X-Ray Photoelectron Spectroscopy
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The photoelectric effect

Electron energy (metal surface):

Emission of electrons when light is shone
onto a material:

o Photoelectrons

o

Metal plate irradiated by UV light emits
charged particles: H. Hertz, 1887

Shown to be electrons: J. J. Thompson, 1899
Theory on photon quanta: A. Einstein, 1905

Verified through experiments: R. Millikan,
1915

o

o

o
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The electromagnetic spectrum

Electron energy levels:

differences in energy!

1-10 eV >1000 eV
Energy of one photon (electron volt) Valence band Core electrons Energy
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Photoemission as an analytical tool

Electron Spectroscopy for Chemical Analysis (ESCA)

> Kai Siegbahn, 1957 (Nobel Prize 1981) Oxygen atom

Widely used technique for surface analysis:
o XPS: X-Ray Photoelectron Spectroscopy

X-ray
> ESCA: Electron Spectroscopy for Chemical Analysis photon
o UPS: Ultraviolet Photoelectron Spectroscopy hv

o PES: Photoemission Spectroscopy

Requirement:
° Monochromatic & High energy photon source

Electron energy (any surface):

E, = kinetic energy
B = hf — ¢) E, = binding energy

O4s photoejected electron o°
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Instrumentation

Electron Analyser

{'E* electran
I
X-Ray Source & {va:i::?:‘u"}

‘h@% ‘b%b

switchable anodes Sample
(thermenic emission — {grnundad}
electron source)

eleciron
multipliar
detector

e}

X-ray source (typically Mg or Al anode)
Electron energy analyzer

Electronics & computer system
Vacuum system (ultra-high vacuum)

Extras:
> lon gun for etching (argon ions)

o

o

o

o

Computer Readout > Neutralizer (flood gun, non-conductive samples)

o Cooling system (lots of heat from X-ray source)
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Deg ree Of Va Cu u m /0 \ O/Absorption rate:
o ©

p

R —

Improved vacuum: 2r M kT
° Increases the mean free path for photons and electrons
° Removes adsorbed gases from the sample
° Eliminates adsorption of contaminants on sample surface
Low vacuum 10° — 10° mbar Example:
Medium vacuum 10°— 103 mbar o p=10° mbar 1
14
© O M=32 - — .
10-3 _ 10_6 mbar 2 ( ) R 4.7 10 CmQS
o T=300K
Very high vacuum 10® — 10 mbar o k=1.381-1023J/K
Ultra-high vacuum 10— 107> mbar Complete coverage: 1ML ~ 1 - 1015atoms/cm2

o Surface will be clean for about 1 second...
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AXIS 165 / AXIS Ultra®®
at Aalto CHEM 1995-2021 (L-S Johansson)

o Analysis on > 200 samples / year

Cellulosic materials (ca 50 % of samples):
o Pulps surface analysis & process evaluations

o Paper coatings, contamination, fundamentals
> Model surfaces, mono/multicomponent film formation, and reaction dynamics

> Cellulose nanofibrils, whiskers& bacterial cellulose, fundamentals &
applications

> Wood hydrothermal modification, adhesion
o Derivatives: TEMPO, click, CMC, silylation...
o Functional surfaces: bio-interfaces, biological surfaces, biomimetic materials

o Composites of cellulose and derivatives: polymers, clay, lignin, chitosan,
graphene, CNTs

o Textiles: flax, cotton, MMC, synthetic fibers
o Carburized celluloses: e.g. catalysis

Other materials (50 % samples):

o Ultra-thin inorganic and organic films: ALD deposited, spin-coated, LB films,
CVD, plasma, graphenes, CNTs, DLCs

> Surface analysis of metals, alloys, oxides, composites, polymers, powders,
fibers, deposits

o Contamination analyses: e.g. semiconductor devices, quality control
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XPS in applied surface science

Quantification of elements at the surface of materials:

o Detection of all elements (except for hydrogen and helium)

o

Chemical identification

o

Surface distribution of elements (such as films vs islands)

o

Easy sample preparation

o

Non-destructive (no particle bombardment, only soft X-rays) Samples:

(¢]

Almost any type of solid sample : Wafers, powders,
Limitations: fibers, composites, organic/biological specimens, etc.

(¢]

Allows for insulating, conducting or heterogeneous
XPS can only analyze the outermost surface layers (0-10 nm) materials.

[¢]

(o]

It will not tell you the average bulk composition

o

Sample preparation: As little as possible.

o

Surface contamination is a big issue

[e]

Secured on holder with springs or UHV-tape.
> Samples must tolerate Ultra High Vacuum (<10 mbar)

Aalto University
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OUTLINE:
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2. Typical measurement data
1. Qualitative analysis & spectral features

2. Peak identification
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Experiment

Measurement:

o Retarding potential is step-
wise decreased

> Dwell time for each step: a
few 100 ms

> Number of electrons
measured for each energy

Intensity [arb. units]

Results:
> Photoemission spectrum

> High intensity peaks at core
level binding energies

o Survey spectra — large

range, low resolution 900 800 700 600 500 400 300 200 100 0
o High-resolution spectra — Blndlng energy [eV]

small range, high resolution
& & Ek — —— Eb

Ito Univers
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Table 4.2. Binding energies of some slements

