* Hmotnostni spektrometrie sekundarnich iontl —
SIMS - staticka SSIMS a dynamicka DSIMS

* Emise atomarnich (a molekularnich) iontu pfi
bombardovani povrchu ,energetickymi® casticemi
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e Velmi citlive

Pri bombardovani
— odprasovani —
vetSinou castice

v neutralnim stavu
— jonty jen cca 1%
vsech emitovanych
castic

primarnich iontu
(atomu)

Zdroj

Hmotnostni

. spektrometr

Vzorek




P S

Techniky prvkové povrchové analyzy

* Hmotnostni spektrometrie sekundarnich iontu

 Klasicka SIMS — pouze analyza kladnych iontu, neni
reprezentativni vzorek odprasenych castic,
nereprezentuje celkové slozeni analyzovaneho povrchu,
navic je analyzovana jen frakce iontu v urcitém oboru
Kinetickych energii

I" (1-30 kel) M
M- Detector
/Energy filterr
Mas=s analyser)

Sample




motnostni spektrometrie
sekundarnich iontu — SIMS

: > s e o -
® 1 . krOk R Iontove Od prasovanl achematic of the collision cascade
e Eroze povrchu pevné latky pfi bombardovani ionty (atomy) — Ar*, Ga*,
Cs*, O,"

e Emise atomu, atomarnich iontu, klastru, molekul
(molekularnich iontu) a jejich fragmentu, elektronu i
elektromagnetického zareni

e Rychly (od cca 100 fs), nerovnhovazny proces
e Primarni ion (,projektil”) — ,odrazen” Ci ,zpétné rozptylen®,
nebo zabrzden v hloubce vzorkoveho terCiku (implantovan)

e Srazkova kaskada — série naslednych srazek v povrchu
pevné faze — premisténi atomu ve vzorku o cca 1 — 10 nm —
relativne isotropnée — riziko promichani slozek materialu



Sekundarnich iontu — SIMS
* 1. krok — iontove odprasovani
e Eroze povrchu pevné latky pri bombardovani ionty (atomy) - Cs*, O,*
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Oxygen bombardment

When sputtering with an oxygen beam, the concentration of oxygen increases in the surface layer
and M-O bonds are present in an oxygen-rich zone. When the bonds break during the
bombardment-secondary ion emission process, axygen becomes negatively charged because of its
high electron affinity and the metal is left with the positive charge. Elements in yellow analyzed with
oxygen bombardment, positive secondary ions for best sensitivity.

Cesium bombardment

When sputtering with a Cs beam, Cs is implanted into the sample surface which reduces the work
function allowing more secondary electrons to be excited over the surface potential barrier.

With the increased availability of electrons, there is more negative ion formation. Elements in green
analyzed with cesium, negative secondary ions for best sensitivity.




ekundarnich iontu — SIMS

* 1. krok — iontove odprasovani
e Promichani slozek materialu — ,rozmazani* fazového rozhrani
— hloubka pruniku primdrnich iontu R,
6, — uhel dopadu,
E,— energie primarnich iontu,
¢ a 0 — konstanty (specifické pro rtizné primarni ionty)

R = EE cos 6,



ekundarnich iontu — SIMS
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* iontove odprasovani —
* Emise iontu silné zavisi na
e typu primarnich iontu
* jejich toku a energi
e pruméru svazku a uhlu
dopadu
e chemickém prostredi

 Znacéné komplikace z
hlediska kvantitativni

analyzy

ekundarnich iontu — SIMS

Energy

D

Distance

Small

Primary ion molecule
®  Atomic emission

. emission

Large molecule
emission

Secondary ion sputtering process and
energy distribution in the surface
caused bv collisions



ekundarnich iontu — SIMS

* jontové odprasovani — emise iontu - iontovy vytézek B*
pro kladne, resp. 3- pro zaporne, ionty, ktery je definovan
jako pomér poctu emitovanych sekundarnich iontu a
pocCtu vsSech emitovanych castic, tj. pravdepodobnost
lonizace odprasovanych castic
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sekundarnich iontu — SIMS

* Rezim provozu zdroje a jeho fokusace na povrch

» Staticka SIMS — SSIMS (,malé davky")

* Analyza submonovrstevnych mnozstvi molekul
pritomnych na povrchu

* Dynamicka SIMS — DSIMS (,velke davky")
e Méreni koncentracnich hloubkovych profilt

i i Primary
iencsondary o Primary ions _Secondary. . ons
o * ions /
®
el
Topmost
atomic layer
Static SIMS: Secondary Dynamic SIMS: Top few
ions are ejected only from monolayers are removed because
the topmost atomic layer of sputtering caused by the high

does of primary ions



sekundarnlch iontu — SII\/IS

* Rezim provozu zdroje a jeho fokusace na povrch

» Staticka SIMS — SSIMS (,malé davky“ — méné nez
102 prim. lontd na cm?) — krater o priméru 5-10 nm
od jednotlivéeho iontu

