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SIMS - Introduction

Secondary lon Mass Spectrometry (SIMS)

= Mass Spectrometry: Intensity {number of lons} = f (m)

note: spectrometry means the position of the signal (mass) is constant in contrast to spectroscopy
where the position varies with the sample (e.g. XPS — binding energy)

"= Only lons will be detected
= Secondary lons — also primary ions are involved

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Introduction, History

J. J. Thomson (1910): lon beam on solids =» Emission of positive secondary

® Francis Aston (Cambridge, 1919): first MS concept, Nobelprice

= F Viehbock and R. F. K. Herzog (Universitat Wien, 1949): first prototype SIMS

= R.F K. Herzog und H. Liebl (RCA Laboratories, 1963): another prototype, NASA: Analysis of
moon rock

= H. Liebl (GCA Cooperation, Applied Research Laboratories (1967): lon Microprobe Mass
Analyser, double-focusing, commercial

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Introduction, History 2

®= @G.J. Slodzian and Raimond Castaing (university Paris-Siid, 1960): development of SIMS,
commercial (CAMECA, 1968)

= A. Benninghoven develop ,static SIMS” (1970), quadrupol ..... ToF-SIMS, commercial
(IONTOF, 1989)

= SIMS + Orbitrap:
=  K.H.Kingdon (1923): Idea Orbitrap
= A, Makarov (2000): prototype
=  Thermo Fisher Scientific (2005): commercial

=  |ONTOF (2020): commercial SIMS+ Orbitrap

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Introduction, Video
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SIMS - Introduction, Basics

loh source Primary ions: Art,0%, O, Cs*, Ga*, Cgy ...
Energy: 0,25-30 keV
Current: ~1pA (Static SIMS)
1nA...3 A (Dynamic SIMS)
...
.. . .
®e Primaryions
Data output: 0..
* Mass spectrum e, Sample
e Spatial image "..
* Depth profile ®e,
[ J
...
000000 0000000COGCOGOOOODO
Secondary ions
Detector Mass filter

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Introduction, effects on sample

Primary lon Secondary lons, Atoms,
(~10 KeV) Molecules (~10 Kew ~1...20 particles per Primary lon
YacLuum b 3

rrrreee PR o Sampling
A A A A A e S I O T T S O TIE MR O Depth |:,..,.'| ﬂm:l
| =

Fenetration
Cepth (~10 nm}]

SIMS Theory: Sputtering Effects, http://www.eag.com/mc/sims-sputtering-effects.html (modified)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - EFFECTS ON SAMPLE

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Primary ion energy

35 T S A R S U A A |
= elastic energy transfer (dE/dx),: 4o Aulonenin Ge
5 3o} |
elastic collisions with atomic " —é,
nucleus S | 5%
. . £ 20f
" inelastic energy transfer (dE/dx),: o |
. .. . . w151
inelastic interaction with | Hochenergetische
electrons (excitation and § 101 Nedorenergetische /- R
E L lonenbestrahlung (LE)
ionization) > s !
Lﬁ L
0.01 0.1 1 10 100 1000 10000
lonenenergie E (MeV)
Schatz/Weidinger, Nukleare Festkorperphysik — Kernphysikalische Energie E [keV]

Messmethoden und ihre Anwendungen, Vieweg-Teubener, 1997.
Steinbach, Dissertation, Jena 2012

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Sputtering, general

Velocity of primary lons ~ 100...400 km/s (single ion)
Time to overcome 100 nm ~ 0.3...0.8 ps
Average distance of primary ions (100 nA, ideal focus) ~ 100...600 nm

o &% Simplified illustration of
0,040 sputtering process (timing)

Paul van der Heide, Secondary ion mass spectrometry, Figure 1.3

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Sputtering regime

3 regimes depending on energy, mass of primary ion (M,) and target (M,):
= knock-on regime: small energy, M. << M,, very short cascade

" |inear cascade regime: medium energy, M. << M,, collisions between displaced
atoms neglectable

= spike regime: high energy and/or heavy ions, many atoms in movement (nearly all in
target area), resulting in high temperature, melting or evaporation