Z E lsp 2 2pa 2pa 3smp ;i I 3y 3dss
. . . K Ls la La M, M, M, M, M,
1 H 14
inding energies Pk s
3 Ii 55
- Be 111
s B 188 s
6 C 284 o
, . 7 N 399 9
Core level energies are specific for each element: E o = 7
o Each peak in the survey spectrum can be assigned to - ;‘1‘ 1
the binding energy of electrons from a specific energy 12 Mg 1305 89 52 2
13 M 1560 118 74 73 1
level and element 4 S 189 149 100 99 8
15 P 2149 189 136 135 16 10
e - 16 S 2472 229 165 164 16 8
Identification: 17 € 2823 270 202 200 18 7
, _ 18 Ar 3202 320 247 245 25 12
o Start with the strongest peaks — find energy level that 19 K 3608 377 297 294 34 18
: 20 Ca 4038 438 350 347 44 26 5
matches (C 1s, O 1s + Auger lines are usually present) 21 Se 4493 S0 407 402 S4 » -
_ _ 22 TI 4965 S64 461 455 59 34 3
o Compare other energy levels in element with 2 gt gggg % 2 13 6 3:33 ;
, 4
spectrum — assign peaks 25 Mn 6539 769 652 641 B4 49 4
i . . 26 Fe TII4 846 723 710 95 56 6
o Usually fixed ratios between peak heights for same 27 Co 7709 926 794 779 101 60 3
| t 28 Ni 8333 1008 872 855 112 68 4
elemen 29 Cu 8979 109 951 932 120 74 2
30 Zn 9659 1194 1044 1021 137 90 9
31 G 10367 1299 1144 1117 160 106 20
_ . 42 Mo 20000 2866 2625 2520 SOS 410 393 208 205
o |f there is a strong peak, but the other lines for that 46 Pd 24350 36304 3330 3173 670 559 531 340 33§
. 48 Ag 25514 3806 3523 3351 718 602 571 373 367
element do not appear — try to find another element! 73 Ta® 67416 11681 11136 11544 °*566 464 <403 24 22
79 Au' 80724 14352 13733 14208 *763 *643 *547 ‘88  *84
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S i 4f
_ OKLL
i
o Peaks can now be = '
labeled 5 Bidp
° When all peaks are 0
— Ols
accounted for, elemental o Mn 2p
constituents have been — | Bi 6p
found .é‘
g 1 Fe LMM Bi 4d
Fe 2p C1 add
° Some features are not O | ‘ " Badp Bi s
necessarily discrete < P
peaks from core level Ba MNN l Y
electrons: " Fefp
Ti 2p
° Double peaks
° Broad peaks in bunches

- Etc.. 900 800 700 600 500 400 300 200 100 O
Binding energy [eV]

Ito Univers
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Spin-orbit splitting

j=1l+s
Lower E,

Before ionization / s = spin angular momentum (+1/2) |

> Inner shells are filled Antiparallel spins | = orbital angular momentum (0,1,...n)

i L . j=1-s S

No spin-orbit interactions Higher E, | ‘“

After ionization Q:D / orbital magnetic moment :

° Un-paired electrons in inner shells S spin magnetic moment\9 E

° Spin-orbit coupling v v

° Interaction between magnetic moments from
electron spin and orbit affects final energies . | | | j=l+s

l:l's \\

Peak labeling:

updts)

Spin-orbit splitting results in the
formation of doublets:
> Fixed intensity ratios between peaks

° For the same element AE, will be approx.
constant in different compounds

Photoemission intensity (arb.

| | | | | | | 1=
314 312 310 308 306 304 302 300 _]_f + S
Electron Binding Energy (eV)

o Can be used for identification of elements!

Aalto University
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Auger electrons

KIEI
o Atoms are in transitional Auger electron @
excited states after core .
. Ejected core electron F Y
electrons are ejected X-ray
Waork function ¢ Waorls function | d
o Auger electrons can be

IValence

emitted when excited
states are relaxed

° E,isindependent of X-

ray photon energy \@;
° Position in E, scale will
depend on X-ray source ls W@ W
Ground state Transition excited state Final state
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Characteristic X-rays

Typical Ag spectra:
Different X-rays: vP &°P

° Binding energy constant Fp=nhf — (Eb + (,75) 3d-,
S 5/2 Al Ka
o Kinetic energy for Auger electrons constant: MNV __MecKua
o Auger transition (“binding”) energy varies e MNV )
3d3,-3
Line Energy (eV) Width (eV) =
Y M; 182.3 0.47 .,
Zr M, 151.4 0.77 :";
Cri, 9128 3.0
Cu L, 929.7 9.8
) | MgK, 1253.6 0.7 30
- Al K, 1486.6 0.85
Si K, 1739.5 (s | |
CuK, 8048.0 2.6 1200 1000 300 600 400 200 0

Binding Energv [eV]
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A

Other features

Intrinsic loss features:
o “Shake-up” satellites

Bi 4f

—_ OKLL Doublet

7))

=

C .

S Ba 3d Bi4p

_e O 1s

S, Mn 2p Bi 6p

>

d

) {) Bi 4d

QC) ‘ Cls o Ba4d

= Al Al e

- Ba MNN ~ —
" Fev3p'

Auger lines Ti2p ~

{ —

Inelastic loss,

plasmons ° Finite probability that the ion formed in

the photoemission process will be
excited — lower E,

Extrinsic loss features:
o Plasmons

o Photoelectrons travelling in a solid will
interact with other electrons — lower E,

X-ray effects:
o Satellites

o Minor X-ray components from anode
material — higher E,=hf

o Ghosts

o X-rays from other elements (very rare)

X-ray satellite

900 800 700 600 500 400 300 200
Binding energy [eV]

' Aalto University
School of Chemical
B Engineering

100

Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024
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X-Ray Photoelectron Spectroscopy

OUTLINE:
1.

