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Course 7: Plan

+ Sample preparation and surface contamination
« Depth profiling

# Chemical Analysis

# QOrigins of the ‘chemical shift’

» Magnitude of the ‘chemical shift’

+ Quantification

+ Concepts

+ Example

« Dedicated Techniques

+ XPS Mapping

+ ARXPS

» Ag La High Energy XPS



Preparing and Mounting the Sample

In the majority of XPS applications, sample preparation and mounting
are not critical. However, to ensure a clean working sample, several
conditions have to meet. Aside from volatile material which are
naturally out gazing under the UHV present in the analysis chamber.

« Abrasion (e.g. elimination of an oxide layer)
« Sputter etching (e.g. removal of organic contaminants)
* Fracturing (e.g. reveals a fresh surface)

* Ground to powders (mounted onto a vacuum compatible tape)

So...what can go wrong?
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Mounting Insulating Samples

For dielectric samples, care has to be '. | | P |
. : ; ool Charging effect 3 |
taken to avoid sample charging. Build
up of charges at the surface might '
deform the spectra through .
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Study Case I: Clean Gloves?

15 different pairs of lab gloves have
been measured by XPS. The results
show that the surfaces composition can
vary to a large degree.

Nitrile glove had only a small amount
of oxygen present plus a few minor
surface components (e.g., Si, S, and Ca).

Latex glove had much lower carbon
and approximately ten times the
oxygen present along with significant

amounts of N, Mg, 5i, S, Cl, and Ca,
plus minor amounts of P and Zn.

Intensity (Arb. Units)

Nitrile Glove #4
—— Latex Glove #2
C
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XPS survey spectra of the outer surfaces of nitrile and

latex gloves and quantitative (atomic %) results

Full article from Thermo-Fisher: http:/ /www.revbase.com / tt/sl.ashx?z=73090c66&dataid=433139&ft=1




Study Case I: Cross CGontamination

What happens under contact between the

gloves and a sample surface is much more
interesting:

* The sample is covered by carbon!

* Additional contaminants are presents

When handling surface for surface analysis or
where surface cleanliness is a priority, clean
handling tools should be used. Never gloves

Untouched Al Foil
Touched by Latex Glove #3
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Surface Contamination

When handling surface for surface analysis, where surface
cleanliness is a priority, clean handling tools should be used.
Never gloves.

But ok...the contaminant is there...so let’s try to remove it!

nemensves | Sputter tests on contaminated sample
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Surface Sputtering

Now that we have surface contaminated samples, either by
adventitious atmospheric contamination (Ad.C.), surface
adsorption or simply by mismanipulation, what can we do?

* Sputter clean the surface: Argon ion / Gas cluster ion beam
sputtering. But ion sputtering offers much more than surface
cleaning!

* Measure beneath the surface: High energy XPS and ARXPS (next
course)



Argon lon Sputtering Principle

Argon ions are accelerated
(typically 0.1- 10 keV),
towards the surface of the
sample, etficiently sputtering
the surface, removing
contamination, but also
creating damages on the
surface.

10

Sputtering, surface cleaning...and damages



Surface Cleaning Limitations

The efficiency and feasibility of organic contaminants removal largely depends on:

The sample material: Organic contaminants could be easily cleaned-out from metallic
surfaces leaving the main material virtually undamaged (through reconstruction)

0.0 ym 0.5 1.0 1.5 2.0 2o 3.0 3.5

* The sample topography /structure: Sharp
angles prevent the ion beam to efficiently
sputter the whole sample surface, due to
shadowing effect. Compucentric/Zalar
rotation might be use.

169 nm
150

100

50

Rotation axis intersects
The sputter spot,
and not the center

of the sample stage S

L > - Al -

Schematics of a Topography of a typical FTO surface. Due to the
compucentric rotation surface roughness, ion sputtering would prove

relatively inefficient
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Depth Profiling

Depth profile is acquired using
experimental loop (Zalar
rotation possible):

1. A spectra is collected (survey
or multiplex)

2 The surface is sputtered

Start

Collect | —5 Etch | ... .. o Settling
Spectra Sample Time

l LRepeat n Times L '

End
---------- ®» Path for insulating samples

Typical cycle used for depth profiling
12

S00 microns

The ion beam is typical focused
to a spot of 100um, and raster
scanned, creating a sharp edged
created



S13N4 on Si

Surface properties: the top surface presents C, O, N and Si. A detailed analysis of the binding energy
of Si, shows some SiO,, which is could be explained by surface modification after the deposition
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Y. N. SUN et al. X-Ray photoelectron spectroscopy of Ols and Si2p
lines in films of SiOx formed by electron beam evaporation. Thin

