Lecture Note #3 (Fall, 2022)

Experimental Probes and Techniques

Ultrahigh vacuum, light sources (X-ray)
Probe techniques

Electron diffraction

Electron spectroscopy

Vibrational spectroscopy
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Reading: Kolasinski, ch.2



The technigues of surface science

 AES, AFM, EELS, XPS(ESCA), EXAFS, FEM, FIM, FTIR, HEIS,
APXPS, HREELS, IRAS, ISS, LEED, LEIS, NEXAFS, NMR, RBS,

SEM, SERS, SFG, SHG, SIMS, STM, TEM, TDS, UPS, XANES, SPS,
XRD... (see Table 1.1)

« Surface properties: structure, composition, oxidation states, chemical
properties, electronic properties, mechanical properties — atomic

resolution, smaller energy resolution, shorter time scales, in situ, high
pressure

e Sources: electron, atoms, ions, photons(X-ray, UV, visible, IR...)

TEM XRD
SEM XPS
TED UPS
EELS EXAFS
AES XANES

LEED IR



Ultrahigh vacuum (UHV)

 Ultra-high vacuum (UHV) conditions — atomically clean surfaces

the Flux, F, of molecules striking the surface of unit area at pressure P

M: average molecular weight of gases species, N,: Avogadro’s number
M = M/N,, kg = R/N,

Z, = Pl(2rtmkgT)” (1.0.1) in textbook

le UHV (<1.33 x 107 Pa =107 Torr) — to maintain a clean surface for ~ 1h

2+ Mean free path: distance that a particle travels on average between
collisions — longer mean free path for electron in e~ spectroscopy

The mean free path is the distance that a particle travels on average between collisions. In an ideal
gas with mean velocity ¢ and collision frequency Z, its value is given by

kT
= 5 (2.1.3)
21/40;7

A=

NI ol

The collision cross section of N, is ¢ = 0.43 nm?2. Therefore, at a pressure of p = [ atm = 101 325
Pa =760 torr, the mean free path is just 70 nm; whereas at 1 X 10~ torr=1.3x 10" atm = 1.3 x 10~8
Pa, the mean free path is over 500 km. In electron spectroscopy, an electron must transit from the
sample to a detector without scattering from any background gas over a flight path on the order of
1 m. Therefore, electron spectroscopy generally must be performed at a pressure below 7 x 103 Pa
(5% 107> torr), such that 4 > I m. In practise, even lower pressures are often required so that detector
noise from electron multipliers is reduced to acceptable levels.



Light source

+

Electric field

© 2007 Thomson Higher Education

| 1
| Wavelength, A ——>]
|

frequency v: number of
oscillations per second

L l ¢ w velocity of propagation v,

Time or distance >

In a vacuum, v; is independent of wavelength and a maximum
— ¢ =2.99792 x 108 m/s

In a alir, v; differs only slightly from ¢ (about 0.03% less): ~ c
c=vA=300x108m/s = 3.00x10"cm/s  (6-2)

wavenumber V: the reciprocal of wavelength in cm (cm)
E = hv =h(c/\) = hev

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Fundamental Constants

»

Constant Symbol Value

Speed of light ¢ 2.998 x 10" cm/sec = 2.998 X 10® m/sec
Planck’s constant h  6.626 X 107" erg - sec = 6.626 x 1073 7] - sec
Avogadro’s number N, 6.022 x 10* molecules /mole

Electron charge e 1.602 X 102" coulombs = 4.803 x 10~'° esu
Gas constant R 1.987 cal /deg/mole = 8.315 J /deg/mole

Boltzmann’s constant kg 1.381 x 10" erg/deg = 1.381 x 10> J/deg = R/N,
Gravitational constant g  9.807 m/sec’
Permittivity of vacuum ¢, 8.854 x 1072 C?/J/m

Energy

leV 1.602176 x 1071917

1 eV/he 8065.5cm™! Visible: 400~700 nm (1.8~3.1 eV)
I meV/he 8.0655 cm™ UV: 200~400 nm (3.1~6.2 eV)

1 eV/particle 96.485 kJ mol~! X-ray: 0.01~10 nm

1 kcal mol™! 4.184 kJ mol™! (125...125,000 eV)

Energy Conversion Table”

erg joule cal eV cm !
| erg 1 10" 2.389 x 107%  6.242 x 10'"" 5.034 x 10"
1 joule 107 l 0.2389 6.242 x 10" 5.034 x 10%
| cal 4.184 x 10’ 4.184 1 25612 % 10" 2.106 x 10
l eV 1.602 x 107" 1.602 x 107" 3.829 x 1072 1 8066.0
lem™" 1.986 x 107'® 1.986 x 1072 4.747 x 107%* 1.240 x 10~* 1

“For example, 1 erg = 2.389 x 10" ® cal.



TABLE 6-1 Common Spectroscopic Methods Based on Electromagnetic Radiation

Usual Usual

Wavelength Wavenumber Type of
Type of Spectroscopy Range* Range, cm™' Quantum Transition
Gamma-ray emission 0.005-1.4 A - Nuclear
X-ray absorption, emission, 0.1-100 A - Inner electron
fluorescence, and diffraction
Vacuum ultraviolet absorption 10-180 nm 1 X10°to5 % 10* Bonding electrons
Ultraviolet-visible absorption, 180-780 nm 5% 10*to 1.3 X 10* Bonding electrons
emission, and fluorescence
Infrared absorption and 0.78-300 pm 1.3 X 10*to 3.3 X 10! Rotation/vibration of
Raman scattering molecules
Microwave absorption 0.75-375 mm 13-0.03 Rotation of molecules
Electron spin resonance 3cm 0.33 Spin of electrons in a

magnetic field

Nuclear magnetic resonance 0.6-10m 17X 10 to 1 X 10? Spin of nuclei in a

magnetic field

© 2007 Thomson Higher Education

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)