2. Peak identification
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Reference spectra

T T T T F T
‘ Ag(MNN)

MWV
9015

HANDBOOK OF
X-RAY PHOTOELECTRON
SPECTROSCOPY

A Reference Book of Standard Data [J L | E
For Use In
XRay Photoslectron Spectroscopy

Ag(MNN) !
I

1 1 1 1
370 . 360
BINDING ENERGY, eV

Handbooks with reference

data:
o Vital for identification of
elements M gdp
Ag 4
o Reference survey and /%
high-resolution spectra M_Jj
1000 ‘900 800 700 600 500 400 300 2{1}3 1 (|)0 0

BINDING ENERGY, eV

Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander



Reference tables

RN R T T T T T T T T T2 T T T T T T T T T T T T O T T T T T T T T T T O I

. . . a -
Table 1. Line Positions” from Mg X-rays, by Element Table 3. Line Positions from Mg X-rays, in Numerical Order
s P 17 Hi4t, () 102 Sizp, (1) 206 Nb3ds () 35¢ Ludp, (53) 575 Tedd, (10) 863 Nels
Elemant Nr::h H:u'\'f‘i' s 3 3p Iy 3:“3: Wunu, m::, 35 45 dp, dp, “;“V‘;' KLiL, KLy Klply® 23 02s 105 Gadp, @3 208 Kr3p, ) 359‘ H‘gdd, (20) 577 Crap, &) 872 Cd (A)
, 25 Tadf, 2) 108 Cedd, (4) 213 Hfdd, (1) 362 Gd (A) 594 Ce (A) B75 N (A)
30 F2s 110 Rbad, (1) 229 S2s 364 Nb3p, (15) 599 F (A) B82 Celd, (18)
31 Gedd, (1) 113 Bels 229 Tadd; (12) 368 Agdd;,  (6) 618 Cddp, (34) 897 Ag (A)
! 34 W4, (2) 113 Ge (A) 230 Mo3d, (3) 378 K2s 619 13d, (1) 920 Sc (A}
40 V3p 114 Prdd 238 Rb3p, (9 380 U4f, (11) 632 La (A) 928 Pd (A)
41 Ne2s 118 TI4f; (4) 241 Ar2p, (2) 385 Tlad, (21) 641 Mn2p, (11) 930 Pr3ds  (20)
43 Redf, 2) 119 Al2s 245 Wdad,  (12) 396 Mo3p, (17) 657 Ba (A) 934 Cu2p, (20) (
! 44 Asdd, (1) 120 Nd 4d 263 Redd; (14) 402 N 1s 666 In3p, (38) 954 Rh (A) N
45 Cr3p, (1) 124 Gelp, {4) 264 Na (A) 402 Eu (A) 670 Mn (A) 961 Ca (A)
48 Mndp, (1) 132 Sm4d 265 Zn (A) 402 Sc2p, (5) 672 Xeldd, (13) 970 U (4)
- 50 [4ds 2) 133 P2p, 1) 269 Sr3p, (1) 405 Cdad, (7) 677 Thdd, (37) 980 Nd3ds (21)
i 51 Mg2p 133 Srid, (2) 270 Cl2s 410 Ni (A) 684 Cs (A) 981 Ru (A)
'!{ 52 Os4fy (3) 136 Eu4d 279 Os4ds (15) 413 Pb4d, (22) 686 Fis 993 C (A)
i 55 Fedp, (1) 138 Pbdf, (5 282 Ruld, (4) 435 Ne (A) 710 Fe2p, (13) 1003 K (A)
i 56 Lits 143 Asdp, (5 284 Todp, (33 439 Ca2s 711 Xe (A) 1005 Th (A)
i: 57 Sedds (1) 150 To4d 287 C1s 440 Sm (A) 715 Sndp,  (42) 1022 Zn2p, (23)
! 61 Colp, (2 153 Si2s 293 Dy4p, (36) 443 Bidd, (24) 724 Csi3d; (14) 1035 Ar (A)
62 Ir4f, 3) 154 Dy4d 293 K2p, (3) 445 In3d, (8) 729 Cr (A) 1071 CI (A)
63 Xedd, (2 158 Y3d, (2) 297 Irdd,  (16) 458 Ti2p, (6) 737 1 (A} 1072 Nais
64 Na2s 159 Bidf, (5) 301 Y3p, {12) 463 Ruldp, (22) 739 Udd,  (42) 1082 B (A)
i 4 67 Nid3p, (2 161 Hodd 306 Hodp, (39) 483 Co (A) 743 O (A) 1083 Sm3d; (27)
ik 69 Brad, (1) 163 Sedp, () 309 Rhads  (5) 488 Sn3d;  (B) 765 Te (A) 1088 Nb (A}
1?,—- 73 Pt4f, (3) 165 S2p, 1) 316 Ptdd, (17) 498 Rh3p, (24) 768 Sbdp, (46) 1103 § (A)
“J 74 Al2p 169 Er4d 319 Ar2s 501 Sc2s 780 Badds (19) 1117 Gaz2p, (27)
ﬁ 75 Csdd, (2 180 Tm 4d 320 Erdp, (42 515 V2p, 8) 781 Co2p, (15) 1136 Euldd; (30)
i L 77 Culp, (2 181 Zr3d, (2) 331 Zr3p,  (14) 519 Nd (A) 784 V (A) 1155 Bi (A)
HEd i 85 Audf, (4 182 Br3p, ] 333 Tm4dp, (45) 530 Sb3d;, (9) 794 Sb (A) 1162 Pb {A)
-H 87 Zn3p, 3) 185 Ybdd, (9) 335 Thdf, 9) 531 O1s 819 8n (A) 1169 TI (A}
i 88 Krid, (1) 189 Ga (A) 336 Audds (18) 534 Pd3p, (27) 822 Tedp, (51) 1176 Hg (A)
TE 90 Badd, (2) 191 Bis 337 Pd3ds (5) 553 Fe (A) 834 La3d, (17) 1184 Au (A)
‘ 90 Mg2s 191 P2s 337 Cu (A) 555 Pr (A) 839 Ti (A) 1186 Gd3d, (33)
E ::tr;::‘;;‘?:::;:;-:;;m;::::::l;ﬂ:::alathamw suitable for use of line energies in idenlifying chemical states. ] . ' 100 Hg 4f; (4) 197 Ludd, (10) 342 Ybdp, (50) 565 TiZ2s 846 m‘ (A) 1192 Pt (A)
i e : 101 Ladd, (3) ! 199 Cl2p, (2 | a7 Cazp, (3 | 573 Agdp, (31 | 855 Nizp, (18
1 ::mdugm LmesiIAn:::?a-m nigt in care, and MVV when N levsls are not in care. An Ain parentheses denotes Auger line. Numbers in parentheses are spin doublel separations in electron volls. The sharpest Auger line and the two most intense
) No simple 4pyz line exists for this groun of elements. . photelectron lines per element are included in the table, For brevity, 2p; equals 2py, 3d; equals 3dsp, ete.
Q) The 4d doublet lar these elementsis complex and is variable with chemical state because of multiplet spitting ang multielection processes.
it
:1; ! 182 PHYSICAL ELECTRONICS 186  PHYSICAL ELECTRONICS
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YY) )

