(100)+0
Al—O distance

L =

4 6 8 10
Spacing (A)



Dalsi metody: Appearance potential spectroscopy (APS)

Appearance potential spectroscopy

APS spectra — examples

Alloys Compounds Chemisorptions and reactions
oxides, hydrides, carbides, nitrides, borides, sulphides... O1s Fe 2p
300 K
' ' ) background-subtracted OL—
f SXAPS APS S -—
5 Cu 2p,, El ; g 2 L__-
N- :_u:_ ’ﬂ‘ﬁ-,ﬁ-,-" 10 L"/\/—\
= ey 60L
£ S @ ; E
I CuyoTigo 2 w/[—’\.,/\_,__ 320
-2 - Self—leeconvolluted spectrum ) }
| - 1
9 e 6320 L
[=}
a CuGOZr4o 0 4 8 12 16 20 24
g Energy above the threshold (eV) I I I
E 520 APS r "' i 'O"d' i
o PNty background-subtracted APS e xidation of ‘
% :.f‘*n._,x Cu pure - Ni(Ly) Ni poly (eV)
. . = N BEsI Y,
£ “Chemical shift” s derivative APS it 8 .-’”“C‘;:\‘"
i e ] . ,
. . L b=
7
925 935 945 S -,
Electron energy (eV) = fomsnnitil A /,/“:;;'L"':
Self-decon\l/oluted spectrum . % g T
wv .
0 4 8 12 16 20 24 <l | ] e
Energy above the threshold (eV) S ’/ 25001
f
o = et " 200001
-l 7 T=700K
| |5 p=2.7-105mbar

850 854 858 862
Energy eV



Dalsi metody: Spektroskopie elasticky odrazenych elektronti (EPES)

Elastic peak electron spectroscopy
Fundamentals

- based on intensity measurement of elastic peak Elastic scattering probability (prob. of elastic electron reflection)

- typical £,100-3000 eV

- until 1970’s — elastic electrons only in LEED and spectral re(EP'Z' 9, AQ) % Na(Z)0e s (Ep, Z)Aimrp (@, 9)
normalization & calibration

- development of quantitative analysis of el. spectroscopies Ny ... density of atoms
=> quantification of IMFP needed Oesf - effective elastic scattering cross-section

AimFp - inelastic mean free path
9 ...incident electron angle

L]

ol

" AuiNi 500 eV \(i_‘--""‘i i a ... detection angle (solid acceptance angle of analyzer AQ)
%HJ-.. o285 e |
§ U_Bj__. i ‘ - - experimental curve affected by type of analyzer (CMA, RFA, HDA...)
§ T\; Infarmation depth (ID) \
' W% o5% 98% O

sl BN l Angular resolved EPES (AREPES)
B .3,\;\% \-\ A dr,(E, a,9)
E ray a0 s 2 11 Els;aruz seatlenng / : \] dQ

o . : : , ;’f"—T

0 1 2 3 4 ]
Ay overlayer thickness (nm)
Penetration depth distribution function (PDDF)
= probability of elastic backscattering of electron from max. depth z
Advantages . . . .
. . - usually normalized to total elastic backscattering probability
- non-destructive depth profile probe } o
. e (over the depth z2):
- high surface sensitivity f &(z,a,9)dz = 1,(AQ)
0
Applications

Mean penetration depth (MPD) = f0°° z&€dz

- experimental IMFP determination - mean value of PDDF = W

- depth profiling of layered structures

- thin film growth investigation Information depth (ID)

= thickness T penetrated by a specified percentage (e.g. p,,°*%)

[ &dz
b= >T
Pip fo tdz



Dalsi metody: Spektroskopie elasticky odrazenych elektronti (EPES)

Elastic peak electron spectroscopy
EPE spectra and theory

Elastic peak intensity

Elastic peak intensity ratio (Ni-std)