X-ray

Characteristic X-rays

Electron /D

© Photo-electron



X-ray sources

electron X-ray Mg K, 1253.6eV
AL Al K 1486.6 eV

metal

electron ® ejected
electron

M (n = 3)
=2 \ / L - K:K, 2P5, — 151 K

al
\/ F X-ray M- K: KB 2P1/2 —1s: qu
K{n=1)




X-ray absorption spectroscopy

XAS spectra are most often collected
at synchrotron because of the high
Intensity of synchrotron X-ray sources

0.70
X 049

Absorption edge (energy that is just

needed to eject a particular core electron,

e.g., 1s e (K edge), 2p,, e (L; edge)

Fe K edge: 7.112 keV (A = 0.174346 nm),
L, edge: 706.8 eV (A = 1.7525 nm)
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Absorbance (cm2g-1)

XAS techniques follow beer’s law,
Transmitted X-ray intensity, |, =l,exp(-Hx)

. . . . I0 Ix
where p: linear absorption coefficient
absorbance, laps = o - 1y
X
Absorption > AAAA
M, and M, edges
i e bbb — s
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M, edge
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Source: Wikipedia




16105
1940

Ba
37441
5247
Ra
103922
15444

K (1s) and L; (2p3;,) Electron Binding Energies
for the Elements in Their Natural Forms, in eV

Element

k-edge
L-edge

Legend:
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M. Cardona and L. Ley, Eds., Photoemission in Solids I: General Principles (Springer-Verlag, Berlin, 1978)

J. C. Fuggle and N. Martensson, “Core-Level Binding Energies in Metals,” J. Electron Spectrosc. Relat. Phenom. 21, 275 (1980)
Actinides (Ac-Fm): R.D. Deslattes, E.G. Kessler I, P. Indelicato, L. de Billy, E. Lindroth, J. Anton, 1.5. Coursey, D.). Schwab, ).
Chang, R. Sukumar, K. Olsen, and R.A. Dragoset, “X-Ray Transition Energies Database”, NIST 5tandard Reference Database

Sven LM Schroeder, 2021

128, 2005; https://dx.doi.org /10.18434,/T48597

When the incident x-ray energy matches the binding energy of an electron of an atom within the sample, the number of x-rays
absorbed by the sample increases dramatically, causing a drop in the transmitted x-ray intensity. This results in an absorption
edge. Every element has a set of unique absorption edges corresponding to different binding energies of its electrons, giving XAS
element selectivity.



https://en.wikipedia.org/wiki/Binding_energy
https://en.wikipedia.org/wiki/Electron

(1) XANES or NEXAFS

These spectra can be used to determine the average oxidation state of the
element in the sample. The XANES spectra are also sensitive to the coordination
environment of the absorbing atom in the sample.

Edge:

Oxidation statet — binding
energyt — peak shift to
higher energy

Electronegativity! — binding
energyt — peak shift to higher
energy

X-ray
Absorbtion
Near Edge
Structure
(XANES)

Normalized Absorption

Pre-edge: not dipole transition
rule (Al=x1), but Al=%+2 (ex :
1s—3d) — low intensity

Geometry of metal ion on

s to continuui
A
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Interference  Interference

< 1s to (n+1)p UH

Pre-
Edge 1s tond

Extended X-ray
Absorbtion Fine Structure
(EXAFS)

p-d orbital mixing

bonding distance on p-d orbital mixing

Incident Energy (eV)

Source: Wikipedia



e.g. oxygen reduction reaction C0g.,sMN, -sFe, ;0,

a b 50 1.00
- Mass activity (@ 0.9 Vasue)
0 —{>~Onset potential (Eonset)
7% 40 - —<{>— Half-wave potential (E1/2)
— & - 0.95
1 _1 - —
§ = 2
< Z 304
£ =% g
E B b L0.90 =
@ ® T"
: z 20- <
half-wave potential of £ = & g
0.904 V (versus RHE) & 3 £ 10 e
.. s
mass activity of 46.9 A 4.
-1
Joxide ' (At 0.9 V vs RHE) . . ; . ; ; 0- L 0.80
Wlth promISIng Stablllty 0.4 0.5 0.6 0.7 0.8 0.9 1.0 14 0.0 . 0.25 0..50 0.75 1.0
Potential (V vs. RHE) Co doping amount (x in Co,Mn,_,Fe, ,-MMO)
b
25 100
x=0.0 MnK-edge [ f 25 L 50
: 5
2.0 = g
5 201 F40p g 80
| o R~ - | =
o = o
2 % 3 3
§1.5- GE 15- -302 2 60- =
£ ) S g @
o O = 8 c
o g 8 o 0]
£ 1.0 g 10 9% % 2
© = o 404 s
: 2 T 3§ g
=2 T ," Il' 3 54 -10 g b=
g ':"'," e Mn,0, standard @ E . 204
b, ,"‘ ----- Mn,0, standard | O 04 ) ]
9—.‘;:,:,_', ----- MnO, standard
0.0 +=== T r r . i 0 : :
'LR '5* 1& 3. ‘LX i H H
6540 6550 6,560 6,570 W O ¢ e 0 00 3025 050 075 1.0
Energy (eV) Energy (eV) Co doping amount (x in Co,Mn,_Fe, -MMO)

v" XANES spectra show an increase in the Mn oxidation state, whereas the Fe and Co cations
maintain oxidation states according to Co doping amounts (Co,Mn,_Fe, ,O,)

Adv. Mater. 2022, 34, 2107868.



(2) EXAFS

The ejected photoelectron interacts with electrons in the surrounding non-
excited atoms. If the ejected photoelectron is taken to have a wave-like
nature and the surrounding atoms are described as point scatters, it is
possible to imagine the backscattered electron waves interfering with the
forward-propagating waves. The resulting interference pattern shows up as
a modulation of the measured absorption coefficient, thereby causing the
oscillation in the EXAFS spectra. The dependence of the scattering on
atomic species makes it possible to obtain information pertaining to the
chemical coordination environment of the original absorbing (centrally
excited) atom by analyzing these EXAFS data.