Table 3. Line Positions from Mg X-rays, in }

Hf4f,
23 02s
25 Taif,

(2) 102 Si2p, (1)
105 Ga3p, ()
2) 108 Cedds (4)
0 110 Rb3ds (1)
31 Ge3ds; (1) 113 Bels
34 W4f, (2 113 Ge (A)

3) 359 Ludp, (53)
8) 359 Hgdd, (20)
(11) 362 Gd (A)

364 Nb3p, (15)
(12) 368 Ag3d,  (6)
3) 378 K2s

Survey spectra: example 1

T T T T T T T 40 V3p (g) 380 U4f7 (11)

41 Ne2s ) 385 Tl4d, (21)

" 1 43 Redf, (2 (12) 396 Mo3p, (17)

44 As3d, (1) (14) 402 N 1s

O 1s 45 Cr3p, (1) 402 Eu (A)

48 Mn3p, (1) 132 Sm4d 402 Sc2p,  (5)

B " 50 14d, @ 133 P2p, (1) ({11 405 Cd3d, (7)
51 Mg2p 133 Sr3d, 2 410 Ni (A)

52 Osdf, (3) 136 Eu4d
55 Fedp, (1) 138 Pb4f,  (5)

(15) 413 Pb4ds (22)
(4) 435 Ne (A)

| |
7))
=
- .
S < 56 Liis 143 As3p,  (5) (33) | 439 cazs
57 Se3d, (1) | 150 Tbdd ; 440 Sm (A)
. 61 Codp, (2 | 153 Si2s (36) | 443 Bidd, (24)
-e Cls 62 Irsf, (3) | 154 Dyad @ | 445 1m3d, (8)
< I I . 63 Xedds (9 | 158 Y3d, (@ 16) | 458 Tizp,  (6)
—_— 64 Na2s 159 Bidf,  (5) (12) | 463 Rudp, (22)
67 Ni3p, (9 | 161 Ho4d @9 | 483 co (a)
Py Ga-8:3d, (1) | 163 Sedp, (6) 6 | 48 Sn3d, (8
=t . 73 Pta,\ (3) | 165 S2p, (1) (17) | 498 Rh3p, (24)
g | Al 2s 169 Er4d 501 Sc2s
75 Cs4d/ () | 180 Tmdd 42) ®
) ‘ Al 2p T, @ | 181 z3d, (@ (14)
+— F * - 85 Audf, (4) 182 Br3p, (1) 333 Tmdp, (45) ©)
(- 87 zn3p, (3 | 185 Ybdd, (9) | 335 Thaf, (9
—_— O 2s 88 Kr3d, (1) | 189 Ga (A) 336 Audd, (18) @n
9 Badd, (2) | 191 Bis 337 Pd3d, (5)
B - 90 Mg2s 191 P2s 337 Cu (A) 555 Pr (A)
100 Hodf, (4 | 197 Ludd, (10) | 342 Ybdp, (50) | 565 Ti2s

101 Ladd, (3) 199 Cl2p, (2 347 Ca2p, () 573 Ag3p, (31)

M M i M i i An Ain parentheses denotes Auger line. Numbers in parentheses are spin doublet separations in electron volts. The

600 500 400 300 200 1 00 0 photoelectron lines per element are included in the table. For brevity, 2p; equals 2py,, 3ds equals 3dsy, etc.
Binding energy (EB) [eV] 186 mvsxcneLscrnomcs
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Example 2

Intensity [arb. units]

800 700 600 500 400 300 200 100 O
Binding energy (Eg) [eV]
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X-Ray Photoelectron Spectroscopy

OUTLINE:
1.

3. Analysis and results
1. Quantitative analysis & effects of sample

2. Chemical environment & peak fitting
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------- Cis e Zr 3d
—— background —— background :-
Quantification
For multi-element surface layer: 5 § i fa 1
4 g R
T, © R
> Peak intensity proportional to N, — IA/CLA > >
surface concentration: A — & 2 T
Yo Ljaf |
i L1/ W IS E 4 ]
I; < N;a;
° | = peak intensity ™ ' 1 \_L\L
* N; = atomic concentration 5| oxu Zr3py, 534 537 533 520 192 190 188 186 184 182 180
° @, = atomic sensitivity factor g ' Zt 3p1p Binding energy [eV] Binding energy [eV]
5| l .
I Zr 3s Al 25 . . 4.
>, :
° Stoichiometry can be calculated 7= | \J l Al2p Stoichiometry:
using intensities and sensitivity S K Cls 1| l Zrad Zr: 12.56 %
factors = A . Al: 28.10%
> Peak areas are best measure of [ M O: 41.46%
intensity 2 a N N 2 a a 2 i : . o)
800 700 600 500 400 300 200 100 O C: 17.77%

Binding energy (Eg) [eV]