* Analyza submonovrstevnych mnozstvi molekul
pritomnych na povrchu

* Dynamicka SIMS — DSIMS (,velke davky")
e Méreni koncentracnich hloubkovych profilu

* Zobrazovani plosneho rozlozeni prvku v povrchove
vrstvé — zobrazovani/mapovani — mozneé v rezimu
SSIMS i DSIMS



TECHNIQUE

STATIC

DYNAMIC

Flux <10 jons/cm2 ~10"" jons/cm2
(per experiment) (minimum dose density)
Information Chemical Elemental
Detection 01% <1 ppm
(ppb for some elements)
Depth Profile
Type of Analysis | Surface Mass Spectrum Mass Spectrum

Surface lon Image

lon Image
Image Depth Profile
Quantitative Analysis

Sampling Depth
(monolayers)

10




sekundarnlch iontu — SII\/IS

* Rezim provozu zdroje a jeho fokusace na povrch

Rezimanalyzy | NejCastéjSityp | Proudova hustota | Velikost stopy Doba Zivota
J * *
primarniho tontu | primarniho svazku | priméarniho svazku | monovrstvy
Dynamicky SIMS | 0,,Cs’,0,Ga” | >10 pAfem’ >) pm <Is
Staticky SIMS | Ar” Ar’ <10 nA/em’ >200 ym >10°s

» * Ga* se zpravidla pouziva v zobrazovacim modu
lontové mikrosondy s vysokym lateralnim rozlisenim.
U primarniho svazku Ga* Ize dosahnout velikosti
stopy 210 nm
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undarnich iontu — SIMS

Hegion of Hegion of

o Staticka SIMS — SSIMS — od roku 1969 2 darmags
e Mereni slozeni na povrchu — v ramci monovrstvy —
méné nez 10" atomd/molekul (cca 10 % monovrstvy
odpraseno pfi 1 cm?)
e Extrémné malé vytézky sekundarnich iontu
e Pomala rychlost odprasovani

 Kombinace se sektorovym analyzatorem,
kvadrupolovym Ci TOF

e Vyuziti i pro studium molekularni struktury

e Optimalizace podminek staticke SIMS — studium
vrstev biomolekul (biomakromolekul)



sekundarnich iontu — SIMS

SIMS - imaging — skenovani povrchu materialu
fokusovanym vstupnim paprskem iontu - otazka
toku iontu — prostoroveé rozliSeni a intenzita signalu

Moznost nahrazeni kontinualniho toku iontu pulsnim
lontovym zdrojem, kombinace s TOF (citlivé, dobre
rozliseni)

Plosne rozliseni az
cca 40 - 50 nm

C3H70 * Cellulose image




P Hmotnostni spektrometrie
sekundarnich iontu — SIMS

* DSIMS - hloubkovy profil — zmény slozeni materialu
s rostouci hloubkou — vrstvené materialy

* Postupna eroze povrchu vstupnim iontovym
paprskem — sekvenéni snimani MS spekter

» Casova zavislost spekter — hloubkova zavislost
spekter

* Odezva i pro prvky s nizkym obsahem

* Hloubkoveé rozliseni (jednotky az 20-30 nm) —
rovhomernost odprasovani materialu”? , hmotnost a
energie pouzitych primarnich iontu?



N

motnostni spektrometrie

sekundarnich iontu — SIMS
* Vyhody
* \ysoka citlivost
e Detekce prakticky vSech prvku
e Moznost izotopicke analyzy
» \/ysoke plosne rozliseni
e Moznost mérit hloubkové profily
* Nevyhody
e Destruktivnost
* Problematicka kvantifikace — kalibracni standardy “?