Source: Wikipedia


https://en.wikipedia.org/wiki/Wave
https://en.wikipedia.org/wiki/Backscatter
https://en.wikipedia.org/wiki/Modulation

e.g. synthesis & characterization of electrocatalysts
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Electron source
Ultra high vacuum (UHV)

SOURCE DETECTOR

Excitation beam Beam Detected

Excitation Detection

X-ray photoelectron spectroscopy (XPS) Photons(X-ray) Electrons

UV photoelectron spectroscopy (UPS) Photons (UV) Electrons
Auger electron spectroscopy (AES) Electrons Electrons
Low-energy electron diffraction (LEED) Electrons Electrons
High resolution e” E loss spec. (HREELS) Electrons Electrons
Rutherford backscattering (RBS) H+ or He+ H+ or He+
Secondary ion mass spec. (SIMS) lons lons

Laser desorption mass spec. (LDMS) Photons lons



Electron diffraction

LEED(low energy, 10~200 eV): surface & adsorbate structure
TEM(transmission, 60~300 keV, SAED): crystal structure

" Ultrahigh vacuum chamber &

Biased Crystal
grids 5

Elastically &

Electron
gun

inelastically d e
Incident backscattered
electrons electrons
~50-500 eV

Phosphorescent
screen

Figure 2.12 Schematic drawing of a LEED chamber.

TEM & SAED(Selected Area
Electron Diffraction)

Small (2017)

Si(100), LEED

en.wikipedia.org



Surface diffraction

« Low energy electron diffraction (LEED), X-ray diffraction, atomic
diffraction

de Broglie wavelength, A, of a particle A=hlp
S h 2.1)
~ V/2mE B

where % is Planck’s constant, m is the mass of the particle, and E is the kinetic energy of the
particle. For electrons and He atoms, Eq. 2.1 is more conveniently expressed as:

| GRS A5 NN
. | 150 | [ 0.02
Ae-(A) = J—— and Ae (A) = | —— (2.2
e (A) \/E(e\/) C He (A) VE@W 2.2)
For X-rays, the wavelength of a photon is given by
Moo (R g B2 X 10* (33
photon \4{2) ™~ E (GV) (£-3)

Electrons with 10~200 eV energies and He atoms with thermal
energies (~0.026 eV at 300K) — atomic diffraction condition (A
< interatomic distance, ~1 A)



X-rays at the high intensities available at a synchrotron radiation
suitable for surface and interface structure studies (grazing angle X-
ray diffraction). X-ray bombardment-induced emission of electrons
also shows diffraction (photoelectron diffraction)

LEED: electron beam of 10~200 eV is back-scattered — atomic
structure of surface

Fluorescent Diffracti
Soreen iffraction

/ SpOt

/ Diffracted
Beam

Incident
Beam

e

Crystal

Figure 2.7. A scheme illustration of LEED surface crystallography.



Low energy electron diffraction (LEED):

Why low energy electron used?

The penetration depth of X-ray is ~ 1 um. So X-
ray diffraction give structural information of a
bulk solid (3D). It does not have any surface
sensitivity

The penetration depth of low energy electron is
< 20 A; a rather good surface sensitivity

In any diffraction the employed wavelength A
should ~ d

De Broglie wavelength of e-is

A = h/p = h/ mv = h/(2mE,)Y2

If E,.=150 eV, A=~ 1A

Since diffraction can be observed in elastic
scattering,

the inelastically scattered electrons have to be
removed by setting up an potential barrier (grid
assembly)
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Reciprocal lattice

clay.uga.edu
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Further note:
Ewald sphere: reciprocal lattice illustrating the Laue(Bragg) conditions
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Reciprocal lattice (2-D)

Basis vectors a,, a, in the unit cell in real space
Basis vectors a,*, a,* in a reciprocal space

The real and reciprocal space lattices are represented by

ai : a‘; — 5U (2.5.5)
where i, j = 1 or 2 and §;; is the Kronecker 6 function. 6; = 0 it i#j and 6;; = 1 if i = j. This means

that aF L a; for i #]. Introducmg y and y * which are the angles between (al and a,) and (a;* and
a,*), 1espect1vely, the relationships between these angles and the lengths of the basis vectors are

a; = 1/(a;siny) (2.5.6)
a; = 1/(aysiny) (2.5.7)
siny = siny”™. (2.5.8)

The inverse relationship between real and reciprocal space means that a long vector in real space
corresponds to a short vector in reciprocal space. Eq. (2.5.8) follows from the relationshipy * =z —y.

The need for the reciprocal space description is made evident by Figure 2.14. This figure shows that
an image of the diffracted electrons corresponds to a reciprocal space image of the lattice from which
the electrons diffracted. Hence, by uncovering the relationship between a reciprocal space image and
the real space lattice, we can use LEED patterns to investigate the surface structure.
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Figure 2.14 The principle of diffraction pattern formation in a LEED experiment. The incident electron beam
approaches along s,. The specular beam exits along s,,. Reproduced from G. Ertl, J. Kiippers, Low Energy
Electrons and Surface Chemistry, 2nd ed., VCH, Weinheim. © 1985, with permission from John Wiley &
Sons, Ltd.

The diffraction condition from a one-dimensional lattice of periodicity a leads to constructive
interference at angles @ when

asin @ = ni Bragg’s law (2518)

for an electron with a wavelength A incident at normal incidence. n is an integer denoting the
diffraction order. The wavelength of the electron is given by the de Broglie relationship, Eq. (2.4.9).
The Bragg condition of Eq. (2.5.18) needs to be generalized to two dimensions. This leads to the
Laue conditions

ay-(s—sp)=h, i (2.5.19)

Laue conditions
32 . (S - 50) = hz/l (25.20)

where s, defines the direction of the incident beam (generally along the surface normal) and s
defines the direction of the diffracted beam intensity maxima. s, and h, are integers. They are
used to identify the diffraction reflexes that appear in the LEED pattern. The specular reflex at (00)
is used as the origin and arises from electrons that are elastically scattered without diffraction.






