Surface Chemistry

XPS
X-Ray Photoelectron Spectroscopy

SIMS
Secondary lon Mass Spectrometry

MALDI
Matrix Assisted Laser Desorption lonization



Surface and Surface Analysis
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Analytical Resolution vs. Detection
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X-Ray Photoelectron Spectroscopy, XPS

Primary beam Secondary beam

Photons \ / Electrons

Vacuum



History of XPS

* Photoelectric effect by Einstein

F

* Rutherford and coworkers, E; ., = hv — E

binding

o

*while studying electron emission induced by X-ray excitation in a Wilson cloud chamber, Pierre ]

Victor Auger observed electron emitted with constant energy independent of the X-rayv energv.

* Robinson and Young, who observed the line shift caused by chemical bonding.

-

* The development of electron spectrometers in Uppsala by Kai Siegbahn, the first XP5
spectra with high resolution, investigation of core level binding energies and their shifts
due to chemical bonding.

* Siegbahn received the Nobel Prize in physics for his achievements in ESCA ( he also
coined the acronym ESCA).

* The first commercial AES instruments for surface analysis.

"

* the use of XP5 in materials increased dramatically with the development of digital
instruments with multichannel detection and with higher analyzer transmission.




Scattering of Photoelectrons

Electrons are extracted
only from a namrow solid angle.

X-ray Beam

X-ray penetration
depth ~1um.
Electrons can be
excited in this

entire volume.
10 um- 1 mmdia.

XA-ray excitation area ~1 mm-1 cm diameter.
Electrons are emitted from this entire area



Introduction to XPS

XPS
X-Ray Photoelectron Spectroscopy

ESCA
Electron Spectroscopy for Chemical Analysis
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Elecron Inelastic Mean Free Path, IMFP

The average distance an electron travels through a solid before losing energy through
inelastic collisions.

“Universal Curve” - 4 (IMFP) vs kinetic
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XPS Peak Notation
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Analysis of XPS Data, Surface Spectroscopy
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EN=15

Chemical Shifts

Elemental C: binding
energy = 285.0 eV

O withdraws valence
charge from C:

C(1s) shifts to higher BE
relative to elemental C
(diamond) at 285.0 eV

- change in binding
energy of a core electron
of an element due to a
change in the chemical
bonding of that element

- very powerful tool for
functional group and
oxidation state



Chemical Shifts
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Mapping & Imaging
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XPS Depth Profile

Ar X-Ray

XPS analysis

}

[V
A

Depth Proflle

Ar sputtering
=
" 100
l ] _‘-_I QU:
" fa\ S— SD:
s
. — Gl s 70
XPS analysis 0s  F | Alzp
- 120 s £ Cls
—_150s 5| Ofs
l g 40 ¢
30+
"'I}j
U‘. |
o o 20 30 a0 50 60

Etch depth (nm)



@ = Emission angle
Informaticn depth = deosh
d = Escape depth ~ 3 &

Angle Resolved XPS

e =70°

Si wafer

3
R
e
el
<t
F
=i
Heif

& "R
{ nzead
L.
g
TETN
3500
asa e
PP
25

e

PnE

1%

Popes
s £y

e / \
T e i
Pt ll." % |

e Tss i

A

LR ) III
REE { 1
LETe / \
LEES |

4 e | h
100
Tma

EETS




Thermo Scientific Escalab250Xi

Instrumentation

Hemispherical
analyzer

lan gun

¥X-ray source

Sample

UHY chamber
{low 107 — 5x10-8 Pa

Pumps

UHV system (< 1078 Torr)

=  Surface clean

» Longer photoelectron path
length

Electron analyzer

* Lens to collect photoelectrons

*  Analyzer to filter electron
energies

* Detector to count electrons

X-ray soufce

= AlKo 1486.6 eV; Mz Ko
1256.6 eV

*  Monochromated using quartz
crystal

Low-energy electron flood gun

» Insulating samples

Ion gun

= Sample cleaning

=  Depth profiling

» For polymers, cluster 1on
sources may be required



Thermo Scientific Escalab250Xi

» Identification of all elements (except H & He)
e Quantitative
» Chemical state identification
» Chemical state distributions
— Photoelectron Spectroscopy
- Energy Resolution FWHM < 0.45 eV
of the Ag 3d, peak
- Spatial Resolution < 20 pum
- Lateral (x,y)
- Mapping with < 25 pum resolution
- Imaging with < 3 um resolution
— Depth (2)
- Sputter depth profiling
- Angle dependent depth profiling




Thermo Scientific Escalab250Xi,

Analysis Capabilities

Catalysis e Corrosion
Polymers » Semiconductors
Coatings e Thin films

Surface functionalization e Adhesions



Secondary lon Mass Spectrometry, SIMS

e SIMS is a surface analysis
technique used to characterize the
surface and sub-surface region of 4
materials.

e |t effectively employs the mass
spectrometry of ionised particles —
secondary ions which are emitted
when a solid surface is bombarded
by energetic primary ions.