0.004
A A e o
a .
0.003 B a % Ni
so 9%%_a
o
0.002fo__og° B, A
e E&? DD a
o Expt. B e
0.001 f © Sim.-surface model 8
4 Sim.-bulk model )
B8 Error IS
e
0.000 ¥ T -+ T
100 1000 5000

[

O = =

o in

-
(=]
T

Electron energy / eV

Ag —o— Expt

=0~ Sim.-surface model

1000
Electron energy / eV

5000

Inelastic mean free path (A)

iy ————
15 ~|GaAs
B “|Na
L PMMA
o

r Si

B Al

P\ o - Ag
5 -4

P I PP PR T P

0 50 100 150 200 250

Electron kinetic energy {&V)

Theoretical treatment

* Single scattering approach — ordered layered systems

Backscattered

electron & H O
\/ﬁ ‘\/

Incident
electron

Monte-Carlo (electron trajectory simulation) — more
accurate, also for disordered systems

Backscattered

electron @i : @

Incident
electron

Simulation parameters

- solid (composition, structure, density)

- details of impact mechanisms

- inelastic scattering at surface (usually neglected)
- experimental geometry



Dalsi metody: Spektroskopie elasticky odrazenych elektronti (EPES)

Elastic peak electron spectroscopy
Angular resolved EPES

Mean penetration depth

Angular resolved EPES (AREPES) (mean value of PDDF)
10 - angular dependence
L o As @ r Au ® fo, Cu © Ni )
. o i
[ ® C m o b
g ) 500 eV - & R 5 ocg b 0.3
E° F o & L 5 Palladium (a)
6 o L wg [ = °. L i
- - Oo
@

L - o -
N % S o =
L o L & & B g
4 |- fo f .)o = UO =
z C C )
e 5 =
L % F Q. - -
SE [ L
i g of C
o Simulation 2 "
m Experiment r -

30 40 50 60 7‘0 80 40 50 60 70 80 40 50 60 70 80 40 50 60 70 80

[
I

Elastic backscattering intensity / Arb. unit

o ;o A 6 s OID I l
al) al ) a/() 2l
=2 4rs o
g. [ o Ag (e) r Au U} i Cu (2) Ni (h) (d)
b= F [ -
= [ W
} 3 - °° , 5 064
Z L s 1000 eV L
g L™ L & ’
w2 - 8’ % ‘F
E g ) i 0.3 4
l‘:" [ .o B in’
R r "
2 r ©, [ ‘
5 1F r
5t i ewmg, | 00 T
Z F o Simulation r
fz [ = Experiment X b X *7
2 30 40 50 60 70 80 40 50 40 20 0 [ i (f)
al(®) al(®) al () al(®)

= i Q_O\{\‘b\'\
S 05-
1 2000 eV

w4+ o1
0 30 60 90 0 30 60 90

Emission angle « (deg) Emission angle « (deg)




Dalsi metody: Dvoufotonova fotoelektronova spektroskopie (2PPE)

Two-photon photoemission spectroscopy

Basic principles

2-photon emission process

1) Photoexcitation by photon pump (~fs-ps)
2) Emission of free electron by photon probe

No time delay (t=0):

Eyin = hvpump + hvprobe

—E,—®

hpump < @, hvpyump + Wprope > @

At>0, (partially) relaxed electron:

UPS

r—*—>e'

Evac

Erin(At) = hvpump + hvprobe — Ep(0) — @ — AE,;(At)

Elementary processes

a) Incoherent: step-by-step 1-photon process
(transient intermediate state + subsequent excitation from ¢; state)

b) Coherent 2-photon excitation (from ¢; state)

---------- ®-----@---p>
probe
h
o &;:
o —O——1
indirect A
hay A
pump
direct
Er excitation
[i>
(a) (b)