Further note:

Brillouin zone: perpendicular bisectors of reciprocal lattice vectors
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Matrix notation for adsorbate

by=m a;+my,a, in matrix notation, b=M - a M= (%;‘ ﬁ;z
1 2

A
'S29
NAK

Fig. 9.2. Examples for overlayer structures. a) 2 x 2, b) c(2x2), ¢) ]/5 XV§/R 307,

M=, (11 and (1}



2D real vs. reciprocal lattices of adsorbate

b,=mya,+m,a,

bi*=miiaf +ma3 v+ —i-1, and so T
—_ S — * —
by=mya;+mya, . bFf=m}at+mpar . o | R
m*: inverse transposed matrix of m
g L ® ° 1
O — —— *
i detm* 2
e O o ° ®
= 1g= = 1 - m3
® & det P* =
o
1
- 55 == det i * "
O
(@) o Many = 1 _ m*
o det M * 2
© o

Fig. 9.11. A two-dimensional real lattice, described
by a,, a, (dark circles), and its reciprocal lattice af,
a3 (open circles).

m;* can be measured directly from —
LEED pattern

where det M* = my;*-my,* - m,,;

* . *
ms,

Target: m; can be calculated from
reciprocal pattern
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We represent a surface overlayer by the basis vectors b; and b, and the corresponding reciprocal
lattice vectors are given stars. The substrate and overlayer lattices are related by

by = ma; + mpa, (2.5.9)
b, = mya; +mya, (2.5.10)
by = mjaj +m},a; (2.5.11)
b3 = m3,a] +m},a3. (2.5.12)

This can be written in matrix notation as

b=M-a— (1’1) - (’”” m'z) : (al). (2.5.13)
hz ?1?21 m22 32

A similar relationship holds for the reciprocal space representation

b* £ % *®
b* = M* - a* — (bi) _ (ml] IHLE) . (al) . (25]4)
2 My My, a,

It can be shown that M* is related to M (and vice versa) by

* _ £
=1 ( "2 ”131> (2.5.15)
detM* \—m, ny,
M* = 1 My —Myy (2516)
detM \ —mip my
The determinant of M#* is define as
detM* = m, m3, —m;, m,, (2.5.17)

and analogously for the determinant of M. Experimentally, the challenge is to determine the ele-
ments of M from the diffraction pattern measured on the LEED screen.
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Spectroscopic surface methods

From source To spectrometer
Photons,
electrons,
neutral Primary Detected (secondary)
molecules beam beam
Photons,
A glectrons,
1oNs,
molecules

Atomic lamps: H (10.2 eV)
He (21.1,42.82 eV) — UV sources, UPS
Xe lamp (170~3000 nm)

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)



TABLE 21-1 Some Common Spectroscopic Techniques for Analysis of Surfaces

Method and Acronym Primary Beam Detected Beam Information

X-ray photoelectron spectroscopy (XPS). X-ray photons Electrons Chemical composition

or electron spectroscopy for chemical Chemical structure

analysis (ESCA)

Auger electron spectroscopy (AES) Electrons or Electrons Chemical composition

X-ray photons

Electron energy-loss spectroscopy (EELS) Electrons Electrons Chemical structure
Adsorbate binding

Electron microprobe (EM) Electrons X-ray photons Chemical composition

Secondary-ion mass spectrometry (SIMS) lons Ions Chemical composition
Chemical structure

lon-scattering spectroscopy (ISS) lons lons Chemical composition

and Rutherford backscattering Atomic structure

Laser-microprobe mass Photons Ions Chemical composition

spectrometry (LMMS) Chemical structure

Surface plasmon resonance (SPR) Photons Photons Composition and concentration
of thin films

Sum frequency generation (SFG) Photons Photons Interface structure, adsorbate
binding

Ellipsometry Photons Photons Thin-film thickness

© 2007 Thomson Higher Education

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Electron spectroscopy

XPS (X-ray photoelectron spectroscopy)
UPS (UV photoelectron spectroscopy)
AES (Auger electron spectroscopy)

Energy (and angle)
sensitive detector

e or ;4

photon in )

XPS Specti - AES Spectrum
1.4x105 00/P$Ec1r1u)m 50 CIPY(111)
124
0- WW
£ 1.0 %
2 5
° &
< 08+ ©
_50 ~
0.6 -
0.4 - —-100 A
T T T T T T T T T T
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Binding Energy / eV Electron Energy / eV

(b) (©

Figure 2.17 (a) Schematic representation of electron spectroscopy. (b) A sample XPS spectrum of CO/P{(111).
(c) A sample AES spectrum of CO/P(111).



X-ray photoelectron spectroscopy (XPS)
or electron spectroscopy for chemical analysis (ESCA)

Binding energy of core electron ~
photon energy of X-ray region
EI/
E,=hv-E -w (21-2) = /

w: work function of spectrometer

© | Photoelectrons

Decreasing binding energy

© 2007 Thomson Higher Education

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Counting rate

S

Fluorine
Auger

0,

urvey scan

800 700 600 500 400 300 200 100 eV

Binding energy

® 2007 Thomson Higher Education

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Environmental effect by electronegativity

electronegativityt— binding energy1

Net counting rate
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Inorganic structure — metal oxidation state

TABLE 21-2 Chemical Shifts as a Function of Oxidation State?®

Element” Oxidation State

=20 = 0 +1 +2 +3 +4 +5 +6 A
Nitrogen (1s) - #()e = +4.54 - +5.1 — +8.0 — -
Sulfur (1s) =2:0 - *0 - — — +4.5 — +5.8 -
Chlorine (2p) - *0 - — - +3.8 - +=ifl - +9.5
Copper (1s) — - *0 +0.7 +4.4 — — — - —
lodine (4s) - *0 - - — — — +5.3 — +6.5
Europium (3d) — — - — *0 +0.6 — — — —

*All shifts are in electron volts measured relative to the oxidation states indicated by (¥). (Reprinted with permission from D. M. Hercules,
Anal. Chem., 1970, 42, 28 A. Copyright 1970 American Chemical Society.)