* Pristroje —

ekundarnich iontu — SIMS

e Zdroj primarnich iontu (s hmotnostnim filtrem)
o Excitaéni ,optika“

e Vzorkovy prostor
» lontova optika pro extrakci sekundarnich iontu

e Energeticky filtr

e Hmotnostni analyzator

e Detektor

» VSe ve vakuoveé
komore

Quadrupole Time of Flight  [Magnetic Sector
Mass resolution mvam | <600 >20,000 <20,000
Mass range Up to 1000 amu Thousands of amu 1-280 amu (typical)
Type of analysis Static & Dynamic Static (also shallow | Dynamic & Static '
kmplant profiles)
Data sequence Sequential Burst Sequential
Cost Least expensive Medium cost Mast expensive




ekundarnich iontu — SIMS

* Pristroje —
e Zdroj primarnich ionta (s hmotnostnim filtrem)
- lontova déla — pulsni —i méné nez 1 ns
 Kompromis — doba pulsu, fokusace, repeticni frekvence

e 1) El déla pro plynnou fazi (napfr. Ar, Xe, O,) — problém
fokusace a velmi kratkych pulsu

e 2) LMIG (liquid-metal) — iontova déla pro kapalné kovy
(Ga, Au, Bi), monoatomické, nebo polyatomicke ionty
daneho kovu

» 3) El polyatomicke ionty — Cg,*, SF:*
e 4) povrchova ionizace — Cs
 5) plasmovée zdroje — ,inertni” plyny, O,



ekundarnich iontu — SIMS

* Pristroje —
e Kvadrupol — levny, omezené rozliSeni i rozsah,
v kombinaci se statickou i dynamickou SIMS
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ekundarnich iontu — SIMS

* Pristroje —
e TOF — pulsni rezim statické SIMS
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ekundarnich iontti — SIM

* Priklad - staticka SIMS spektra z povrchu PTFE
(polytetrafluoroethylen) - rozdily v pozitivnim a
negativnim modu
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!sekundérm’ch iontu — SIMS

* Priklad - staticka SIMS spektra
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sekundarnich iontu — SIMS

» PFiklad — atomarni ionty a ,klastrionty*

4,5 keV Ar > Ni
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sekundarnich iontu — SIMS

* Priklad — molekularni ion a fragmenty
- staticka SIMS

counts/s

8000

7000
8000

2000 -

4000
3000
2000
1000

CH.CH.CH,CH,CH.,CH.CH,CH,CH.CH,CH.CH,

29

0

40

41

28

a1

80

Benzalkonium

134

212 240

120 160 200
miq (amu)

240

CH,

|
CH,

304

280

+ /
N—CH,

320

ik

—"
P =%

%,
%
-'-."
¥
o
"-'



sekundarnich iontu — SIMS

* Priklad — hloubkovy profil — bor implantovany
v kremiku

Koncentrace {ainmyfcnf )

3keV O, -> Si

M f\h{mh

0.3 04

Hioubka (jum)




Priklad - imaging

C: 12C15N (27)

sekundarnich iontu — SIMS

-

B :12C14N (26)

D : I5N

obs. ”
@

1SN

HAeale.

Isolated MCF-7 cell treated by
pazelliptine (10-5M) for 1h. Field
100x100 um - A : optical image (x400)
of the cell after SIMS analysis (note the
strong erosion of the cell surface) - B &
C : SIMS images (IMS 4F) at m = 26
(12C14N-) and m = 27 (12C15N-),
Mass resolution (M/DM) = 5000 - D :
subtraction of calculated 12C15N-
values from image C.

from Jean-Luc GUERQUIN-KERN, Maité
COPPEY, Daniele CARREZ, Anne-Christine
BRUNET, Chi Hung NGUYEN, Christian
RIVALLE, Georges SLODZIAN, Alain CROISY.
Complementary advantages of fluorescence and
SIMS microscopies in the study of cellular
localization of two new antitumor drugs. Microsc
Res Techn, 1997, (36) :287-295
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— sekundarnich iontu — SIMS
[ P‘ﬂ’kl ad - |m ag|ng J. Xu et al./Applied Surface Science 231-232 (2004) 159-163 161

Cgo primary ion source

Ga™ primary ion source

Total ion m/z 245 red - ' P
™

Total ion m/z 245 (red)

Fig. 1. Molecule-specific images of biotin attached to 75 pm polyvmer resin particles using a 20 keV Cg Fanda 15keV Ga’ ion probe, The
iotal ion image and the chemical images are shown with 5i (mfz = 28) in green and the biotin protonated molecular ion (mfz = 2435) in (red).



sekundarnich iontu — SIMS
Priklad - imaging

100 & 100 &m
|

Chemical images are generated by collecting a mass spectrum at every
pixel (256 X 256) as the primary ion beam is rastered across the sample
surface. The figure to the right shows an example of elemental and
molecular imaging. The sample is the cross-section of a time release
drug pellet. The map on the left is of the peak intensity at 268 Da, the
molecular ion of the drug Metoprolol. The map on the right is of the
peak intensity at 23 Da for sodium



ulturni dedictvi

Light micrograph (upper left) of the paint
layer cross section and static SIMS images
showing the spatial distribution of the total
ion current (TIC+) and (TIC-), sodium,
aluminium, copper, lead, calcium, iron,
sulphur, chloride, carbonate, deprotonated
palmitic acid (m/z 255), stearic acid (m/z/
283) and a sum image of palmitic acid and
stearic acid lead soap (m/z 461-463, 489—
491).