Ekin4

hpump = hWprope (= hv)

process (b)
slope =2

process (a)
slope =1

Resonant excitation:
hv = ¢ — ¢
=> 2 peaks =2 1 peak

L.
» ho

hres

photon energy

occupied states

.hm %

IPE

Jnverse Photoemission

2PPE

2-Photon - Photoemission

e~

EVGE

hw

Er

empty states

+T

Ee %Arﬂ

hw

secondary
electrons

occupied and empty states

surface state
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6_ o X
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>
2
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w
0 I\/\ Er
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2PPE Spectrum
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Dalsi metody: Dvoufotonova fotoelektronova spektroskopie (2PPE)

Two-photon photoemission spectroscopy

Experimental arrangement and applications
2PPE apparatus

7—] Ar Laser | E, t'h W,
ac
: == 2>
AE = 15 meV S >l —— 1>
Ap = +£0.6° \ / : T
Ti:Saphir- o]
Laser Y
40-70 f hwd
-70 fs

M/D e
h C( 70-100 fs

el de | O

|_q/‘> 3?\@ (x3)

(+) Better energy resolution (almost like in UPS)
(+) Electron dynamics measurements
(-) Lifetime of the excited state has to be sufficiently long

10 08 06 04 02 00 -02
Binding energy (eV)

AR measurement = momentum resolution

Used to study

* electron transfer across interfaces

» surface dynamics (femtochemistry, vibrational
energy relaxation, ...)

* time-resolved 2PPE: charge transfer dynamics,
decay of excited states, ...

e
< transfer

" Homo

substrate adsorbate



Dalsi metody: Dvoufotonova fotoelektronova spektroskopie (2PPE)

Two-photon photoemission spectroscopy

Electron dynamics measurement

Electron dynamics in metals following optical excitation Cooling of photoexcited electron gas

fE o [ TN [N N N TN T Y N T T N T N N Y Y|
A4 (E) E:/f(E) ” 51— Fermi-Dirac i — 1
Q\—> . Distribution
~ i e kT.+1 01 ! 40 pdjem?
k=0 \ 0.01 I
"""""" 3 . T 1
0 . NS I
1 \—; 00014 |
1
non thermalised N 1
t1 > to R electrons 0.0001 —
E 1 i
N >
9 > T o4 d 230 [J/cm?
- [z .
Fermi Distribution: 2 ]
l/ c 0.01
t, >>1, : Ty T, =
ki = Q. 0001 o
0 = o
N 0.0001 A
1 4
Excitation density 580 fLJ/cm? Ru(001)
* low (<10 e"/atom): interaction with “cold” electrons 0.1 1
=> single quasiparticle lifetimes 0.01
* high (>10* e"/atom): interaction with “hot” electrons '
=> hot electron temperature 0.001 -
0.0001 -
0.0 05 1.0 15
E-Ef (eV)

W.S. Fann, R. Storz, H.W.K. Tom, J. Bokor: Phys Rev B 46 (1992), 13592
Lisowski et al.: Appl. Phys. A 78 (2004), 165



Dalsi metody: lontova neutralizacni spectroskopie (INS)

lon neutralization spectroscopy

Basic principle

lon interaction with matter producing electrons:

- high E (MeV): kinetic emission — ejection of electron
- low E (10-100 eV): potential emission — neutralization of ion = INS

Mechanism
2-electron Auger-type process induced by
low kinetic energy ion (+) or excited atom

/ ~

ion excited atom

AUGER NEUTRALIZATION AUGER DE -EXCITATION

\~

neutralizing
electron

Z

vacant atomic

ground level EXCITED

ATOM

ION

ONE - ELECTRON

TWO - ELECTRON

—————— —E [ SR
I, .
70 VACUUM LEVEL O T
" A :
7 4 O FERMI LEVEL O
P / ' (-A';{— 7] e
e {_| \ Az
] NS -
/] g ///
L/ V /
/// /// //
INITIALLY VACANT LEVEL—J»—
Participation of electrons L
from filled states valence He* 1ons
5 eV

band => energy band rather
than specific energies
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Dalsi metody: Autoemisni elektronova spektroskopie (FEES)

