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ParticleSurface Interactions

Primary beam Secondary beam
(source) (spectrometers, detectors)
lons lons
Electrons Electrons
Photons \ Photons
L S SRR o
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What is the Surface?

>1000 nm 100 nm

<10 nm [
0 .00

e
SE 8 s
+54 v Accelarating Theory
o electrode ho=dL - 167 RforsaV
1 mv
a
| Electron Expariment
oyt
I gk E']"% Fathlenath di‘l'.EEf:::E
o . dsinG = 2.15sin50=A=165A
5[} for constructive inlerfarance

Mot bad for a
»  three year old
v ideal
b—d = et an
1924 1927 1929 specing d= 15
de Broglie's Davissan- Mobel Prize
hwpothesis Garmer for

experimeamt de Broglisa

Thinfilm Analysis

Surface Analysis

For an electrorwith KE = 1 e¥nd rest
mass energy of 0.511 MeV, the de Broglie
wavelength isl.23 nm(~1000X less than a
1 eV photon).

http://hyperphysics.phastr.gsu.edu/hbase/davger.html#cl
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ParticleSurface Interactions

Photoelectron Spectroscopy

Electrons
Photons \ /
e N

ijy’_‘v

Vacuum
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X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XP&so known a&lectron Spectroscopy for ChemicdAhalysiS(ESCA} a widely used
technique to investigate the chemical composition of surfaces.

X-ray! Photoelectronspectroscopypasedon the photoelectric effect2? was developedin the mid-196(Q as a practical technique by Kai
Siegbahrand hisresearchgroupat the Universityof UppsalaSwedert

Wilhelm ConradRdntgen Heinrich Rudolf Hertz
"‘,ﬁ "‘,' S

1.  W.Rontgens mdpnm b20Sf tNATS Ay tKearOa Ay NBO23IYAGA2Y 2F (ks oSE (ANFo2NSRAYS YNBE 83 SNIIASTS & FKISS NK I KaA YNGEY R 8 NB R

2. I © | $befeinenEirdlusdesultraviolettenLichtesauf dieelectrischeEntladung ¢ Physik3t,983 (1887). The IEEE Heinrich Hertz Medal was established by the Board of Directors in 1987 “for outstanding
achievements iHertziand0 N RA 20 g @Sa o A
3. I & 9 A Ykele®engieErzeéugungind VerwandlunglesLichtesbetreffenderheuristischerGesichtspuni ¢  Physik@7s Mo H O mMdpnp v ® MdpHm b20Sf t NAT S Ay tKeaarda a¥2

SaLISOALtte FT2NI KAa RA&AO2OSNE 2F GKS flg 2F (GKS LK2G2Stf SOUNRO SFTFFSOU »¢
4, 4. K. Siegbahn, Bl.NovaActaRegiaeSoc.Sci{ SNIP LY +22fd Hn OomMpcTOD Mpym b206SEf t NRTS Ay tKeaAdNiR a0 dkéA a8 O2y GNRodziAzy
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X-ray Photoelectron Spectroscopy Small Area Detec

Electronsare extracted only
from a narrow solid angle.

X-ray Beam

X-ray penetration
depth ~Im.
Electrons can be
excited in this
entire volume.

10 nm

10 mm- 1 mmdia.

X-ray excitation area ~1 mwh cmdiameter. Electrons
are emitted from this entire area

© 2025 University of lllinois Board of Trustees. All rights reserved. 9



Photoelectron and Auger Electron Emission

KE (measured) $17(known)- BE- F ... (calibrated)

Emitted Auger Electron
EincidentX—ray =hn '

f Free Electron Level ’
F -
Fermi
Level
Valence Banri
BE

CalculateBE =hn-KE-F

spec

BEC binding energydepends on Z, i.e. characteristic for the element

© 2025 University of lllinois Board of Trustees. All rights reserved. 10



Photoelectron and Auger Electron Emission

KE (measured) $17(known)- BE- F ... (calibrated)
Emitted Xray Photon

EincidentX—ray =hn '
f Free Electron Level ,
F
Fermi
Level
Valence Banci
BE 2p L2,L3
2S
1s

Calculate BE =h71- KE- F

BEC binding energydepends on Z, i.e. characteristic for the element
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Photoelectron and Auger Electron Emission

© 2025 University of lllinois Board of Trustees. All rights reserved. 12



Photoelectron and Auger Electron Emission

— —cmssemanien  WASAACAARANAN SESRNRNIRIYITY T
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Photoelectron and Auger Electron Emission

Conduction Band

Valence Ba

Photoelectron Lines Auger Electron Lines

© 2025 University of lllinois Board of Trustees. All rights reserved. 14



Photoelectron and Auger Electron Emission

Conduction ' Band

| = '@83.6 eV
.= 1486.b eV
2984.3 eV
14.8 eV
.1 eV

XPS caprobe all of the orbitals in only the light elements.
e.g.BE C 1s =285 eV, Mg 1s =1304 eV, AugllH00 eV

© 2025 University of lllinois Board of Trustees. All rights reserved. 15



Surface Sensitivity: Electron Spectroscopy

Inelastic MeanFree PathThe mean distance an electron can travel between inelastic scattering events.