Applied Surface Science 252 (2006) T096-T101

Applications of SIMS to cultural heritage studies

A. Adriaens®*, M.G. Dowsett”

Sodium

Copper

1M i ; : 10 pimm

Calcium Iron

15 pum

Chloride

mfz 401-463 + m/z489-491




Applied Surface Science 252 (20046) T 6-T 101

//\ T —
m Applications of SIMS to cultural heritage studies
I(u tu i ded ICtVI A. Adriaens “*, M.G. Dowsett "

File: 1080301 SV MIF Field of view: 150 ¥ 150 pm? Scans: 1-17
Fulses/Pixel: 32 20 um

M:107 M:120 M:197 M:208 M:225
12 3464 3 1078 2 351 13 Ta68 2 463

Light micrograph (upper left) and static SIMS images of the embedded paint
layer test sample. The notation M refers to m/z of Na+ (m/z 23), Al+ (m/z 27),
C3H5+ (m/z 55), Cu+ (m/z 63), Ag+ (m/z 107), Sn+ (m/z 120), Au+ (m/z 197),
Pb+ (m/z 208) and PbO-H+ (m/z 225).
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Beam Interactions
with Materials & Atoms
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ELSEVIER Mudear Instruments and Methods in Physics Research B 226 (2004) 38-52

www elsevier comfloaienimb

The role of SIMS in cultural heritage studies

Mark Dowsett **, Annemie Adriaens °

Hydrogen depth
profiles from a range
of obsidian samples
from Chalco in
Mexico with different
levels of hydration.

Dapth / microns
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The role of SIMS in cultural heritage studies

\ V4 ] ¥ 4
d ed I Ctv I Mark Dowsett ™*, Annemie Adriaens °

Microscopic (a) and
microspectroscopic (b—e)
analytical investigations of a
paint cross-section from The
Anatomy Lesson of Dr. Nicolaes
Tulp, by Rembrandt van Rijn
(MH 146/1). Dotted white line
indicates the protrusion. Solid
black line outlines the area in the
cross-section. (a) SEM image
shows a protrusion as a
homogeneous area in a ground
layer. (b)—(e) SIMS images the
distribution of lead, C16:0 fatty
acid, lead salt and chlorine inside
the protrusion.




SPECTROCHIMICA
ACTA
PARTB

ELSEVIER Spactochimica Acta Part B 60 (2005) 1503 - 1516

Review

Non-destructive analysis and testing of museum objects: An overview of
5 years of rescarch

Annemie Adriaens *

Distribution of sulphide and§
chloride and the molecular A
distribution in a partially

degraded vermilion paint. The

arrow in the light microscopic
image (A) and UV light image
(B), which represents the
scanned SIMS area,
indicates the direction of the
line scan (C). The negative
SIMS image of mercury-
halogen cluster ions
elucidates the position of S—
(D), Cl= (E), (HgS)CI- (F),
(HgCI2)Cl- (G),
(HgS)(SCHCI- (H), and
(HgCIH2Cl- () in the partially
degraded vermilion paint.

(HgCl,)-CI-

T
lj ’xMN’T

scaning length {micron
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ELSEVIER Analytica Chimica Acta 570 (2006) 3440
clsevier.com/local

Chemical imaging techniques [or the analysis of complex mixtures:
New application to the characterization of ritual matters on
African wooden statuettes

Vincent Mazel®, Pascale Richardin™*, David Touboul b Alain Brunelle®,
Philippe Walter®, Olivier Laprévote b

Mineral part of the sample: (a)
microscopic view of the cross-
section studied. The analyzed
area is surrounded in red (b)

BSE image; (c) EDX element

map of silicon; (d) ToF-SIMS

spatial distribution of (SiO2)OH-
(m/z 76.97); (e) EDX element
map of aluminum; (f) ToF-SIMS
spatial distribution of K
(AI203)(SiO2)OH- (m/z 178.92); il
(g) EDX element map of calcium. '
This last image can be compared
with (h) the infrared image (false
color) of the 877 cm—1 band of
carbonates (integrated intensity
from 866 to 888 cm-1). s
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ELSEVIER Analytica Chimica Acta 570 (2006) 3440

Chemical imaging techniques [or the analysis of complex mixtures:
New application to the characterization of ritual matters on