Field emission electron spectroscopy

General concept, instrumentation, spectra

T T T T T
(a) Wclll>
SRR = S o .
] A }T\/ Thermionic emission - Based on Field Emission Microscopy Macroscopic Tip .
~
!- AN e . . .
| 3 Schottky emission - Energy distribution from |
| A a small selected area
) | \ => probing local DOS Fit: tunneling current from -
- [Elx free-electron metal through
| triangular barrier —
Field emission I Er = const.
FWHM o barrier width -1
Ef e E~10°V/m
Metal I \ Vacuum U~5-10 kv : : T T T
A~ 10-100 nm (tip) (d) W<ll11> Peak a
| Single Atom Protrusion 7 _
<lmm
Probe hole Epeak S Vapp / 1
\ # peaks =f(Vapp) Yapp
Electron Energy FWHM = const. b ‘zo“ VoA
FEM Tip == Analyser T
41350V
\Y J 51400 V
App
Jl Screen
protrusion tip 0

2.5 -2 -1.5 -1 -0.5 0 0.5

- Originally to study el. states of tip-adsorbed atoms and molecules

- Macroscopic tips (£ 100 nm) —sampled area = 2 nm surface atom, adsorbate

- Nanoscale protrusions — few nm high, single-atom-ended (field-surface - localized band structure
melting mechanism: U&T)

- self-collimated (~4°) coherent electron beam A

* 1966 - first theory of field emission taking into account energy-band
structure

* 1970’s —improvement by LEED theorists

* 1990’s —incorporation to STM theories; Relevance for Scanning tunneling
spectroscopy — theory of structure-dependent tunelling (+role of tip)

Xo App App



Dalsi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

Spatially-resolved electron spectroscopies

Excitation frequency (Hz)

10" 10"  10"° 10" 10%
T Illllll LI lllllll ? 10000
] ] (a) STEM gbéos kE l:ﬂ/
1000 - 4 1000 80-400 keV/ v

3 3 electron beam
’é‘ ] beam
c T —_ 2¢ i SEE mirrorn_‘
= 100 4 4100 € n Qg mimer ol A CL
c \ 3 N
o N -3 = - 4 >2nm
2 N ] thin =0.1 nm
= N - % sample ' (c) PEEM  sample
3 10- N 3 410 % electron
()] 3 3 i
bt : 3 E ADF microscope
© 4 - > Pout light <50-eV
S ] N — 14 ®© scanning imaging "9 photoelectrons
g ] R .. T < & EELS
) I R e 3 <50 nm

- . sample

0.1 2 4 0.1
3 o Some of the electron microscopes equipped
% N\
1 \‘g, (¢) 7 to perform electron spectroscopy
0.01 4—— - SN erm—rrrre] 0.0

R I R I R | bk A T vt
10% 10" 10° 10’ 107 10° 10° 10° 10°
Excitation energy (V)
Key feature in microscopy: contrast

- many different origins
—> path to spectroscopy

Atlas of most common spatially-resolved electron spectroscopy techniques



DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods
(HR)EELS in (S)TEM

- analysis of energy distribution of electrons transmitted through a
thin specimen in Scanning transmission el. microscope (STEM)

- <100 nm thick samples

- beam focused down to <0.1 nm spot

(S)TEM sources of image contrast

* bright-field — thickness & density contrast (in-axis detection)

* dark-field — diffraction contrast — scattered electrons (large-
momentum transfers) = annular dark-field detector (ADF) y

* cathodoluminescence (CL) light detectibn

Core-level elemental mapping

Nanocrystalline LaSrCoO layers on Yttria-stabilized Zirconia
Zr-Ly,

zero loss La-N, s Sr-L, 3 Co-L, 3

iTEM | |

EELS mapping of Au/T|O structure

L. Dieterle et al.: J. Mat. Sci. 43 (2008), p. 3135; Adv. Energy Mat. 1 (2011), p. 249
M. Kawasaki et al., Appl. Phys. Lett. 102 (2013) 091603

secondary ellectron
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== Chain (fig.2 (c))
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3
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«
i<
=
o
(]
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(&)
Nal chain i i " N L
20 35 30 35 40 45 50

imaged by TEM at 30-60 keV Ereiy 688 (8V)