Inelastic mean-free path (nm)

10

(o]

Inelastic mearfree paths (calculated) based on TPRA*

T ! I L |
. Electrons travel only a few
S .
XPS 1 nanometers through solids.
Li
Sn n
Al
Gd
/ Graphite
Di d
///// lamon _
/
L
*S. TanumacC. J. Powell, D. R. PeBuyface and
Interface Analysi36, 1 (2004).
| 1 | 1 | | | L
500 1000 1500 2000 2500
Kinetic energy (eV)
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Surface Sensitivity: Electron Spectroscopy

Assuming Inelastic Scattering Only

1

BeerLambert relationship: 08

| = jexp¢d/l cox)

where d = depth 06
| = Inelastic mean free path "

° 0.4 -
at3, I/l,=0.05 N
0.2 - \\\
at 1000 eV] ° 1.6 nm T~
0 . KM
0 1 2 3

d/l

95% of the signal comes from within 5 nm of the surface or less!

© 2025 University of Illinois Board of Trustees. All rights reserved.
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Ratio: 100 ‘ Ratio: 10000
Mt. Hood Prominence: 7707 feet Fingerprint Residue: ~50000 nm
Douglas Fir Height: ~77 feet XPS Sensitivity: ~5 nm




Surface Sensitivity: Electron Spectroscopy

X-ray Photoelectron Spectroscopy

Advantage Disadvantage

Extremely surface sensitive! Extremely surface sensitive!

https://phys.org/news/201905-substratedefectskey-growth-d.html

© 2025 University of lllinois Board of Trustees. All rights reserved. 19



Single atomic ion beam
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15 KeV Gd 15 KeV Gq*

Sputtering animations and review articles (psu.edu)https://garrison.chem.psu.edu/research/classic -sputtering-animations-and-review-papers/


https://garrison.chem.psu.edu/research/classic-sputtering-animations-and-review-papers/




X-ray Photoelectron Spectrometer

Spherical mirror analyser

Hemispherical analyser

Delay-line detector

Electrostatic lens

Selected area aperture drive
Octopole scan plates
Variable iris drive

Charge neutraliser

AXIS SUPRA'

O 00 0 0 00 O O

Magnetic lens

Image credit: https://www.kratos.com/
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Gascluster lon Source (GCIS)

Manual gate valve

| Wien filter
electromagnet GCIS P1 TMP

GCIS P1 gauge

Ar inlet

Cluster
Generator

; \ L
Lower ion column . Upper ion column
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Elemental Shifts

Pure Element

— Fermi Level

Electrorelectron
repulsion

G

Binding Energy

Electron &
Electrornucleus
attraction

Nucleusc)

. Look for changes here by observing
electron binding energies

ElectronNucleus Separation

I © 2025 University of Illinois Board of Trustees. All rights reserved. 25



Elemental Shifts

1 . . 18
g, Periodic Table of the Elements vila
{ 2
. ., For a given orbital BB B o vk e
8 10
. Binding energy will mcreaséa -. F 'Ne
— J 5.99840 201787
153 16 17 18
.. !: %?BB % (— ﬁ 15 23 ﬁr St e f' ﬁ,.f
23 24 X 29 ’ 30 r 32 33 35 36
. &asmcn Ti vnnnvdm chgﬁ‘l‘n llg‘:. Fe CO )INHB % Zn ‘anns 'G . '*As aEl!u'e K'rv(m!:-
”. Y ,E!... ‘Nb ‘Mo "Tc "Ru 'Rh 'Pd "Ag ‘b_d rr sb Te 1 Xe
" 91.224 92,9063 9594 ’5"33::"‘*“ W ?m w im mﬂﬁ: 1"1'?::"3 mn &1 t 1”‘ 1'.-'0‘;'0"4.47 1‘3‘1"."23
- 180.9479 183.85 101;&'”7 103: “;992;!2‘ 1195.08 196.9665 1 12; 204.3833 u q 208.98037 L g L:}t::?is : 3::]1 7;
Hmm 1268] o 21 unknown unknown unknwn unknown

Esnthanid 59 60 61 62 63 64 65 66 67 68 69 70 7
IDane La Ce Pr Nd Pm Sm Eu Gd T Dy Ho Er Tm Yb Lu
Lanthanum Cerium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.9055 140.115 140 90765 144.24 144 9127 150. 151.9655 157.25 158.92534 162.50 164.93032 167.26 168.93421 173.04 174.967