Sputtering process, Collision Cascade

Excitation
Incoming ion N - Bombardment with primary ions
& ® - (Ga+, Bil-3+, C60+...)
® e O » % w: i Ejected - energy ~ 10-60 keV
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g ° 0 Results
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Secondary lon Yields

Log (Relative lon Yield)
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SIMS Matrix Effect
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Effect of Primary lons




Secondary lon Mass Spectrometry, SIMS

lon Mirror
==
lon Gun \
N ® Spectrum
Pulsin
. / ‘ Detector
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Modes of Operation

(Quasi non-destructive surface analysis of the
outer monolayers

Elemental and molecular information

Resolution: 11,000 @ 200u
Mass range: 12,000 u

Chemical mapping of the surface

Lateral distnbution of elements and molecules
Lateral resolution down to 50 nm

Parallel acquisition of all masses / images

ppm/ppb sensitivity Surface Surface
¢ Spectrometry]| Imaging

Depth 3D
—~ Profiling Analysis

Analysis of the in-depth distribution
Elemental and molecular information
From a few nm to several pm

Depth resolution < 1 nm

Combination of imaging and in-depth information
Elemental and molecular information




Surface Spectrometry, PET

Positive Spectrum of PET
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Surface Imaging, Rat Brain CrossSection

Field of View: 18 x 18 mm?

255 Carboxylate
283 C18 Fatty acid
771 Phospholipid
892 Triclyceride

red=(255+283) red=283
green=8492 blue=771 blue=255
A. Brunelle et. al. ICSN, CNRS, France
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SIMS, Analysis Capabilities

composition of organic, inorganic solids at the outer 5 nm of sample
detection of all elements and izotopes

composition of sample at varying spatial and depth resolution -
spatial or depth profile of elemental or molecular concentrations

detection of impurities and trace elements
detection limit ppm-ppb

spatial resolution ~ 100 nm



Sample plate

+20 kV

Matrix Assisted Laser Desorption lonization

MALDI

Laser

AH*

Variable Ground
Grid Grid

v

e Soft ionization - analyze intact
biomolecules and synthetic polymers

e Broad mass range - analyze a wide variety
of biomolecules

e Simple mixtures are okay
e Relatively tolerant of buffers and salts
e Fast data acquisition

e Easy to use and maintain, no water or gas
hook ups required

e High sensitivity, superior mass resolution
and accuracy
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MALDI/LDI mechamism

1. Sample (A) is mixed with
excess matrix (M) and dried
on a MALDI plate.

Laser ® o .
.‘F 2 @ P 2. Laser flash ionizes matrix
® . a+ molecules.
a

3. Sample molecules are ionized
matrix & analyte by proton transfer from

\ matrix:
MH*+ A 2> M + AH".

Sample
support



LDl mechamism

high voltage

condactive substract

&y &  analyte molecules absorb UV-light
and their ions



Matrix Assisted Laser Desorption lonization

MALDI

Pulsed
LM laser

TOF (Time of Flight) detection
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MALDI Matrix

matrix properties and requirements:
» Be able to embed and isolate
analytes (e.g. by co-
crystallization)

» Be soluble in solvents compatible
with analyte

» Be vacuum stable
» Absorb the laser wavelength

» Cause co-desorption of the
analyte upon laser irradiation

* Promote analyte ionization

Matrix Structure Wavelength Major applications
Nicotinic add COCH uv Proteins, peptides,
U 266nm adduct formation
N
2,5-Dihydroxybenzoic acid COCH uv Proteins, peptides,
(plus 10% 2-hydroxy-5- = 337nm, 353nm carbohydrates,
methoxybenzoic adid) - synthetic polymers

Sinapinic add

a-Cyano-4-
hydroxydnnamic acid

3-Hydroxy-picolinic acid

6-Aza-2-thiothymine

k,m,n-Di(tri)hydroxy -

acetophenone

Succinic add

Clycerol

CH=CH-<CO0H

U\-’
337nm, 353nm

U\r’
337nm, 35inm

uv
3137nm, 353inm

m{
337nm, 353nm

uv
337nm, 353inm

IR
2.94pm, 2.79um
IR
2.94pm, 2.79um

Proteins, peptides

Peptides,
fragmentation

Best for nudeic
acids

Proteins, peptides,
non-covalent
complexes;
near-neutral pH
Protein, peptides,
non-covalent
complexes;
near-neutral pH

Proteins, peptides

Proteins, peptides,
liquid matrix




MALDI Matrix

What role does the MALDI matrix play?

The matrix transfers the energy needed for ionization
from the laser light to the sample molecules.

Positive ionization mode:

Sample embedded in Excitation of matrix Desorption/protonation
light-absorbing matrix molecules by laser light of sample molecules

Laser

@ sample molecule

O Matrix molecule

Formation of alternative adducts depends on the presence

Laser energy + of respective cations (either being ubiquitary present or
M e [ M + H ] actively added - depending on type of sample):

[M+Na]*; [M+K]*; [M+Cu]*; [M+Li]*; [M+Ag]*




MALDI Matrix

What role does the MALDI matrix play?

The matrix transfers the energy needed for ionization
from the laser light to the sample molecules.

Negative ionization mode:

Sample embedded in Excitation of matrix Desorption/deprotonation
light-absorbing matrix molecules by laser light of sample molecules

Laser

@ sample molecule

O Matrix molecule

M Laser energy [ -
= . TM-H]
Matrix




Matrix Assisted Laser Desorption lonization

MALDI
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MALDI, Analysis capabilities

Tissue

Top-Down )
Imaging

Sequencing

Glyco
Analysis

Protein
Characterization

High
Throughput Biomarker
Screening Discovery

Polymer
Analysis Di-/Trisulfide

Bond Detection