=» Linear cascade model (Sigmund, useful for atomic or small ion projectiles; other models for

big primary ions, multiple charged primary ions, soft material, sputtering of large molecules)

Sigmund P., Phys Rev 1969, 184

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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Incident angle

Yy
my, EO . /*

SIMS - Sputtering, general

Sputtering depends on:
® Energy dissipated during impact

= Angle ¥ (relative to surface normal)
= Masses (primary and sputtered)

Surface binding energy
= Density of the target

m2, E2 \‘

Elastic collisions =2 Kinetic sputtering (similar billiard ball game)

Paul van der Heide, Secondary ion mass spectrometry, Figure 3.3 (modified)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Sputtering, mathematical description

Ay

. T
Sputtering depends on many parameters g i oo Rkt
100 4 d s ——Al
Reduced energy € (in SI units) = ==
325-M, - E = intermecliate
c = ) t p = o energy range
°l3 | 3 R AN
(M; + M) - Z; Zy- (Zi +Zt ) 2 o] A “':lf::-.,.
B ‘A’ﬂ.ﬂh‘ "‘:'-:::..__‘ low energy range
1 “"“m‘ . “:‘:::"--.
M molar mass 0,01+ R g
V4 atomic number m“..‘
. . . ] 0 20 40 60 80 100 120 140 160 180 200 220
E, primary ion energy (given in [ keV ]) primary ion mass

calculated for Ep = 10 keV

Benninghoven et al, Secondary lon Mass Spectrometry, ISBN 0-471-01056-1 (1987)
Lars Dorrer, 08 Oktober 2024
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SIMS — Sputtering, mathematical description

Number of secondary particles

Sputter Yield: Y = pri :
rimary ion

1/, In(1+¢)
(£4+0.14-£0-42)

Vige = 4.2 - 10%em=2 . &8 4~ 0154013 M/, S,(E) =

Us

U,

S

a dimensionless factor depending on masses and incident angle, approximation [ Zalm |

surface binding energy, given in [ eV ]

for ¥ = 0 (perpendicular to surface) and a wide range of M,/M,
S.(E) nuclear stopping cross section [ eVcm?® |, approximation [ Wilson ]

Benninghoven et al, Secondary lon Mass Spectrometry, ISBN 0-471-01056-1 (1987), Sigmund, Phys. Rev., 184, 383, (1969)
approximations according to: Zalm, J. Appl. Phys. 54, 2660, (1983); Wilson et al Phys. Rev. B, 15, 2458, (1977)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Sputtering, mathematical description

Approximation for small primary energy Us < E;, < 1keVand¥ =0

2 M; M, E,
Yioe=75-a- 217
3 (M; + M;)? Us

~ . Mt
@ =0.15+013-"t/y

S surface binding energy given in [ eV ]

E, primary ion energy, given in [ keV ]

= Y « E,, sputter yield depends on M;

Benninghoven et al, Secondary lon Mass Spectrometry, ISBN 0-471-01056-1 (1987),
Hamer et al, Anal. Chem., 308, 287, (1981)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Sputtering, mathematical description

Alternatively, for € < 0.028 (smaller) and 0.2 < Z,/Z,< 5

(/B — 0.09- JT5)

Zy

" [(Zi/zt) t (Zt/zi)%]

surface binding energy given in [ eV ]

1.9
Y(E,) = 0

U

E, primary ion energy, given in [ keV ]

S

= Y « ,/E,, almost independent from primary ion, accuracy 10...20 %

Benninghoven et al, Secondary lon Mass Spectrometry, ISBN 0-471-01056-1 (1987),
Zalm, Vac. Sci. Technol. B 2, 2, (1984)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Sputtering, Sputter Yield experimental 1

f—
o)
I

Sputter Yield,
mathematical description difficult

—_

Experimental facts:
YTit M TAFE, > ~1 keV)
YTif £, T (up to maximum ~ keV)

Maximum move to higher energy for M, T

UL RALLL

10

1T

Sputter Yield (Atoms/Ion)

]0'2 WA [T pornnl el

10 10’ 10° 10* 10°
lon Energy (eV)

Prof YU Kin Man, Instrumental Methods of Analysis and Sputter y|e|ds of silicon as a function of ion energy
Laboratory Secondary ion mass spectrometry, see also . .