Solid Films, 157 (1988) 351-360

155




513N4 on Si: Depth Profiling

# The depth profile shows an excess of oxygen at ~60min of sputtering, along with a
strong shift in the BE position of the Si 2p line, revealing an SiOx interfacial layer
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S13N4 on Si: Depth Profiling

# Concomitantly, the N1s line presents similar features (left)

+ Integrating the peak area, the depth profile plot is traced (right). It presents the relative
surface atomic concentration of each element from the surface to the sputtered depth
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Depth Profile: Implantation and Migration

5 kV Ar*

100

90

Conventional monatomic depth
profiling is susceptible to produce
spurious results regarding both
elemental concentration and chemical = /
state identification as it triggers:
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« Differential sputtering

Relative atomic conc.

» Migration 20

10

» Chemical modification
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etch time /s

Migration of Li under the sputter.

- The chemistry is also affected



Argon Cluster Sputter Gun

Large clusters up to 5000 atoms are created and accelerated towards the surface with energy ~0.2-20keV
Low energy clusters are inefficient in sputtering inorganic material, i.e. ideal for surface cleaning

High energy cluster have a reasonable sputter rate for both organics and inorganic and allow:

* Reduction in light ion mobility
* Greater confidence in chemical state assignment

Low charge to mass ratio

High sputtering yield

J’L @ / Dry Etching
Multiple collision @o © o Surface Cleaning
at near-surface region e O | Surface Smoothing

~——o0g QC%(g . og 09 @ © Lateral sputtering

Y Y YY)

20000000)
I

299999 13-
Thin Film Formation LX)
(JIII I T LTI X Y
High density
energy deposition
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v Low energy effect

| Shallow Implantation |
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Sputtering with a Gas Cluster Ion Beam (/source): GCIB (/ GCIS)
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Relative atomic conc.
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Migration of Li under sputtering.
The chemistry is also affected
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Realtive atomic conc.

vs CGGIB
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Mitigated migration of Li under sputtering.
The chemistry remains mostly unaffected



Ar

Ar+
+ Easily calibrated sputtering rates

«Steady state in depth profile

« Preferential sputtering (ion beam induced oxides
reduction) -> modification of the chemical
structure

* Implantation

vs CGGIB

GCIB

+ Excellent for surface cleaning of organics

+ Mitigation of ion beam induced oxide reduction

+ Lower relative level of preferential sputtering in

organics. However, ‘doesn’t’ sputter away metals!

+ A lack of “steady state” is observed in gas cluster

ion beam depth profiles

Ar GCIS schematics Po

1. de Laval Nozzle
2. Skimmer
3. Aperture
4. E.l. Source
5. Condenser Lens
6. Alignment Plates
7. Wien Filter
8. Beam Monitor
9. Bend Plates

10. Quadrupole

11. Objective Lens

Py Py

<19

P3/Psc

Psac

Pt ¥
=Y

Schematics of Kratos GCIB

Further reading: R.Simpson et al. XPS investigation of monatomic and cluster argon ion sputtering of
tantalum pentoxide. Applied Surf. Sci. 405, 2017
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XPS “vs” ESCA: Chemical Shift

*+ Initially called Electron Spectroscopy for Chemical Analysis (ECSA) by K. Siegbahn,
XPS reveals its full potential due to the chemical shift, i.e. BE shift, arising from the
displacement of electronic orbitals upon changes in the atomic charge distribution

« K. Siegbahn showed that the chemical shift is a linear function of the net charge
transfert in chemical bounding

asuum e o
Level
? Fermi 7
@ & @ Level Electron-electron
& Ué Repulsion
¥
@ - é !
QO
Q Nucleus-electron
= :
Attraction
—@—
Atomic viewpoint Energy viewpoint
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Binding Energy vs Z

Due to Coulombic attraction s 2p 3; e comEN!
| | )
between the nucleus and the :fgg‘ (O T Tas 4d
electronic orbitals, the BE <1000 f - Z/ // VA
: : @ 900 ;4P %_
increases with Z (for the same > 800 Il // o
ine of the periodic table) 5 600 1] 7] 717
_g 500 l // 74d "i
For the same reason the BE 5 40— [ //y / i 4
remains mostly unaffected by o | /1727 .’
: 100 L 1/ //é[ / 4
1sotopes o L VAV A= R
: : 0 10 20 30 40 50 60 70 80 90 100
But: Coulombic force is Atomic number ()
screened by valence electron, Electron binding energy vs atomic number
hence chemical shift Z, for low binding energies