®Type of electrons given in parentheses.
€ Arbitrary zero for measurement, end nitrogen in NaNj.
4Middle nitrogen in NaN,.

© 2007 Thomson Higher Education

Oxidation state1 — electron binding energy 1

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)



XPS for Pt 4f levels:

Binding Energy, eV Relative Peak Areas”
Species  4f (7/2)  4f (5/2) +0IV =I2N F22V

Pt 70.7 74.0 56 39 34
PtO,y. 716 74.9 39 37 24
PtO 73.3 76.6 <5 24 22
PtO, 74.1 77.4 0 0 20

“From K. S. Kim, N. Winograd, and R. E. Davis, J. Am. Chem. Soc.,
93, 6296 (1971).

"Oxidation carried out at indicated potential (vs. SCE) for 3 min.

Binding energy (eV)




Shake-up satellite

“shake-up” peak at a higher binding
energy than the main line. Shake up
lines are common with
paramagnetic states.

Bindng Energy (V)

cf. Shake-off satellite
M.C. Biesinger, L.W.M. Lau, A.R. Gerson, R.St.C.

+ excitation valence electron to continuum Smart. Appl. Surf. Sci. 257 (2010) 887.



https://drive.google.com/file/d/1YYw7O1JVW4Ni_3GJv72uTE9KVE4Cg1S9/view?usp=drive_web

XPS data analysis
|

W

n

1 -4
|ntensny/c0unts S (x10 )

Intensity (arbitrary units)

Binding energy (eV)
Figure A3.6 Curve-fitted W 4/ spectrum

deconvolution

535 530
Binding Energy (eV)

Figure A3.2 Oxygen ls spectra illustrating the effect of smoothing. In all cases the spectra are fitted
to three peaks. (a) Data for the same material obtained with good statistics by running the spectrum
for a long period (82 scans), (b) data for the same material with bad statistics by running the spectrum
for a short period (2 scans) and (c) the result of smoothing (b) 100 times with a smoothing interval of 21

D. Briggs, M. P. Seah, Practical Surface Analysis, Wiley



XPS quantitative analysis [ = n@oenATl (21-3)
Sensitivity factor S = oenATI (21-4)

n: number density of atoms of the sample (atoms/cm?3)

¢: flux of the incident X-ray beam (photons/cm?-s)

o: photoelectric cross section (cm?/atom)

€. angular efficiency factor for the instrument

n: the efficiency of producing photoelectrons (photoelectrons/photon)
A: area of sample which photoelectrons are detected (cm?)

T: the efficiency detection of the photoelectrons

|: mean free path of photoelectrons in the sample (cm)

— for a given transition, last six terms are constant — atomic sensitivity
factor s (in XPS Handbook)

|/s o< concentration



Electrochemical XPS (SNU)

UHV-XPS Glove Box

Ex-situ Analysis without Contamination



Ambient Pressure X-ray Photoelectron Spectroscopy
(a)

‘hv

John T. Newberqg et al, Surface
Science Reports, 73, 37 (2018).

Monitoring
AP-XPS, AP-NEXAFS

; W p——

[13P20, 57K

Dorota Flak et al, Applied Surface Science, 455, 1019-1028 (2018).



https://www.sciencedirect.com/science/article/abs/pii/S016943321831568X#!
https://www.sciencedirect.com/journal/applied-surface-science
https://www.sciencedirect.com/journal/applied-surface-science/vol/455/suppl/C
https://www.sciencedirect.com/journal/surface-science-reports
https://www.sciencedirect.com/journal/surface-science-reports/vol/73/issue/2

Ultraviolet photoelectron spectroscopy (UPS)
UV source: atomic lamps, He (21.1, 42.82 eV)

UV photons can excite photoemission from valence levels

Since valence electrons are involved in chemical bonding — UPS is well
suited to the study of bonding at surfaces — work function, band structure
of the solids, surface and adsorbed layers, bonding structure(c or )

a o b

{1 EGon
SiC(5E14)

Intensity (a.u)

1 EGon
primary SiC

S & 10 15 34 25 26 ay  HuiGuoetal, Carbon, 157, 340 (2020).

Binding energy (eV)



https://www.sciencedirect.com/journal/carbon
https://www.sciencedirect.com/journal/carbon/vol/157/suppl/C

Auger electron spectroscopy (AES)

3 electron processes

(1) Core electron ejected

(2) Higher electron fills the core hole

(3) Exothermicity to eject 3" electron (Auger electron)

K O 1s —00— —90—
— Auger Auger Coster-Kronig
Exiaz = (Ex—EL) —Ep KLyL, LyVV LyLoM,
E,=532eV,E,=24¢V, o g?eﬁ“g‘ -
_ _ @ Ejected electron
E,=76eV—Eq,=501eV Relaxed electron
0 Hole

Figure 2.22 A detailed depiction of Auger transitions involving (a) three core levels; (b) two core levels and the
valence band; and (c) a Coster-Kronig transition in which the initial hole is filled from the same shell.
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AES Signal (small peak, hard to define exact peak) — dN(E)/dE

dN (E)/dE (arbitrary units)

400 600 800

Auger electron energy (eV)

1000

1200

Auger Electrons

— element analysis

v' Oxidation state
v Structure




AES quantitative analysis

Primary electron beam

Secondary electrons \d Auger electrons
~10nm w» 4-50A,Z>3

4
Backscattered electrons :

10-100 nm Characteristic x-rays

: Z>4
Cathodo!umlnescenvce , P % Continuous x-rays
i . : Z> 4
l  Fluorescence x-rays
<1-3 ym ' % Z>4
v

Volume of primary excitation
Figure 2.24  The geometry of Auger electron spectroscopy. A primary electron beam excites the forma-
tion of Auger electrons as well as X-ray fluorescence. Backscattered and secondary electrons are also
created in the process.
Approximate compositional analysis can easily be obtained with the use of the measured relative

sensitivity factors sy, which can be found in the Handbook of Auger Electron Spectroscopy [116]. The
mole fraction of component A in a binary mixture of A and B is given by

In/sa
Xs = . (2.6.30)
A Ih/sh +1g/5g .