Senga R. & Suenaga K.: Single-atom electron energy loss spectroscopy of light
elements, Nat. Commun. 6 (2015), p. 7943



DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods
(HR)EELS in (S)TEM

secondary electron

electrons beam Auger
. lectro
EFTEM (Energy-filtered TEM) Iuminescence"\,\‘\ / . :s
PN 4 -rays
. . 5 1 intensity
1. core-level imaging
. . lastically / i ical
2. white line contrast °2s§331:’ea§r§'§?li"/l\ ——
3.0 : : o — low loss
+ + (d) o 3. p|asm0n Imaging aanfek:.m“(:?f
+ 2A5‘é energy loss
% _IR imaging
V,0, 20 magnetic
500 510 520 530 540 550 3.0 35 40 pnsm I =
Mn nominal oxidation state ) cco
energy-selecting camera
slit (1)

Energy Loss (eV)
Local EEL spectroscopy of nanostructures

Oxidation state mapping of a thin film
Set of local low-loss EELS spectra of single silver nanoparticle

STEM-EELS analysis of VO,/NiO with VO, oxidation state resolution
Vly, \
||

4000

2000-

Intensity (au)

Ni-Ls,

500 600 700 800 900

ev
Survey Image Spectrum Image Extracted Spectrum V-L mapping Ni-L mapping

10 15 20 25 30 35 40 45 50 55

< H. Zhou et al., M. Varela et al.
. . Energy (V)
- A.L. Kon et al.: Electron Energy-Loss Spectroscopy (EELS) of Surface Plasmons in Single Silver

Nanoparticles and Dimers: Influence of Beam Damage and Mapping of Dark Modes, ACS Nano
3(10), 2009, 3015



DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

SEM basics | /Cathode
Scanning electron microscopy (SEM) .
- imaging: secondary electrons (SE) or backscattered electrons (BSE) E ”: J
E, = 100eV~30keV Q | I:,‘/Anode
. . —*—:
- spatial resolution down to ~1-2 nm | Aperture
= = /First condenser
—P3HT E ! g lens
2 Energy-filtered SEM Secondary electrons Backscattered electrons |
b= - better contrast E = 10°-10! eV E~E, |
%g d=1-2 nm | d = 10102 nm . i / Second condenser
52 60 ——T—T T T Y — —“B"'_ E| E lens
29 50 - i E : |
é = 1 '
= &40 | i | Objective lens
1234567883 Z : P y &
= i il ; ™ Double scan coils
SE energy (eV) S 20 | ! ! §|§
10 - — ! I gl i
. ! i | ™~ Final aperture
 2s456780910 | Al iZOE.OV
SE detection E < : Secondary electron
cutoff energy (eV) c E/Eo ———— 1.0 l:::l‘\detector
|

Specimen

Origins of contrast in SEM

- elemental composition (local differences of BSE yields)
- structure (edge or relief effect) N — m

electron detector electron dete:

- points and edges produce more SE
- edge orientation and angle rel. to detector (SE & BSE)
- electric or magnetic field(s)

0.5

8BSE !

0.3}

0.2~

z(Ni)>z(Ti) => Ni brighter



DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods
EDS in SEM — elemental mapping

Energy dispersive x-ray spectroscopy (EDS or EDX)
- spectroscopy: cathodoluminiscence (CL) emission — X-rays
,volume” characterization (large d)

- § ) ) Example: Elemental map of Sn/CeO, NPs
- spatial resolution ~um (can be lower for thin specimens)

"11C'e_.+5n+0

Wavelength EDS (WDS)

- X-ray filter => selective mapping

- slower but more sensitive (~10-100 ppm; EDX ~2000 ppm)
& better resolution

Si Ka

9 Al Ka Ca Ka 2.2 2.3 Energy(kzéé‘ 2.5 2.6
=
=
(]
4]

0.01bremsstrahlung Energy (keV) ~10.00
Qualitative EDX analysis Quantitative EDX analysis
- point analysis - X-ray intensity comparison to standards
- line analysis + corrections
- area analysis (2D mapping) - X-ray absorption