22



Binding Energy vs Electronegativity

* When a covalent bond is created, electron density is increased at the more electronegative partner.
* The average radius of the valence band of the ‘donor partner’ increases

* Due to a decrease in the valence electrons screening, the core electrons are shifted towards the
nucleus, and therefore increasing their binding energy, hence the ‘chemical shift’

Group ..E‘
hydrocarbon 284-285 E
Amine C-N 285.6 go
Alcool C-O-H, C-O-C 286.5 2

Cl bound C-Cl 287.0 £

F bound C-F 287.8 \ oo
Carbonyl (@) 288.0 m



Chemical Shift and Bounding

Ccoating before

+ When a covalent bond is created, hCFZ profiling
electron density is increased at the
more electronegative partner.

« The average radius of the valence
orbitals of the ‘donor partner’
increases

+ Due to a decrease in the valence
electrons screening, the core electrons
are shifted towards the nucleus, and

296 294 292 290 288 286 284 282 280

therefore increasing their binding Binding Energy (o)

L ——— S

energy, hence the “‘chemical shift’

Source: Thermo-Fisher database
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BE of a Free Atom

« Starting from the Koopman’s ‘frozen orbitals’
theorem, i.e.: BE = - Hartree-Fock energy

E};(j) = — egp(J)

* Let’s include a change in the valence charge:

EI‘;(] P = (EHF 0= Vvalence_shift)

29



BE in the Condensed Phase

Further terms have to be added to address:
* The intra-atomic relaxation energy

* The inclusion of our free atom in the condensed phase: Change in
Hartree-Fock due to Madelung potential

* The extra-atomic relaxation energy (reaction of the surrounding
atoms to the ionisation of the target atom)

+ The work function

Pie i
Eb (] = €ur t Vvalence_shift 2 Ratomic iz VMadelung_shift = Rextm—atomic T ¢

26



The Chemical Shift

From the previous equation, only part of the terms vary upon a
modification of the chemical bounding and environnement. The
chemical shift might then be expressed as:

Vieon =
Eb (] ) = — €HF — Dgromic i Vvalence_shift ap Madelung_shift __ ¢

AEI‘;(] ) = A(Vvalence_shift i VMadelung_shift) EE ARextmz—atamic

x — Ag/r x — alAglr

Electronegativity Polarizability

27



Typical Chemical Shaft

+ Different chemical bounds might

be distinguished! But not + Hybridization induces chemical
always: overlaps are often shift, although with a mild
present, e.g. BE._y = BE._, intensity
* Chemical shift reaches up to « I — IT* appears at ~290eV
15eV
CF c-0 [ CN |[*CCF] ccC L A
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uantitative XPS: PE Cross Section

+ When two particles interact, their mutual cross section is the area transverse to

their relative motion within which they must meet in order to scatter from each
other.

# The optical excitation cross section ¢(£)in a subshell nl is given by:

4 1
o, (E) = gnzag{a[Nn,l[E - E”’l]zl—ﬂ}[mél‘l +({+ DR*=E, I+ 1]
Where n,l: quantum numbers, & : fine structure constant, ap: Bohr radius, N ...

...Finally, after some calculations:

o S 1]
4 4 =

1[(0)

where f# is the asymmetry parameter, 0 the take-off angle, 0;,the total cross-section
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(Quantitative XPS

The surface area of the peaks contain the information about the so-
called, relative surface atomic concentration, at%

The intensity of a peak j of an element i is described by I;;:

I, = nKT(KE)o,;,A(KE)cos(6)

30



(uantitative XPS

The relative surface atomic concentration C; of an element i is
therefore equal to:

- 1,16, \(KE) IS
. YK 21 S,

With S, = 6,A(KE) , the relative sensitivity factor (RSF) of the
transmon ] of element [.

Depending on the element, XPS sensitivity is about 0.1 at%

il



Study case I1: TiOg Coating

A TiO2 coating was measured without pre-sputtering, i.e., the
surface is ‘as received’. Here is the survey spectrum:

c/s

x10*

12

10

0
1400

-O1s

—Ti2p3

1 1 1 ] 1 1
1200 1000 800 600 400 200
Binding Energy (eV)

Survey spectra showing C, O, Ti, and possibly Na

52

In case of doubts check databases:

https:/ /xpssimplified.com/elements/ titanium.php

Or the reference book:

Photoelectron Lines

25 2 P 3 3p
561 460 454 59 33

Auger Lines
LM3Mas  LaMa3Mas ('P)
1098 1068 (Al
865 835 (Mg



https://xpssimplified.com/elements/titanium.php
https://xpssimplified.com/elements/titanium.php