AES depth profile: ion sputtering

Electron
beam probe

e

Ion beam

Analyzed point

Etched crater

® 2007 Thomson Higher Education

Skoog, Holler, Crouch, Principles of Instrumental Analysis (Thomson)



AES depth profiles: GaAs

Oxide thickness (1000 A)

Oxide thickness (1000 A)
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Vibration spectroscopy

Vibration motions — IR absorption, electron energy loss, Raman, sum
frequency generation, inelastic neutron tunneling, He scattering

Energy of electromagnetic field: oscillating electric & magnetic
disturbance

E=hv=hc/A

h; Planck constant (6.6 x 1034 Js)
speed of light (c); 3 x 108 m/s,
wavelength (\); distance between the neighboring peaks of wave,
1A =0.1nm=101m
frequency (v, Hz = 1 s1); number of times per second
AV =C
wavenumber (cm, reciprocal cm),  v-bar =v/c = 1/A
cf) 1 eV ~ 8066 cm!

Wavelength (A, nm) = 1240/band gap energy (eV)




Electron energy loss spectroscopy (EELS)

Electron backscattered from surface — lose energy of the surface and adsorbed
layer — vibrational transitions (1 meV = 8.064 cm)

Electron counts (#)

yeob q : | f T x
Saturated O,/Pd(111) at 100 K
1400 CO exposure = 3.9 x 107" mbar s
1200 |~
x 0.02 03
1000 L / A
" ¥
=
cf. 3 800 |~
T T T T T . T . T T ] CO_—Pd
Zero loss |Core loss | -
peak ™ 11 l c-0
L . ~ | 400
Plasmon 600 640 680 |-
k @3
,Dea S | 200 - & w2
0 100 260 3(IJO 460 5(I)0 G(IJO 700 0 I § e St N | 2 1
Electron energy loss (eV) 0 50 100 150 200 250

Electron energy loss (meV)

Figure 2.29 The electron energy loss spectrum of co-adsorbed O, + CO on Pd(111 ).” The species associated with
w1, w, and wy are illustrated in Fig. 3.8. Adapted from K.W. Kolasinski, F. Cemic, A. de Meijere, E. Hasselbrink,
Surf. Sci., 334, 19. © 1995 with permission from Elsevier.



High resolution

electron energy loss spectroscopy

(HREELS)

a tool used in surface science.

The inelastic scattering of electrons from
surfaces is utilized to study electronic
excitations or vibrational modes of the
surface of a material or of molecules
adsorbed to a surface. In contrast to
other electron energy loss
spectroscopies (EELS), HREELS deals
with small energy losses in the range of
103 eV to 1 eV. It plays an important
role in the investigation of surface
structure, catalysis, dispersion of
surface phonons and the monitoring

of epitaxial growth. (Wikipedia)

Somorjali,
Introduction to Surface Chemistry and Catalysis

HREELS LEED
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Figure 4.4. Vibrational spectrum of carbon monoxide chemisorbed on the Rh(111) surface
obtained by HREELS. The curves correspond to the spectrum obtained at different CO ex-
posures, L. The LEED diffraction pattern indicates that the CO monolayer is ordered at the
different coverages.


https://en.wikipedia.org/wiki/Surface_science
https://en.wikipedia.org/wiki/Inelastic_scattering
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/EELS
https://en.wikipedia.org/wiki/Catalysis
https://en.wikipedia.org/wiki/Dispersion_relation
https://en.wikipedia.org/wiki/Phonon
https://en.wikipedia.org/wiki/Epitaxy
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Figure 4.5. (a) Vibrational spectra obtained by HREELS in the specular direction for a
saturation coverage of benzene chemisorbed on Rh(111) at 300 K for a well-ordered c( V3
X 4) surface structure: (A) C4Hg: (B) C4Dg [90]. (b) The vibrational spectra of o-xylene at

Mt i oo m e L Somorjai, Introduction to Surface Chemistry and Catalysis



Summary

Knudsen beams are molecular beams with thermal properties.

e Supersonic jets experience significant cooling during expansion, exhibit high-translational energy
and have significantly enhanced intensity compared to Knudsen beams.

e STM involves the tunnelling of electrons from occupied to unoccupied electronic states. The volt-
age between the tip and the surface determines the direction of current flow.

e STM images electronic states not atoms.

AFM allows for atomic scale imaging on insulating surfaces and for direct measurements of inter-
molecular forces.

e NSOM extends optical spectroscopy to the nanoscale and even single molecule regime.
Low-energy (~20-500 eV) electrons penetrate only the first few atomic layers and can be used to
investigate surface structure.

e The symmetry of LEED patterns is related to the periodicity of the substrate and adsorbate over-
layer structure.

e XPS probes the electronic states associated with core levels and is particularly well suited to quan-
titative elemental analysis.

e UPS probes the electronic states associated with valence electrons, and is particularly well suited
to the study of electronic changes associated with chemical bonding.

e AES is also used for quantitative elemental analysis.

e InIR spectroscopy at metal surfaces, a strict dipole selection rule means that only vibrations with
a component along the surface normal can be observed.

e InEELS electrons scatter through dipole, impact and/or resonance scattering mechanisms, and no
strict selection rule can be assumed unless the mechanism is known.

e EELS is suitable for the investigation of low-frequency vibrational modes.

e SHG and SFG can be interface sensitive even in the presence of a gas or liquid.

e SFG can be used not only to perform spectroscopy in the frequency domain, but also to perform
pump-probe studies, which investigate dynamics directly in the time domain.