African wooden statuettes P rotel ns an d Sta rCh
Vincent Mazel ®, Pascale Richardin®*, David Touboul ", Alain Brunelle?, . . . .
Philippe Walter?, Olivier Laprévate d IStrI butlon A (a) Spatlal

distribution of a protein
max fragment at m/z 44.05
| (positive ion mode) by
ToF-SIMS; (b) infrared
image of the amide |l
band (1540 cm™) of
proteins (integrated
™ intensity from 1505 to
1585 cm™); (c) spatial
distribution of a
polysaccharide
fragment at m/z 59.01
(negative ion mode) by
ToF-SIMS; (d) infrared
min  image of the starch
1079 cm~' band
(integrated intensity
from 1067 to 1096
cm™).
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ELSEVIER Analytica Chimica Acta 570 (2006) 3440

Chemical imaging techniques [or the analysis of complex mixtures:
New application to the characterization of ritual matters on

African wooden statuettes
Vincent Mazel®, Pascale Richardin®*, David Touboul ®, Alain Brunelle®, ®107 ' ' o '
Philippe Walter?, Olivier Laprévate
50 miz 1arimm
Peak assignments and possible corresponding substances in negative and positive ]
TOF-SIMS spectra of the patina =40 H
Assignment Measured m'z  Calculated m/z  Substance % - "
ive | £ .ﬂ\ﬁrj '
Megative ions
CHO;~ 45.00 44997 Polysaccharides 20 miz 124.01
CoHaOn™ 59.01 59013 Polysaccharides "‘ﬁrj ;—cr
CaHy0— 71.01 71013 Polysaccharides 1.0
{3107 0H~ 76.97 76.969 Clays, quartz
CaHy N3O G601 86019 Uric acid . : bestptrattt i o e
CyHaOs™ 99,111 00 (0% Polysaccharides (al g0 80 100 110 120 130 ;Jg 150 160 170 180 190
CyHy M35~ 124.01 124.014 Uric acid
CsHaMNy 05— 167.02 167.020 Uric acid «10¢ . : . : : . . . : .
(AL O; NS0 0H-  178.92 178.917 Clays 12 -, M, 0K,
CigHs 00~ 255.2 255.232 Palmitic acid iz 2449
CigHas0,~ 283.2 283263 Stearic acid 10
CagHzag0y~ 3113 311.295 Arachidic acid =08
Positive ions @ Gy, 08,
CHyN*+ 30.03 30.034 Proteins .E 06 CgHyM, O KMa* miz 2820
CaHgMN* 44.05 44.050 Proteins = CgHyh 05K Ma™
CsHygN* 84.08 84.081 Proteins 0.4 miz 266.3
CsHpzN* B6.10 86097 Proteins 0.2
CsHgMN3:* 110.07 110072 Proteins )
CsHaNyOsKNa* 2280 228974 Urate salts Akl L RV Tt i A L
CsHaMNy O3 Kt 244.9 244,948 Urate salts b 210 220 230 240 250 280 270 EBG EQU
CsHNyOsKoNa*  266.9 266.930 Urate salts (b) m/Z
CsHyNyO3 K5 2829 282.904 Urate salts Fig. 5. ToF-SIMS spectra redrawn from an urate-rich area: (a) negative ion mode
C‘g] [‘[4]03"' 341.3 341,305 MDHDEC—‘_'Q’[E]}"CEID[ and fh:l PDS.[[:I‘-"E-' ion mode.
of stearic acid
CagHys0y* al7.6 607566 Diacylglycerol of

stearic acid
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FI1SEVIER Muclear Instruments and Methods in Physics Research B 239 (2005) 51-64 -
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The use of ultra-low-energy dynamic SIMS in the study
of the tarnishing of silver

M.G. Dowsett **, A. Adriaens °, M. Soares ©, H. Wouters 9, V.V.N. Palitsin *,
R. Gibbons *, R.J.H. Morris *
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Fig. 1. & Fragment of silver from a XVII . restoration of thé )

KIT ¢. Shrine of 5L Domitianus i the Notre-Dame Kathedral
of Huy. (Koninklijk Instituut voor het Kunstpatrimoniom,

Belgium.) The dashed line marks the approximate boundary

betwesn the light and dark areas,
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motnostni spektrometrie
sekundarnich iontu — SIMS

* Aplikace

e Mikroelektronika — polovodice, optoelektronika —
kontrola pri vyrobe

e Materialovy vyzkum

 Biologické a biomedicinskeé aplikace
e Farmakologie

e Geologie

e Predmeéty kulturniho dedictvi