ALY stsieienica Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander

B Engineering



Atomic sensitivity factors (ASF)

12

(o]

Sensitivity will vary greatly for
different elements 10 b

3d

(o]

Combination of several
factors:

a; = O\ 4f

o

Relative Sensitivity
[
N
g ]

o, — Scofield cross-section

o Probability of X-ray producing
photoelectron

A, — Inelastic mean free path
> Probability that the photoelectron /

will make it to the surface 0

4d

D ———

(e]

Li B M FMa&l P ClKS:Y MCoCuG AzBrRh Y Nb TcRh&AgIn Sh | Csla Pr PEUThEHo T LuTaRe Ir &u Tl Bi
BeC OMeMSi S ArCaTi CrFeii Zn G Se KrSr Zr M BuPd Cd=nTe XeBacCelMd S G Dy Ervh HEW OsPt HyPh

Elemental Symbol
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/ A 0
: 7%
Inelastic mean free path — A = |
= o3
o Core level peaks only account for a small part of / - =
all photoelectrons reaching the analyzer d g Z g
o Number of electrons (intensity) reaching surface with core I — IO (& DN : '—_-;/, o
level energy decreases exponentially with depth of .’,:/ So
photoionization j//" 20 <
. 7/ ;- - Q
o Slight dependence on electron energy and Zé//"/ % 2
. BT LT FRE R SRR | T | o
elements in surface =
o Most important reason for surface sensitivity of 100k xos 8- XPS650eV
: - \
XPS analysis - . \\ e 80
hv KE e (g
g t 4 Signal contribution (%)
KE_A E L e Ag e OAH\ Auw ‘.‘:o -
- Au..& s oW
surface L el
% 10 = e R 3, & i = =
C W gy L, perllR -
sk W e ]
L * ":ln. ;e A -I
3 IR ER Nk B o N e Ll I -l
bulk 2 s 10 50 100 500 1000 2000

Electron cnergy (cV)
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Al

Inelastic background

hy e
° 63 % of all electrons scattered %
within one A 5 \:f NN
° 95 % scattered in 3\ — ~ 10 pm i
|

sampling depth

¥

Loss processes:

o> Phonons: collective excitations of atoms
(10 meV —10eV)

o Plasmons: collective excitations of electrons
(5evV-20eV)

° One electron excitations (50 eV — )

o Scattering losses result in a large increase in photoelectron
intensity directly after each core level peak

Aalto University

SIS Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024

B Engineering

I Cis

Photoemission Intensity

Inelastic
32 background
Ols 286.5eV 286.0 2855 285.0 28I4.5 2811.0

E [ Binding Energy (eV)

=

S|

_Ei Cls

oA |

>

=1

c

Q|

<

600 500 400 300 200 _ 100 0
Binding energy (Eg) [eV]

Kristoffer Meinander



.

" Intensity

Peak Height Worst

Background removal

Background

How is peak intensity measured? - Kinetic Encrgy

4 Intensity

o Peak heights can sometimes be used \ Peak Area

> Result not very good — shapes not always the same

»
Kinetic Energy

o Area is almost always used " Intensity

o But background is not constant (nor linear) near peak
o Shirley background is most commonly used

Kinetic Energy -

+ Intensity

o With ASF’s: accuracy better than 15 %

> With standard samples on same instrument: ~5 % i \ Peak Area

o Reproducibility (precision) better than 2 % Best

Shirley

Kinetic Energy "

ALY stsieienica Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander
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Surface morphologies

Traditional XPS quantification assumes: 2
o Quter surface of sample is homogeneous Cup
o Quter surface concentration is directly proportional to 20 |-
the main peak intensity H
15 |-
> Depending on the depth and lateral distribution of
emitting atoms the background can change dramatically
10 |-
4 1A
c
o |
25
30A b\
A 0 l
50 450 500 550 600
a b c d

Aalto University
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' Aalto University
School of Chemical

B Engineering

XPS

X-Ray Photoelectron Spectroscopy

OUTLINE:
1.

2. Chemical environment & peak fitting

B w N e

Ultrathin Films (CHEM-L2000), XPS, 28.02.2024 Kristoffer Meinander
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2Py, Ti

Chemical effect in XPS

Chemical shift:

o Changes in the chemical bonding of an element will cause
changes in the binding energy of core electrons

Core binding energies are determined by: | i_
.. . 470 460 450
o Electrostatic interaction between electron and nucleus ' BINDING ENERGY. v I
: : : i
o All other electrons (including valence) shield nuclear charge ——  —
3 | i
o Removal or addition of electronic charge will alter this shielding g : To,
I
valence shell Withd of ch'e;;:|
o Withdrawal of negative I
charge ¢. ;
(charge ¢;) charge (oxidation) — 20y shirt
8 increase in E, :
i Surroundings > Addition of negative !
core she (charge ¢,) charge — decrease in E, 1
electrons o '
470 480 - l 450

BINDING ENERGY, 2V
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Chemical shift Lol

o Binding energy higher in metal oxides because electron density L )
is lost to oxygen s —F - s

Oxides compared to metals:

o Binding energy is lower in pure metals due to screening by
conduction electrons

° lonic compounds: binding energy shift 1 eV / oxidation state! @
2 _ Li , i
3= > 0
:f L Li,0 Li-metal
= -
= &
= 2
3 o) L1ls
Z 5
7p}
= o
2 o /|
< >
= “ Binding Energy V4 El
6 420 0 1 2 3 4 E

Shift (eV) Oxidation state

Ito Univers
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Peak fitting

Measured peaks usually contain edata 0000 Waf|l---data @ O1s||---data = Cls

signals from atoms in many i

different chemical environments
o Chemical species can be de-

convoluted from spectra using
peak fitting algorithms

o Gaussian (70 %) —Lorentzian (30
%) peak shapes (other GL ratios
also common)