Additional Note

(This content is not the scope of the exam.)



Scanning probe technigues

— Surface structure, manipulation of atoms & molecules at surface

-Microscopy: a sharp tip close to the surface — scanning electron or
force and so on — STM, AFM and so on

-Similar idea: NSOM (Near field scanning optical microscopy) — a
small-diameter optical fiber close to the surface (diameter/distance
< wavelength of the light) — image resolution far below light
wavelength

-SP techniques: current, van der Waals force, chemical force,
magnetic force, capacitance, phonon, photon

-UHV or at atmosphere or in solution, in situ vs. ex situ techniques



Scanning tunneling microscopy (STM)

micropositioner with

piezoelectric drive

Tersoff and Hamann [31, 32] set the theoretical basis for interpretation of STM images. The tun-
nelling current, /, depends exponentially on the tip to surface distance d according to

1 - e = - — e S

[ x ™24 (2.4.3)

where the decay constant k is given by

= %\/me(cps +E - E). (2.4.4)

E is the energy of the state from which tunnelling occurs, and the barrier height is given by the sum
of the average work function of the sample surface ® and its Fermi energy E}. « is on the order of
1 A1, hence, a change in separation of just 1 A leads to an order of magnitude change in the tunnelling
current. Importantly, STM does not rely on simple one-dimensional tunnelling but is instead sensitive



cf. Tunnelling

- if the potential energy of a particle does not rise to infinite in the wall &
E <V — ¥ does not decay abruptly to zero

- if the walls are thin — ¥ oscillate inside the box & on the other side of
the wall outside the box — particle is found on the outside of a
container: leakage by penetration through classically forbidden
zones “tunnelling”

cf) C.M.: insufficient energy to escape

Enhanced
electron
. tunnelling




Electron flow between tip and surface

(a)

contact

(b)
L
E¢
electrical contact
no bias

() Et

electrical contact
biased

Tunneling current flow

(d)

L
Er
electrical contact

bias of opposite
sign

Figure 2.7

L
EF

no electrical |

Evac =

—

Electric field

ﬂ‘ Unoccupie

lllustrations of the Fermi and vacuum level positions for two metals separated by distance d.

(a) Isolated metals. (b) After electrical contact, in the absence of an applied bias. (c) Biasing shifts the
relative positions of the Fermi levels and makes available unoccupied states in an energy window eU into
which electrons can tunnel. (d) The direction of tunnelling is switched compared to the previous case
simply by changing the sign of the applied bias.



Figure 2.4 An STM image of occupied states on a Si(100)-(2x 1) surface nearly completely covered
with adsorbed H atoms. The uncapped Si dangling bonds (sites where H is not adsorbed) appear as
lobes above the plane of the H-terminated sites. The rows of the (2x 1) reconstruction are clearly visible
in the H-terminated regions. Source: Reproduced from J.J. Boland, Phys. Rev. Lett. 67 (1991) 1539. (c)
1991, with permission from the American Physical Society.

Figure 2.5 Constant current STM images of the clean GaAs(110) surface. (a) The normally unoccupied
states imaged at V = +1.9V. (b) The normally occupied states imaged at V = —1.9V. (c) Schematic
representation of the positions of the Ga (e) and As (o) atoms. The rectangle is at the same position in
(a), (b) and (c). This is an unusual example of chemically specific imaging based simply on the polarity
of the tip. Source: Reproduced from R.M. Feenstra, J.A. Stroscio, J. Tersoff and A.P. Fein, Phys. Rev. Lett.
58 (1987) 1192. (c) 1987, with permission from the American Physical Society.
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Scanning tunneling spectroscopy (STS)

STM image depends on
the voltage on the tip —
control of the voltage — to
determine the electronic
states with atomic
resolution (STS)

Chemisorption changes
the electronic structure
of the surface

e

(dI/dVv)/(I/V)

A

20 -10 0 10 20 20 -10 0 10 20
ENERGY (eV) ENERGY (eV)

Figure 2.8 Left-hand side: Topography of the unoccupied states of the clean (7x7) surface (top pan-
els) and atom resolved tunnelling spectra (bottom panels). The curves represent spectra acquired over
different sites in the reconstructed surface (Curve A: restatom, Curve B: corner adatom, Curve C: mid-
dle adatom). Negative energies correspond to occupied states, positive to empty states. Right-hand side:
Same types of images and spectra obtained after exposure of a Si(111)-(7x 7) surface to NH,. The dif-
ferent sites exhibit different reactivities with respect to NH, adsorption with the restatoms being the most
reactive and the middle adatoms being the least reactive. Source: Reproduced with permission from Ph.
Avouris and R. Wolkow, Phys. Rev. B 39 (1989) 5091. © 1989 American Physical Society.



Scanning electrochemical microscopy (SECM)

Using ultra-micro electrode or nano-electrode

\ /!
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tip
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Atomic force microscopy (AFM) Force

-using attractive or repulsive Fy = kyAZ
interactions with the surface (Table
2.2): van der Waals....

-AFM can image conducting as well
as insulating surfaces (soft, polymer,
biological)

-Force curve: function of distance of ety
the tip from the surface

ky: force constant
Az: displacement of the tip

& Laser

Mirror |
Hﬂ I@ Q v Carltilever

Table 2.2 Interaction forces appropriate to scanning force Photodiode detector

. . I 1
microscopy and their ranges. (lateral motion) —

Piezoelectric scanner

Force Range (nm)
Electrostatic 100
Double layer in electrolyte 100

van der Waals 10
Surface-induced solvent ordering 5
Hydrogen bonding 0.2
Contact 0.1

Values taken from Takano et al. [45].