Actinide
Series
. Halogens N°gl° Lanthanides .
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Elemental Shifts

Core Level Binding Energies

90
[ o3P e
80 i ....o ‘..-.—.,.-o 4s
70! |
o i °-® 3d
é Bl _o"'.’.’
I .,o""’. "o—% 95
2 50+ o ’.’.’.,o—o’°
£ 40
o o 2P
< 30 /./.:::of’.'/"o—" 2s
20 "
10 _—_._—__.______.——————0 1s
0 , | . ) y ) . ! . | ’
0 250 500 750 1000 1250

Binding energy (eV)
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Elemental Shiftg Higher Energy-Ky Sources

400 S
. 01703-01 § AgL
350 < a
; s 2984.3 eV
| o
SCIENCE 300 | »
<
VOLUME 29 | zozz
250 i
An International Journal & Database c’f
Devoted to Archiving Spectra from -
Surfaces & Interfaces 5 200 Au MNN
600 =
9
£
) 150
fﬂ -
[l
= | N
) ‘ 100
50 |
1649 1629 1609 1589 1569 T S ——
Corrected binding energy (eV) 2500 2000 1500 1000 500 0

Binding energy (eV)

Jonathan D. P. Counsell; Alex G. Shard; David J. Cant; Christ@befiéld ParniaNavabpour Xiaoling
ZhangSurface Science Spect?&, 024005 (2021). DOI: 10.1116/6.0001389

fk\,s An AVS journal published by the

=] Sodety through AIP Publishing LLC Copyrlght © 2021 AUthOf(S)
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Elemental Shiftg Higher Energy-Ky Sources

40
L 01743-01

Au 3ds)

CrK,
5414.8 eV
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Au 3d,

SCIENCE - g
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[\e)
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T

An International Journal & Database
Devoted to Archiving Spectra from
Surfaces & Interfaces
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.

10 |

5
1649 1629 1609 1589 1569 o Lo u s, L )
Corrected binding energy (eV) 5000 4000 3000

Binding energy (eV)

I. Hoflijk, A. Vanleenhove, |. Vaesen, C. Zborowski, K. Artyushkgva, T. Conard; High energy x-ray
B v il oubliod by e photoelectron spectroscopy spectra of Si;N, measured by Cr KU Surface Science Spectra 1 June
| rough AP Publish 2022; 29 (1): 014013. https://doi.org/10.1116/6.0001524

|&=| Sodety through AIP Publishing LLC
<=F

29
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Elemental Shiftg Higher Energy-Ky Sources
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< I 3
= ©
: rorsor GaK, . B
E K S g
o
1000 | 9252.1eV 33
SCIENCE ; 3
VOLUME 29 | zozz o
8.00
An International Journal & Database & i &
Devoted to Archiving Spectra from @ - o
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Anja Vanleenhove, Fiona Crystal Mascarenhas, llse Hoflijk, Inge Vaesen, Charlotte Zborowski,
Thierry Conard; HAXPES on SiO, with Ga KU photons. Surface Science Spectra 1 June 2022; 29 (1):

';RVS An AVS journal published by the .
=] Sodety through AIP Publishing LLC 014012. https://doi.org/10.1116/6.0001523
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Elemental Shifts

FirstRow Transition Metals
e e v ve W v & e
21sc 22Ti 23V 24Cr 25Mn 26Fe 27533 28Ni 29c:u 3023“[‘

Secandium Titanium Cl Iron Nickel Copper
44.95591 47.88 50.9415 51.9961 54.938 55.847 58.9332 58.6934 63.546 65.39

Binding Energy (eV)

3p

© 2025 University of Illinois Board of Trustees. All rights reserved. 31



Elemental Shifts: Transition Metal Nitrides

Auger transition
Kinetic energies
Increase (binding
energies decreas

XPS Corgevel
binding energies
INncrease

~~
[72]

=
c
>

Counts (arbffBary

CrN Cr3s

1200 1000 800 600 400 200 0
Binding energy (eV)
R. T. Haasch,-Y. Lee, D. Gall,-S. Shin, J. E. Greene, |. Pet&wyf. Sci. Spectrd, 169 (2000)Surf. Sci. Spectrd, 193 (2000)Surf. Sci. Spectrad, 221 (2000)Surf.
Sci. Spectr&, 250 (2000).
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Spinrorbit Splitting

Cls Cu 2p cuzp,,
1.2
Cu2 ] - x X %
Px P, Py
294 292 290 288 286 284 282 960 950 940 930 ' ' ' : : :
Binding energy (eV) Binding energy (eV)
d"y dy, dj2 dyz dxz—yz
Ag 3d Ag 3d5/2

2:3

Ag 3d3/2

fy(xz_ 72)