Intensity [arb. units]

Useful in peak fitting:

° Fixed AE, and peak
area ratios for
doublets

o Known energies and
FWHM (reference
data)

Gaussian

Lorentzian

22 40 38 36 34 32 30 536 534 532 530 528 291 289 287 285 283
Binding energy [eV] Binding energy [eV] Binding energy [eV]

Ito Univers
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Complex bonding

Complex bonding environments are typical for many materials
> A single compound will give an asymmetric peak shape

o Several GL peaks have to be fitted in order to get reproducibility

T d.ata Fe 2p;,,
0 | fit
fd 2+
= | Fe™ (21.7%)
S | — Fe®' (78.3%) _~ Fe,0,
_e. o
© " % Felp,
el . -.'
_E:- ™ '.'
5 ":/N"
C
Q
i

730 725 720 715 710 705
Binding energy [eV]

Aalto University
School of Chemical
B Engineering

Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024
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Iron, Fe 26
COMPOUND 2py, BINDING ENERGY, eV REF.
705 715
Fe o
Fe,B MEG
. FeB MEC
FeS, Lk . B4
Fe(CsHg), " . CDH
TCH TN R I A B | I | on
Zn,Fe(CN), 50
K,Fe(CN) bac
K,Fe(CN), v
Na,Fe(CN)N, -~ 7 77 YN2
Na,Fe(CN),NO VN2
KsFe(CN); v
Fe,P,S, B4
KFeS, B4
FeS cSC
Fe(CO), 77 oc1
Fe(CO)(NO), 5 BOT
Fe(C,H,NCO),BPh, . | CDH
FeQ MZ
Fe0 AC2
o
] I Mz
' AC2
1| [ Ac2
| MZ
| AC2
| AC2
- i
’ | csc
|csc
‘| csc
csC
cSC
1| csc
TL cSC



NIST X-ray Photoelectron Spectroscopy Database

NIST Standard Reference Database 20, Version 4.1
N | : ; | d a t a b a S ( Data compiled and evaluated
by
Alexander V. Naumkin, Anna Kraut-Vass, Stephen W. Gaarenstroom, and Cedric J. Powell

Co  12p32 [[N(C2H5)4]2CoBr4 [ 780.10] Click
Co  [2p32 [N(C2H5)4]2CaCl4 780.60|  Click
iCo  [2p32 [N(C4HOM2[CoNCC(S)C(SICNYZ] | 78000 Click
1 1 ICo 2p3/2 [N(C4H9)4]2[Co(NCC(S)C(S)CN)2] 7778020 Click
N a tl 0 n a I I n St It u te Of Co 2p3/2 [[N(CH3)412[CoSe(CN)4] | 779.40] Click
) Co  [pin AL2Co04 | 7110]  Click
Sta n d d rd San d Te C h no I Ogy Isrlt;:j; ;;1;):“ Step 1. Choose type of data: 22 iigg [:gg‘:g: [ ;23:22_' ﬁ
s Lo C 2p312 C 77830 Click
Data Field @Binding Energy cz 2§3/2 [L:: [ 71790 g_Lngk
Definitions © Auger Kinetic Energy Co  [2p32 co | 71832|  Click
srdata.nist. SOV/XPS Disclaimer - . Co  2p3n Co | 77850 Click
e ODoublet Separation Co P32 |Co [ 77820]  Click
. SRR : . Co  2p32 Co 77780 Click
© La rg e d ata b ase w |t h Contact Information ©Surface/Interface Core-Level Shift Co 2p3/2 co | 77800 Click
FAOs © Chemical Shift: Co 232 |Co | 77830| Click
Co  2p32 Co((C6H5)3POY2(NO3)2 78120|  Click
refe rence X PS d ata Rate Our Products Co  [2p3n iCo(NHS)ﬁCIS | 7110]  Click
.. ( Goto Step 2 | Co  2p3n Co(NH3)6C13 [ 78220] Click
> Very useful for determining
H Step 2. Select an element for binding energy:
chemical states
1A | IIA ] 1B | IVB ] VB ] VIB ] VIIB ] VIII ] IB ] 1B | IIA ] IVA | VA ] VIA ] VIIA | VIIA
o Literature references for all H *He
. 3Li | 4Be Metals LUNS
g Iven d ata — Transition metals —
11 12; 18
Na [ “M Ar
Sare Nonmetals
19% | 20cg | 215 | 2274 2Ni | 2°Cu | ¥n 36K
3Tpp | 38sr | 3y | 40z 46pg | 47ag |48cq S4%e
55& 56& 57]_;3. 72Hf Ta W Re Os Ir 78& 79 Au SOHg 8111 82P_b 83B_i 841)0 85 At 86Rn
875, | 88Ra | 9Ac [ 104Rf | 105Dp, | 10654 | 107R, | 108y | 109
lanthanides 58@ 59& 60&1 61P_m 6ZS_m 63@ 64@ 65& 66Dy 67@ 68& 69T_m 70Y_b 71@
actinides 90Th | 9pa | 22U | BNp | %Pu | %5Am | %cCm | 9Bk | %8t | %Es | 190Fm | 101mq | 102N [ 1031,

ALY stsieienica Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander
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Practical example — Cellulose

Large area survey scan from
cellulose:

o Carbon and oxygen

Ols

° Elemental composition can be
calculated

> O/C ratio measured

o Trace level impurities detected — Cls

nitrogen

Intensity [arb. units]

. . . . . . Nl
o Zooming in on individual peaks will o s
give you a lot more information! Db rimpapirg et 4 M/\Jl 1 0%
thetormsrrimii :““'\Jl l

900 800 700 600 500 400 300 200 100 O
Binding energy [eV]

Ito Univers
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Practical example — Cellulose