Figure 2.9 Principal components for an optical lever type AFM. Detection of the reflected laser beam with
a quadrant, position sensitive photodiode facilitates the simultaneous detection of bending and torsion of the
cantilever. A scanning electron micrograph of a typical AFM cantilever and tip is shown in the lower panel.
Reproduced from H. Takano, J. R. Kenseth, S.-S. Wong, . C. O’Brien, M. D. Porter, Chem. Rev. 99 (1999) 2845.
© 1999, with permission from the American Chemical Society.



Table 2.3 Scanning probe techniques and the properties they probe.

Technique

Property probed

Contact mode
Atomic force microscopy

Infrared atomic force microscopy
Near-field microwave microscopy
Nano-impedance spectroscopy
Piezoforce microscopy

Scanning capacitance force microscopy
Scanning capacitance microscopy
Scanning near-field optical microscopy

Scanning non-linear microscopy

Scanning spreading resistance microscopy
Non-contact mode

Atomic force microscopy

Electrostatic force microscopy
Kelvin force microscopy
Magnetic force microscopy
Microwave-frequency ac STM
Photoinduced force microscopy

Scanning gate microscopy
Scanning impedance microscopy

Scanning tunnelling microscopy

Tip-enhanced Raman scattering

van der Waals forces, chemical forees, electrostatic
interactions, topography

infrared absorption, thermal expansion

microwave losses

interface potential, capacitance, dopant profiling

switching dynamics, relaxation time, domain nucleation

dopant profile

capacitance, relative dopant density

frequency-dependent dielectric function, surface
polaritons, Rayleigh scattering, IR absorption,
fluorescence

dielectric constant

resistivity, relative doping density

van der Waals forces, chemical forces, electrostatic
interactions, topography

electrostatic force

potential, work function, adsorbate enthalpy and entropy

magnetic force

polarizability, dopant profile, dielectric response

linear or nonlinear absorption of light, stimulated Raman
scattering, optical polarizability, excited state lifetime

current flow, local band energy, contact potential variation

interface potential, capacitance, local band energy, current
flow

topography; local density of states; mapping of gate
voltage, bias, and magnetic field; dispersion; phonon
and spin excitation; spatial spin contract

Raman scattering

Adanted from Bonnell et al. 1241.



Optical and electron microscopy

Optical microscopy

. | Ob

- Limit of resolution(d): mainly by the wavelength A of the light

>
& L R
>

d=A/2nsin a

a: the angular aperture (half the angle subtended at the object by the objective lens),
n: the refractive index of the medium between the object and the objective lens,
n sin a: the numerical aperture of the objective lens for a given immersion medium

Numerical aperture: generally less than unity
up to 1.5 with oil-immersion objectives — 600 nm light: 200 nm

(0.2 ym) resolution limit
Serious error in particle size less than 2 um (Table 3.1)

Table 3.1 Determination of the diameters of spherical particles by optical micro-

scopy”’
True diameter/pm Visual estimate/pm
1.0 1.13
0.5 0.68
< 0.2 0.5

« Limitation: resolution power & contrast



Transmission electron microscopy(TEM)
» e-beam: wavelength A ~ 0.01 nm

* resolution: 0.2 nm
* limitation: high vacuum system

Scanning electron microscopy(SEM)

* resolution: ~ 5 nm

Figure 3.2 Electron micrographs. (a) Shadowed polystyrene latex particles
(%50 000). (b) Shadowed silver chloride particles (X 15 000)



Near-field scanning optical microscopy (NSOM or SNOM)

a small-diameter optical fiber close to the surface (diameter/distance
< wavelength of the light) — image resolution far below light wavelength

(can be exceeded by using near-field technique)

Optical fiber + laser + AFM techniques
Resolution ~ 50 nm, ultimate resolution ~ 12 nm

(By working close enough to the aperture, resolution close to the size of the
aperture and far below the wavelength of the light can be obtained)

1.0 —

0.8 —

0.6 —

0.4 —

Intensity (arb. units)

0.2 —

LS = l T T 1
~100 =50 0 50 100
Distance (nm)

Figure 2.10 Near-field intensity distributions are shown for 532 nm light that has passed through an aperture
with a diameter of 100 nm at distances d from the aperture of 10, 20 and 40 nm. The distributions are normalized
such that they all have the same integrated intensity.

NSOM:

-high brightness
of light (laser)
-optical fiber
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Figure 2.11 NSOM data can be collected in various modes including (a) illumination; (b) collection;

(c) reflection; (d) photon tunnelling; and (e) apertureless.

prg UQ\' , / Small aperture diameter
f (typically 80~100 nm) —
few tens of nW light power

ng L ' e — ultimate resolution ~12
e nm (practically ~50 nm)

elchem.kaist.ac.kr
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Second harmonic and sum frequency generation

SHG & SFG are two closely related techniques — application in surface
and interface science — laser light illuminates an interface between two
phases A and B — excites a non-linear polarization responses

1) Two photons at same frequency w, can be mixed together to form a 3™

photon at frequency w = w,; + w,

— “second harmonic generation”

2) Two photons with distinct
frequencies w, and w, and angle of
iIncidence 6, and 6, can mix together
to form 3@ photon w = w; + w,
which depart at 6,

— “sum frequency generation”

(@) A

Interface

(b) SHG haw,  ho, hax

(©) SFG  pg,
ha; hag

N

ECw) E(o)

Figure 2.30 (a) Two bulk materials joined by an interfacial region. (b) Two photons of the same frequency are
mixed in second harmonic generation (SHG). (c) Two photons of different frequency are mixed in sum frequency
generation (SFG). (d ) The polarization components s and p are shown for a laser incident on a surface.



Second harmonic spectroscopy

Second harmonic generation (SHG): w — 2w

Second harmonic generation (SHG): noncentrosymmetric crystals

If symmetry is broken at the solid/liquid interface — SHG signal

SHG signal is sensitive to species at the interface: used to detect
adsorbed species, reaction intermediates etc
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