375 370 365 90 88 86 84 82
Binding energy (eV) Binding energy (eV) a2 bz hiar-12
wod ¢d I-NIHE QGKK2 (62 St SOUGNRY { LISOGNR&O2LE 0O - PrhdicallM¢idtiald Cledastbiizadiol SArdeMBdy, (Spring8rO G N2 4 O 2 L.
Science + Business Media, New York, 2014). ISBM-9G849280-1. doi: 10.1007/9781-46149281-8 3.
Atomic Orbitals and Quantum Numbers. (2019, June 5). https://chem.libretexts.org/@go/page/122444
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Spinrorbit Splitting

C1ls Cu2p Cu2p,,
Electron spins=x%5
AJLJ Orbital angular momentum:
. P nz wmss pd omitalX I
294 292 290 288 286 284 282 960 950 940 930
Binding energy (eV) Binding energy (eV) .
Ag 3¢ Agad, ] = || + Sl

2:3
Ag 3d3/2

Momentum quantum number:
m;, -jt0 ] (2 + 1 states)

375 370 365 90 88 86 84 82

Binding energy (eV) Binding energy (eV)
wod ¢d I-NIHE QGKK2 (62 St SOUGNRY { LISOGNR&O2LE 0O - PrhdicallM¢idtiald Cledastbiizadiol SArdeMBdy, (Spring8rO G N2 4 O 2 L.
Science + Business Media, New York, 2014). ISBM-9G849280-1. doi: 10.1007/9781-46149281-8 3.
Atomic Orbitals and Quantum Numbers. (2019, June 5). https://chem.libretexts.org/@go/page/122444
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Graphene Transfer

A sustainable approach to large area transfer of graphene

(a)

| (a) —— CO, delamination
] (dry ice)
5 |
S
=
"] -
[ =
ig O1s
* OKLL
o *
x 1 *
Na * C1s Si2p Si2p
cu Fe ~
02s
4 Cl
T T T T T ®
1000 800 600 400 200 0
Binding Energy (eV)
M. C. W

ang, W. Moestopo S. Takekum&atabj R. T. Haasch,5® b | Y X

XPS Intensity (A.U.)

Carbonic acid formation:
CO,; + H,0 = H,CO;
H,CO; = HCO; + H*

@

> Cuprous oxide reduction:
Cu,0 +H,0 +2e — 2 Cui, +2 OH

(b) —— Copper chemically (c) —— NaCl,,, delamination
etched (SPS)
Na s \F_\A’A\m/
RS
1076 1074 1072 1070 1068 1076 1074 1072 1070 1068
(d) ——CO, delamination (e) ~—— €O delamination
(soda maker) (dry ice)
Na s No detectable Na

1076 1074 1072 1070 1068

1076 1074 1072 1070 1068

Binding Energy (eV)

& dzo & (1INMatelSGhém.,6, 11226 (2017)doi:10.1039/c7tc02487h

Cu chemically

etched (SPS) delaminated

XPS survey of G@elamination (from dry ice)

DIH,0 + CO,

10 mm

Chemically etched (sodiupersulphatg
NaClelectrolyte delaminated
CQ delamination using compressed J@m soda

maker

Delamination using carbonic acid generated from dry

ice pellets

a{dAGIrAyrotS$S
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Chemical Shifts

Electronegativity Effects

CarborrOxygen Bond Electronegativity
>
Oxygen Atom RS SR A
3A 4A 5A 6A TA
5 9
Electronoxygen atom Eﬂﬂ ... 12:”%

’ attraction
Valence LevelW»  (Oxygen Electro

C 2p G negativity) Functional Group C 1s Binding Energ

hydrocarbon GH,GC 285.0
Core Level C 1s Binding Energy amine GN 286.0
Shift to higher alcohol, ether ~ GOH,GOC 286.5
C1s 0 binding energy ¥ ' =T
Clboundto C GCl 286.5
Electrornucleus F bound to C GF 287.8
attraction (Loss of
Electronic Screening ELIEL] &o 288.0

Carbon Nucleus
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Chemical Shifts

O 1s

XPS opolymethylmethacrylate 2
-
o
{©
E
E O 1s C1s \:_;
S | g
5 | S |,
3| 538 536 534 532 530 528
Lo Binding energy (eV)
(o E C1s
o S5 |
{©
| z
i 3
1000 800 600 400 200 O 2] \
Binding energy (eV) é

292 290 288 286 284 282
Binding energy (eV)

wod ¢d -NIH& QK2 (62 St SOUGNRY { LISOGNRA&AO2LR 0 - PradicaliMytdtiald CledStbiizadioh SardeNBdy; (SpribgdrO G N2 4 O 2
Science + Business Media, New York, 2014). ISBMN-2G849280-1. doi: 10.1007/9781-46149281-8 3.
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