- secondary X-rays
Constraints and limitations
- peak-background ratio => detection limit
- peak separation > detector E-resolution
- only for boron and heavier elements (* H,He, Li, Be)



DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

AES in SEM — elemental and chemical mapping

Scanning Auger microscopy (SAM) Hyperbolic field analyzer

-SEM + electron analyzer (mainly CMA, HDA)
a) serial acquisition — tuned to selected Auger energy; initial survey needed
b) parallel acquisition — complete spectrum from the same spot; beam

damage and drift effects minimized \>

-spatial resolution ~10-20 nm - defined by the primary beam size
(due to high surface sensitivity)

-higher sensitivity for lighter elements
-chemical effects detectable Specimen

Depth profiling — cross section or continuous sputtering @

Electron
Column

position sensitive detector

TiB, coatingon Ti

Bevelled multilayer Cu/Co structure
SEM
(b) sem

Boron map

() Cross-section scheme

— - —

AES line scans o

Co Cu

a4 ¢ o
/ ﬂ\.

—_~
]
~—

Position

Collection rate: 5s/spectrum

Kinetic Energy (eV/



Dalsi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

Low energy electron microscope — basics

LEEM operation modes
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reflection diffraction
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DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

Spectral photoelectron low energy electron microscopy (SPELEEM)

LEEM (Low energy electron microscope)
- structural and material sensitivity
- probe: 0-500 eV electrons (5-20 keV in optics)

(UV-)PEEM (Photoemission electron microscope)

- chemical and electronic structure sensitivity, adsorbates
- probe: monochromatic UV light (Hg, Ar, He, ... lamp)

- <5 nm resolution (~20 nm for EELS)
- video-rate imaging possible

EF-LEEM

- energy filter: adds spectral resolution (5200 meV) -

- microprobe (selected area) EELS, AES

LEEP (LEEM-IV)
- variation of E,, no energy filter needed
- surface potential mapping

- <100 nm resolution
- video-rate imaging possible

XPEEM (XAS-PEEM)
probe: soft X-rays (50-1000 eV)
- <50 nm resolution

HAXPEEM (HAXPES-PEEM)
- probe: hard X-rays (~keV)
- buried layers

diffraction

pattern
_—

image

plane w

—_—
backfocal
plane

imaging mode
EF-LEEM / XPEEM

energy slit
—

I
|
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I
T
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I
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|
|
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1
| energy fi'tered

: real space image
: objective
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(and optionally wave vector)
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// \\
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! \
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—— | —

|
i
|
l .
imaging { projectors
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/
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1
]
1
|
1
|
1
1
1
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field limiting
aperture
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- diffraction pattern of
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W
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|
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1
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- E spectrum for selected area
(and optionally wave vector)

— microscopy
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Dalsi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

(HA)XPEEM — applications

uv SX HX
DOS mapping Chemical imaging Depth profiling (3D imaging)

NO+H, on Rh(110)

Quantitative measurement of concentration HAXPEEM (Au 3d 5/2, hv = 6550 eV )
profiles during reaction Cr/Si ’ Si 40
_ 5 + 50 min exposure time E
graphene g—. 30 2
j <1
Ir(100) 5 3
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Fig.21.5 a Microprobe ARPES map of flat graphene (FG) on Ir(100) and b, ¢ cross section through 00 1, » L ."ﬂ 4\ 1 ¢ Ylu |
one of the Dirac cones. d Dark-field PEEM image, obtained positioning the contrast aperture at the .3 L f e
K point, demonstrating that flat graphene has a much higher DOS then buckled graphene (BG): -0.1 LALA LLLL LA LA L L) LR AL R 00= =
e inversion of contrast in the PEEM image at the I" reveals hybridization with Ir states in BG. 0123 456 7 8 910
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A. Locatelli et al.: Temperature-Driven Reversible Rippling and Bonding of a Graphene Superlattice, ACS Nano 7 (8), 2013, pp. 6955-6963
A. Schaak et al.: Elementally Resolved Imaging of Dynamic Surface Processes: Chemical Waves in the System Rh(110)/NO+H ,, Phys. Rev. Lett. 83, (1999), p. 1882
M.Patt et al.: Bulk sensitive hard x-ray photoemission electron microscopy, Rev. Sci. Instrum., 85, (2014), 113704



DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

Scanning tunneling spectroscopy in STM

Scanning tunneling microscope

a) macroscopic scale: b) atomic scale:
z

®

tunneling
voltage

; 2 tip atoms
scanning

direction

sample atoms @

sample

Spectroscopic maps in STM
- derivative (dl/dV) signal at various potentials

Si(111)-(7x7)
-

&

STM topography  STS: E=-1,3eV E=-0,5eV E=+1,4eV E=+1,6eV
\ J |

Y /
occupied states empty states

fixed
position

ELECTRONS PER PHOTON

Occupied states — UPS

Empty states — IPS

T T

Si(111)-(7x7)

-5

4 - -2 -1vVB 0 CB

ENERGY (eV relative to E_)

1

== [ center adatom
— [ corner adatom

i i i /. I i i i i I i i i i

-1 0
/ /)

spatially resolved spectra

Shows both occupied and empty states!

F.J. Himpsel, Th. Fauster: Probing valence states with photoemission and inverse photoemission, J. Vac. Sci. Technol. A2, (1984), p. 815
J. Myslivecek et al.: Structure of the adatom electron band of the Si(111)-7x7 surface, Phys. Rev. B, 73 (16), (2006), Art. No. 161302

PHOTONS PER ELECTRON



DalSi metody: El. spektroskopie v mikroskopickych metodach

El. spectroscopy in microscopic methods

Scanning tunneling spectroscopy in STM

Single-molecule spectroscopy

A A

0 5 A0 05 00 05 10 15 20
Sample bias (V)

Vibrational spectrum of Ce,@Cgz, molecule

— Ca
e e
|
37
3 o
20
AL
150 -100 50 0 50 100 150
Sample bias (mV)

A. Strozecka et al.

Single-atom spectroscopy

Co adatom on Ag(100)

Usually very low
temperatures required

75F
bare Ag(100)
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Ce adatom on Ag(100) after exposure to H,

(a)

image size: 7.7 x 3.6 nm’

M. Ternes: PhD thesis, 2006
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Dalsi metody: Operando fotoelektronové spektroskopie (NAP-XPS, NAP-PES)

Operando photoelectron spectroscopies
NAP-XPS/PES

Operando spectroscopy studies Specs Phoibos 150 NAP

* high-pressure reactions

* analysis of liquids and liquid-solid or liquid-gas in
* realistic-pressure sensing 500 I/s
* electrochemistry

First Pumping Stage Second Pumping Stage  Third Pumping Stage  Fourth Pumping Stage
2 e | (Port cut away)

F il
[

Vacuum
Housing

4 mm Aperture Entrance slit

Mounting Flange

Nozzle

BUT

Electron spectroscopy methods require vacuum

=> “pressure gap” '
10 mbar 103 mbar _ ==
X pmm—— . Iris

o 0 Pressure
Tight Iris

NAP = near ambient pressure

~10°-10! mbar
- multistage differential pumping required

CCD Camera

Droplet jet of 40% ethanol solution Cross section of PHOIBOS 150 NAP showing simulated electron trajec- Gustr Shilelii
tories with an angle span of +22 ° and three different energies. The MCP/Phosphor screen 9
four differential pumping zones are colored in different blue shades. Inner Shielding

Exchangeable conic
aperture (nozzle)
(<1 mm)

536 534
Binding Energy (eV)

0.3 mm aperture

High-pressure cell

Viewport

Hemisphere