C 1s
High resolution spectra:

o Cls

° More components than a single
Gaussian

HO o M2
1 HOH € N N
Understanding the material greatly
improves the analysis

° Locating peaks

Intensity [arb. units]

Assigning peak energies 592 290 288 286 284 280
Binding energy [eV]
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Cellulose vs lignin

Cellulose: O/C vs. C4/C,.: for 254 measurements

%%\7

> O/C atomic ratio: 0.83
o C-Cat.%: 0%

(4))]
o

? lignin (theory)

NS
o

w
o
X

Lignin (monolignols):

N
o

C-C bonded carbon (at%)

@ g ® o @
\ A\ \ 10
¢ cellulose
HiCO HoCO ocH 0 ‘ B(theo ry
o oH on 0.3 0.4 0.5 0.6 0.7 0.8 0.9
> O/C atomic ratio: 0.33 O/C atomic ratio
o C-Cat.%:49 % [L.-S. Johansson, et al., Appl. Surf. Sci. 144-145 (1999) 92-95.]

Al seocitnes Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander
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' Aalto University
School of Chemical

B Engineering

XPS

X-Ray Photoelectron Spectroscopy

OUTLINE:
1.

4. Technical issues & Auxiliary features
Surface contamination & charging

lon beam sputtering & depth profiling
Angle resolved XPS

B w N e

Small area analysis and imaging

Ultrathin Films (CHEM-L2000), XPS, 28.02.2024 Kristoffer Meinander
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Surface contamination

Ambient C (at.-%):
. . A . Metals:  40-60%
” i Ceramics: 20—-40%
. . " ‘ - Polymers: 1-10%

Galll TG 57 S5 e B ~

Non-polar . S

L, ¢ e -
v U .
organic C 2 "I D e

(!l ( ({\"’ZO/“‘D ~ Polar arganic
— —GH = H,0 /

P

P FF Metal////////

Surface contamination is always a big
problem

o QOxidation
o Advantageous carbon

Carbon contamination

o Exists on all samples that have not
been prepared in vacuum!

Sources:
° QOrganic molecules in air
° In situ:

o Contamination due to pumping oil

o Desorption from other samples in chamber

' Aalto University
School of Chemical

B Engineering

Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024
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Surface charging

Low energy electron flood gun:
Electrons are continuously removed from the > Introduces excess electrons
surface of the sample:

o Metals: electron loss is compensated

o May affect surface bonding

> Not always reliable for maintaining
° Insulators: surface will collect (non-uniform) charge a constant surface charge...

Photoelectrons filament
Auger electrons

Inelastic scattered electrons

~2eV-20eV

Xoxay Secondary electrons Flectrons
i optics
C e Non-uniform surface charging: P
° Broadening of peaks
sample o Shift in peak energies
5V Lo
) v (— ‘ ‘ .
V. Sample

Aalto University

Schioolot Chemical Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander



Energy calibration

Reference peaks can be used for calibration of
peak positions on insulating samples

o All spectra can be shifted to align a certain peak
with known binding energy

Adventitious carbon:
o C-C bonding in C 1s spectrum: 284.8 eV
o NOTE: Polymer scientist sometimes use 285.0 eV

Gold surface:
° Au 4f,,: 84.0 eV

Other peaks with known position in sample

Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024

Clsspectrum of
adventitious carbon
contamination

C-C

Kristoffer Meinander




lon beam sputtering

Ar-ion guns are often included in XPS-
analysis chambers

° lon energies usually 0-10 keV

Removal of surface layers:
o Surface contamination

o

Oxide removal

o

Depth analysis

o

NOTE: May affect surface chemistry
and composition of materials

o

Not always a good idea for XPS

Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024

Sputtered
materials

A 27

e |
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. Z ¢
] A/

oo

Co2p
Depth profiling o |
Co2p XPS a\;lalysis o zi = “"
Example: d 40—é (&%‘ R

0O1s

- 20min -
= '
) l J‘ 10 min
>
©
£ _
3 5 min

| 2 min ]

% 1 min

|

M

1000 900 800 700 600 500 400 300
Bindina Enerav (e\V)

A

Aalto University
School of Chemical
B Engineering

Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024

> S0, + embedded Co clusters

o Elemental depth profile
> Oxidation level vs depth!

70,00

—0—Cls% —@—Co2p% —@—01ls% —@—Si2p%

60,00
50,00
40,00
30,00

20,00

Concentration (at.-%)

10,00

0,00

0,00 5,00 10,00 15,00

etching time (min)

20,00 25,00

Kristoffer Meinander
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20
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. Mo 3d

Radiation induced effects

After

Several factors affect accuracy and depth sputtering
resolution when using ion beams:
> Non-uniform ion beam intensity/impurity ions
> Re-deposition of sputtered species

o Adsorption of residual gases

Intensity [arb. units]

o Surface roughness (original and ion-induced)
Before
sputtering

o Crystalline structure and defects

o Preferential sputtering

o Atomic mixing in layered materials
Energy from ion impacts can be

N distributed over a large volume ) ) ) _
> Decomposition of compounds in the sample 536 032 208 204

Binding energy [eV]

° lon implantation

Al seocitnes Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander



Angle resolved XPS

Alternative means for depth profiling:

o Consecutive XPS measurements are done while tilting the
sample at increasing angles

o Escape depth for electrons decreases with increasing angle
o Higher surface sensitivity

o Reliable results only if surface is smooth enough!