Study case 1I: T109 Coating

Given the peak area and the relative sensitivity factor, evaluate the
surface atomic concentration of the different elements composing

the surface:

| Aea | RSF___
17400 0.314 I,/6,A(KE) s
BT 54570 0.733 C = =

Ti 2p 59855 2.077 2 LilogMEEY Y TS

NERE ~0 1.102

33



Study Case I1: T109 Coating

Given the peak area and the relative sensitivity factor, evaluate the

surface atomic concentration of the different elements composing
the surface:

| Aea | RSF__ _/RSF | _ai%
Cc

17400 0.314 55414 34.9

54570 0.733 74458 46.9
59855 207 28818 18.2
~0 502 0 0

158690

34



Trends in PE intensites

» Importantly: the intensity of the PE
tend to increase with the atomic
number, and decrease towards the core
orbitals. The orbital having the largest
RSF is generally prioritised

» However: chemical shift might not
necessarily be the largest for the orbital
with the largest RSF, and / or other
complications such has overlap,
complex peak-shape might hinder the
chemical analysis for a specific orbital

» Maximum information is often

obtained by measuring Auger and PE
lines of the same element

5D
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Regions tor Quantfication

A, : normalization factor
A: actual peak area

.~ A<<A,, very large background

o
o
o

A~ A, typical Shirley background

e
s,
4

,'% .- A=A,, straight line background

_ \ Ny _A> A, typical Tougaard background
\‘\ O
\ NN

/
W /—— A>>A, very low background

36

+ Several types of background
(semi-empirical) exist. From
the simplest linear
background to iterative
backgrounds such as
iterative Shirley background.

+ Conventional background
are Shirley and Tougaard

4

L)

L)

+ Iterative Shirley might not
converge



CPS

Background: Symmetry of the Residuals

Residual STD = 4.75981 Residual STD = 3.64672 Resiadual STD = 6.25697
b 103 b 103 X _nx 10 J'T"-. N fo e,
110] 110] 5 110 W“ P
100. 100. 100
90 90 90.
803 80 80.
70 70 703
60 ] 60 60
50 50 50.
403 40 403
30. 30. 30
E s e E T T, |
20 20 201
: | ! ! I ! ! | ! ! I ! ! I ' ! : I ' ' | ! ! | ! ! | ! ' | ! ' : | ' ' I ' ! I ! ! I | ! ' |
942 939 936 933 930 942 939 936 933 930 942 939 936 933 930
Binding Energy (eV) Binding Energy (V) Binding Energy (eV)

Typically, three types of backgrounds are used:
* Linear background (left)

« ‘Shirley’ background (middle) (intensity is proportional to the intensity of the
total peak area above)

+ Tougaard background (right) which integrates the intensity of the background at
a given binding energy from the spectral intensities to higher kinetic energies



Background: Area Ratio

Cu 2p
Residual STD = 4.83055
& . K 03 _— f ﬂl’ﬁ. Mo b Jllf\ ;"h"u‘ pu it
« Should never overlap the baseline | T w77 = WWC VT
] w2p
+ Should reflect the expected o) f\
lineshape: symmetric or |
. 90
asymmetric
| Cu 2p:
. 80
+ Should reflect the area ratio of the | p orbital
spin orbit splitting: o 1:2
o . . / \
Subshell Jj values | Area Ratio ] |
50 ]
s 1/2 n/a ]
p 1/2 3/2 1:2 40’
d 3/2 5/2 2:3 T
f 5/2 7/2 3:4 |
20
IBEISUI - IBSIEI - I95IUI - 19“-'15. o IEMI-UI o Igéﬁl o I93IUI |
Binding Energy (eV)




Components for Quantification

* Peak fitting present challenges: good references are compulsory, DFT can help
Physico-chemical nature of the sample has to be considered, eg. spin-splitting!

» Statistics are useful...Monte Carlo simulations allow to assess the stability of the
chosen peak model. In the next slides

o Modified graphene on copper -
o
12

Name Pos. FWHM L.Sh. Area %Area %SiDev
Clssp2 28443 061 LA(1.2,1935) 895963 83.58 2.37
10 Cils C-0O 28641 148 GL(30) 75070 7.01 0.89
7] Ci1sC=0 28860 168 GL(30) 82265 768 0.83
Cissp3 28503 1.71 GL(30) 0.00 0.00 0.00
Cils pipi 29080 182 GL(30) 18616 1.74 1.57

Ll L) L) L) I L] L) l L) L) I
294 291 288 285 282
Binding Energy (eV)