: _ for noble gas ions at normal incidence.
Paul van der Heide, Secondary ion mass spectrometry

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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Festkorperkinetik

Institut fir Metallurgie %

SIMS — Sputtering, Sputter Yield experimental 2

Sputter Yield maximum 60...80°
Depends on M; and E,

Polycrystaline or amorph sample

1

Y « ,
Cos V¥

Y < 75° (Si) [Mash64]

At high angle reflection of prim. ions

Benninghoven et al, Secondary lon Mass Spectrometry, ISBN 0-471-01056-1
(1987), Fig. 2.109 modified

E. S. Mashkova et al, Soviet Physics — Technical Physics USSR 9, 1601 (1965)
Lars Dorrer, 08 Oktober 2024
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Secondary lon Mass Spectrometry
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SIMS - Sputtering, Effects 1

Sputtering —
influence on surface rougthness

Prim. lon Cs*, Si atomically smooth

Comparison of TRIM simulation with
Measured data (symbols)

AFM images of crater base for selected
measurements

Paul van der Heide, Secondary ion mass spectrometry Figure 3.17

Lars Dorrer, 08 Oktober 2024

Sputtering yield (atoms/ion)

15

ik
o

(&)}
T T

Institut flir Metallurgie /‘Q/\f

Festkorperkinetik

TRIM simulations
""""""" 0.25 keV Cs™
1.0 keV Cs*
| ——— 2.5keV Cs*

......................................... 0.25 keV
40 50 60 70 &0
Incidence angle (degrees)

Secondary lon Mass Spectrometry
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SIMS - Sputtering, Effects 2

Influence of material on
] .1 keV Art at normal incidence on elemental solids
Sputter Yield depends on: i e
o L
= Masses (both) e | -
= Collision cross section g7 K
. . (% i Na o
" Binding energy F L "L.
L °®
O (Vl 1 1 1 1 1 L L 1 1 1 1 1 | i i ! 1
. 0 25 50 75 100
=» Oxides vs. base metal .
=> Preferential sputtering Prim. lon Ar*, 1 keV, normal incidence,

_ _ elemental substrates
Paul van der Heide, Secondary ion mass spectrometry

Figure 3.18, modified
Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Primary reflections

Reflected primary ions
See RBS (eq. Valid for M, << M, )
Differential cross section, fixed @4

aa_( 1 Zl-Zte2>2 1
0.l 4mey, 4E, [ D,

sn ()]

-> Yrefl X Ep_z

Institut fur Metallurgie /V/\/'

Festkorperkinetik

Incident angle

Schatz/Weidinger, Nukleare Festkorperphysik — Kernphysikalische Messmethoden und ihre Anwendungen, Vieweg-
Teubener, 1997, Paul van der Heide, Secondary ion mass spectrometry, Fig. 3.3 modified

Lars Dorrer, 08 Oktober 2024

Secondary lon Mass Spectrometry
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Festkorperkinetik

SIMS — Primary reflections

. . r ()
Reflected primary ions H*— ou
!
20L Eo=30 KeV ;’
] ) ——MONTE CARLO CALCULATIDN}
Reflection yield = | SIMPLE THEORY /

low for small incidence angle
noticeable for > 50° (see sputter yield)

r & Yrefl - 100 %

BACKSCATTERING COEFFICIENT

ol - L i 1 I
0 20 40 60

ANGLE OF INCIDENCE Y  pEe6.)
Ishitani_1972_Jpn._J. Appl._Phys. 11 125, Fig.7 modified

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Primary reflections, Energy t.;/i

Reflected primary ions oo
i ! 0.0 O
My, Es */46:
Energy of the reflected ion (M,): 0y I
0,94
( 2 M 2 )
cost 2 7|[ (M) - sire] | E
Ereflect _< l \ EI - -
E . B Mr E 0,6 Au
= B RTC7 R
Lul 0,5
0,4
03 ; : . . . |
0 20 40 60 80 100