Aalto University

'Bulk Angle' 'Surface Angle'

Metal
Oxide

>Oxide

Binding Energy Binding Energy

- 10*
— . < ﬁ. 90.
"4 . M0 106 102 98

Binding Energy (aV)
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Imaging methods

: Image:
(2) Use of scanning plates| g
° Voltages V, and V,
(1) Moving sample stage Ouerhemisphere 52NN
Iner hemisphere ° Photoelectron intensity
small x-ray spot size P collected from different

points in time sequence

/\ . - il i o Resolution: ~10 um
| ‘_/y/’ Slit plate/ Wi | Eight channeltrons

-« x—> and head amplifier

< .
T Slit plate set Scanning plates Aperture
(two pairs: x,y)

Image:
o Positions x and y scanned

—|—}—Spot size aperture

— Scanning plates

° X,y-position vs photoelectron

’ ; X-ray source
intensity —

T
e-source

o Resolution: ~50 um

Sample

=
=
xS
=]
(g
=
g}
F
=
wn
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XPS study of paint

Cross-sectional microscopy image

Elemental maps using C 1s, O 1s, Cl 2p, and Si 2p signals.

Polycthylene Mapping Area

Substrate

Adhesion Layer

Clear Coat

695 x 320um 695 x 320mm

1072 x 812mm
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XPS study of paint — chemical state

C 1s chemical state maps.

Cross-sectional microscopy image

Polyethylene Mapping Area

Substrate

Adhesion Layer

Clear Coat = g -
095 x 320pm 695 x 320mm
5 . » — -
1072 x 812mm

A Scolsieienica Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander
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Imaging methods

(3) Use of multichannel plate Cu,0 Map ‘

MCP An array of e-detectors

Hemispherical mirror analyzer :. ©0ec000000
@
o
® 100
@ microns
O]
O]
(@)
—- : o Chemical state can be identified for each “spot” in image
Slit plate @ s
Lens Moce e dinm Magn, Resolut PNSZPEnﬂs;}E r;;:f"&:ﬂum (Ama?svn Lens Mode Medium Magn Res i Pess ; “mm:m e )MW(MJ(WSWJ
— > x Sﬁp(m\{) 1000 Dwellims) 27 Sweeps 10 Acquisition Time{s) 60 Siep(meV) 100 Duellimsi 10 swap & Aoquisition Time( o) 301
MPC detector ] 0
Slit plate set <] NIO i0 N Cu,O
—|——"Spot size aperture Image i
° X,y position in e- 7] o
| — Scanning plates /Y P § b
Charge — c-ray source detector vs | 7
neutralizer | photointensity ]
|__—Sample ) 1 ]
o Resolution: ~3 um o |
—] E
_F\Magnetic lens ﬂ_ﬁs T T e T s T w0 e e T Tede T ek T ek Tk T Tk T ek
e AT Binding Energy (V)
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X-Ray production

o X-ray tubes:

. Elect Positivel . :
: ectron gun Cﬁ;;g']‘;‘;node Continuous Bremsstrahlung
i / / o Characteristic peaks that depend on the anode material
- — o Unnecessarily large X-ray load & unwanted
> AN satellites in the spectra
- Electron o Solution: Monochromator
beam Evacuated glass
b envelope
[ * Raster Scanned Ellipsoidal
! Micro-Focused Quartz Crystal
Counts :-m x-rays X-ray Beam M;naochrorr:l\:tor
‘ Bremsstrahlung Characteristic Peaks Energy Analyzer
b Radiation Raster Scanned
- Electron Gun
gm Select single energy |

= -
Al Anode

49.13 57.33
LT T T S T T T T T T T T T '

Energy (keV)
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S ———T—

) o1s unfiltered

X-Ray monochromator

(a

QO Auger

Advantages of X-monochromator:

> Narrow peak width, focusing of beam _—Satellites

> Reduced background, no satellite or ghost peaks 10:30 500 0
Disadvantage: () Ols monochromatized
o 10-40 times lower intensity
Bragg diffraction: Crystal
nA = 2dsinf Si20_g.14
Ois
For Al K,:
A=8.3A O Auger
Quartz (1010) Photoelectrons '\ No sotellite > 23 si2p
planes: ‘/j\.(/ Lc I I
d=4.25A
1000 500 0
0=78.5° : ’
Binding energy (eV) ‘)

ALY stsieienica Ultrathin Films (CHEM-L2000), XPS lecture, 28.02.2024 Kristoffer Meinander
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> High intensity and resolution, energy tunability,

Sy NC h rOt rON sources polarization, pulsed beam, focused beam

> Big facilities: high cost — shared facilities

Wavelength (A)
20 1240 124 1.24 [ 7-GeV Advanced
2 8A SPEM/HR-PES 10 = T 20 Photon Source
B8CY POSCO 7C EC o ‘\~‘ ~
A
8C2 Powder Diffraction 782 X-ray Microscopy| __ 1()18 B Undulators 18
- .
\* 781 Soft X-ra ) L AL 2nd generation
5 Spectroscopy(KIST)| = 5 Wigglers ~J § | synchrotron sources
, - 6C MX I 2 10 €6 ‘
\ 5C2 KJIST | ik~ .y 3 I \
5C1 KJIST I ae 10 -Bends ‘\ “ E“ 1“ gwm
: - - ' s
10A HEMS 11 5A HFMS =] w2l —7 GeV | 2 synchrotron sources
4C2 SAXS I o'.-E == 1.9 GoV 12 |
. 4C1 SAXS | e i E
10CY XRD N ’o‘o_ CuK WK—‘ £ ‘
11A | Revolver 481 Slitless b E 10
Undulator 4A MXW E CK s X-ray tubes
11A 1l Undulator 2 2
SWAXS - 10° | Jg /
11B EUVL 3C2 XKD | (2 /
(HanYnno u.) aC1 EXAFS = e B s
10° |-
s 6
381 NIM % i Bt
3A1 Micro-beam(SNU)| & 108 Continuumn ¥
3A2 ARUPS 4
2B1 Photoemission 1 h 1880 1800 1920 1840 1960 1980 2000
2A EPU 102 44 paapd aanaad a2y
182 Microprobe 10eV 1008V 1 keV 10 keV 100 keV Year
Photon energy
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