Peak Fittung: Using Correlation

» Full understanding of the sample composition can only be obtained using the

information provided, not only by the analysis of the photoelectron lines of
all the elements presents, but also the Auger spectra, and background

* Chemical state analysis should be coherent between the different orbital of
pairwise chemical bounds, e.g. C-O as measured on C 1s should relate to C-
O as measured on O 1s

Eils

CPS
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Residual STD = 1.24491
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Relaxation Paths

Auger electron emission is a 3 electrons phenomenon. In a KLL transition, from
a K level vacancy created from the emission of a photoelectron (middle)

« L level electron fills the K level vacancy

+ The energy is transferred to a L level Auger e-

Auger
Ka @ electron
Vacuum YAl o T i

Level Level

C.B. C.B.
Fermi Fermi
Eevelarscss Level

: VB.

X-Ray relaxation

illustrating the complexity and richness of

Auger Relaxation the spectral feature. Source: Scudiero.
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The Importance of Auger Electrons

A e — o Used in combination with
cu2p32 93256 099 GLBO) 612350 1000 A T

[ k. Auger electron might
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Source: http:/ / www.xpsfitting.com/search /label / Copper



Peak Model: Stability Test

XPS measurements are subject to noise in the form of Poisson distribution
0.40 =

0.35F
0.30

~ 025 ¢
\Ll; 0.20 t
015t
0.10
0.05
0.00

0 Y 10 15 20

* Sample degradation under X-ray exposure limits acquisition time

* Repeating an experiment many times is not practical

Noise Estimation:
http://www.casaxps.com/help manual/casaxps2316 manual/error estimates in casaxps.pdf
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Monte-Carlo Simulation

A large data set might be generated from a

single measurement, by:

Removing the noise of the measured data
Adding Poisson noise to the de-noised data

This data set might then be fitted using a
peak model to test its stability.

The parameters of the fitting indicate the
sensitivity of the model to noise. This is of
particular importance for ‘noisy’ data, e.g.
measurements on monolayer, contaminants,

etc

Monte Carlo Simulation: More information and figures from:
http://www.casaxps.com/help manual/error analysis.htm

CPS

X ll)1

1 Name Pos FWHM L Sh Area %

s 290875 0956116 GL(50) 1142 5000
289775 0956116 GL(50) 1142 50.00

—
298

— T T
296 294 292 290 288 286 284
Binding Energy (eV)

Noise-free data

Y
: v.,,.ifl .';']L P.Il.l |r5r. i LY

f i'-vT‘I #‘.‘U"- 7

Name Pos FWHM L.Sh Area %

21s 290896 092691 GL(50) 1063 4642

289842 099795 GL(50) 1227 5358

T

298

ey e
296 254 292 2590 288 286 284
Binding Energy (eV)

Generated NEW data, by adding noise

et T T r | WA T T

S, T TR P T Y . S e, e 2, AR


http://www.casaxps.com/help_manual/error_analysis.htm
http://www.casaxps.com/help_manual/error_analysis.htm

XPS Fiting Guidelines

+ Use well defined function matching
the physical properties of your sample,
e.g. Gaussian-Loretzian, assymetric,
etc.

+ Use reference materials to calibrate
your system

+ Don’t forget the spin splitting
properties

+ When possible, use Auger parameters

« Always cross correlate: CO -> Ols, Cls
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A well tested and trustworthy model is

crucial to be able to rely on similar fitting
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Summary

* Sputtering and depth proving, are useful at removing contaminants
and probing at depth, however, the technique inherently brings
several undesired effects

* Chemical shift analysis allows the evaluation of the chemical state
of the measured elements

« XPS quantification has a typical sensitivity limit of ~0.1at%. RSF
tables are used to make our life easier: no heavy calculation!

* Dedicated technique might prove very useful alternatives when the
right conditions are met: ARXPS requires a layer of <10nm to be
effective
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Thank you!

Next course

2= UPS

= XPS live example

+ Auger Electron Spectroscopy

+ Intermolecular forces: Introduction

# Scanning Probe Microscopy (SPM)
# Scanning Tunneling Microscopy (STM)
+ Atomic Force Microscopy (AFM)
References
+ Briggs et al. Practical surface analysis, Wiley, 1990
* L.E. Davis, Handbook of Auger Electron Spectroscopy. Perkin-Elmer, 1976
* Thermo-Fisher XPS webpage:

https:/ /xpssimplified.com / whatisxps.php

Gloves case: http:/ / www.revbase.com / tt/sl.ashx?z=73090c66&dataid=433139&ft=1
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