) ) reflecting angle to normal [ ° ]
Paul van der Heide, Secondary ion mass spectrometry, (3.2) calculated for Oxygen primaly ion, 60° inident angle

Lars Dérrer, 08 Oktober 2024 Secondary lon Mass Spectrometry o
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SIMS - Implantation

Projected Range R,
Average depth of implanted ions

R, = f(Ey My, My, Z1,Z,,¥)

LSS theorie
SRIM simulation

R, , xcos¥

p

Vacuum % Target

LSS: J. LINDHARD, M . SCHARFF AND H . E . SCHIZTT, Mat. Fys. Medd . Dan. Vid. Selsk . 33, no.14 (1963)
Benninghoven et al, Secondary lon Mass Spectrometry, ISBN 0-471-01056-1 (1987), Fig. 2.6

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry .
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SIMS - Implantation
Projected Range R, at low energy §
(0.002 < £ < 0.1) 8
y, |
2 2 = |
R.=C -M, - . E o Projected§
P l ‘ Zi . Zt p = |Range |
C=f(M,/M),0.12< C,<0.23 § ,
E, givenin [ keV ] Substrate Surface Depth from the Surface

: 2 %/
R, results in [ ug/cm? ] o« E

LSS: J. LINDHARD, M . SCHARFF AND H . E . SCHIZTT, Mat. Fys. Medd . Dan. Vid. Selsk . 33, no.14 (1963),
Hong Xiao, www?2.austin.cc.tx.us/HongXiao/Book.htm, Benninghoven et al, Secondary lon Mass Spectrometry, (1987)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Implantation

Projected Range R, at intermediate energy

(0.5<e<10)
2 2
\/(Zl/S + Zt/?))
szci.Mt. Zi,Zt .Ep
Note:
C,=f(M,/M,),0.45 < C;< 0.9 R.[m]-10- = Ryl ug/cm?]
E, givenin [ keV ] P plg/cm?]
R, results in [ ug/cm? ] « E,, > density

LSS: J. LINDHARD, M . SCHARFF AND H . E . SCHIZTT, Mat. Fys. Medd . Dan. Vid. Selsk . 33, no.14 (1963),
Benninghoven et al, Secondary lon Mass Spectrometry, (1987)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Implantation and mixing

Projected Range of N* lons and !
Recoils (mixing) of target material (Fe)
Simulations using TRIM[69], ¥ =0°

Also surface contaminations involved!

Lateral Spread (nm)

@ 20 40 © 20 40 60
Wolfhard Moller, FUNDAMENTALS OF ION-SOLID INTERACTION - A Depth (nm)
Compact Introduction, HZDR-073 . ISSN 2191-8708

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Damaging 10¢
Frenkel pair (displaced atom, resulting in interstitial and vacancy)
Simple model, hard-sphere collisions by Kinchin and Pease - T
Ypp = E X Ep Ep < 100 keV, Z;> 20 ,§ 10
g
Uy displacement threshold energies, ~ 7...50 eV § e

- H
Calculated for ¥ =0 /

1 ! (IS0 | e gyl

YFP L if Mi landif¥ 1T 10 102 103

lon Energy E (keV)

Kinchin, G.H., Pease, R.S.: The displacement of atoms in solids by radiation. Rep Prog Phys 18, 1-51 (1955),
Konobeyev et al. / Nuclear Energy and Technology 3 (2017) 169-175, Moller, FUNDAMENTALS OF ION-SOLID
INTERACTION - A Compact Introduction, HZDR-073 . ISSN 2191-8708

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Sputtering, sputtered particles

Energy distribution of sputtered particles

Si atoms reaching the surface

e © Not (energy normal to surface)
Cs* - 3 il Sputtered
. o
1.0+ % _Energvy>U.
900eV Ar* \ L < T8y s

. Sputtering yield (atoms/ion)

"3 5 10 15 20
g o N N, | P Energy (eV) [ TRIM simulation of |
/Q\ i the interaction of
™ 100 Cs*ionson Si ||
dN K ES i i i i i i
] N 0 6 8 10
dE (ES + US) Depth (nm)
§ v Y Y I ¥ ¥ ¥ ¥ I Y i ! Y ] . .
e 5 e(ev) 10 15 TRIM simulation, 100 lons, 1keV Cs*, 60°
Benninghoven et al, Secondary lon Mass Spectrometry, (1987), Inset: energy distribution Si recoils,

Fig. 2.113 modified, Oechsner, Z. Phys. 238, 433 (1970),

Paul van der Heide, Secondary ion mass spectrometry, Figure 3.8
Lars Dorrer, 08 Oktober 2024

surface binding energy U (Si) = 4.7 eV

Secondary lon Mass Spectrometry
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SIMS - Sputtering, other effects

Channelling (crystalline samples)
Swelling

Diffusion

Segregation

Amorphization

Re-crystallization

Paul van der Heide, Secondary ion mass spectrometry

Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘Q/\f
Festkorperkinetik

Secondary lon Mass Spectrometry
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SIMS — Sputtering, conclusions 1
“best sputtering conditions for SIMS”

Sputter yield Projected range Damaging Reflection
(large) (small) (small) (smaII)

Angle ¥ YT1,¥=<60° YT,V <90° Y1,W¥<90°
Energy E, Near max., E,~ keV E, 1 E,l E, 1
Mass M, M; 1,E, > 1 keV M; T, weak dep. M; 1 M; 1

Valid for single primary ions

Molecular primary ion (cluster ion) ? =» Linear cascade model not valid

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Sputtering, Molecular primary ion

Molecular primary ion sputtering (simple view, n Number of elemental parts):
E, in keV range, binding energy in eV range

. . E M;
=> Cluster separated into n parts with Ej singie = 7” and M single = —
Assuming small deviations from Linear cascade model (n not to large) a
Sputter yield = f(E;) near maximum, weak dependence on Energy & Q)\g« ‘§\O
=> Y(Cluster) < n-Y(single) éo @A\ RN
Each elemental part creates own cascade with smaller energy Q\ Q©

 Rpsingle . Rpsingle . é\ (bQQ
-> Ry, cluster = —or Ry, cluster = 2, depending on energy Q
n’3 O

Damaging should be smaller (Mass smaller) &

Reflection is somewhat higher (Energy smaller)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Sputtering, Sputter rate

Depth removed by sputtering divided by time,
depends on sputter yield Y and primary current |, and sputtered area A

number of implanted ions ignored

u M I,
R=—.y.—. e
€0 P S Example: Si
u unified atomic mass unit M = 28,1, =100nA,Y = 2
e, elementary charge p= 239/ 5, As = (250 pm)?
M average M of sputtered particles
p density of sputtered material R ~ 1400 MM/,

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Sputtering, lonization rate and lon Yield O\é' S

L
M1, Selected particle M, selected charge q (+ or — n) <
lonization rate (M), Number of ionized particles/sputtered particle M

lon Yield Y(M?), Number of ions of a selected ion per primary lon
Y(M?) =Y - X3 - a(MT)

Xy mole fraction Note: Effects like preferential sputtering ignored.

“The formation/survival of secondary ions is less well understood. (...) As the secondary
ion yield variations can span five orders of magnitude or more, quantification is often

difficult.” Paul van der Heide, Secondary ion mass spectrometry p. 46

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Important parameter 1

* Primary ion energy: E, [ keV ]

* Primary ion current: | [ nA ], (1 nA 2 6.28E9 ions/s )

e Projected Range: Rp [ nm ]

e Sputter Yield: Y, Number of secondary particles / Primary ion

e Sputter rate: R [ A/s ], [ nm/min ], sometimes given R* = R / I, [ nm/(min nA) ]

e lonization rate a(M?): Secondary ions/Number of sputtered particle M4

e lonYield: Y(M?), Y(M?) =Y - Xy a(M?)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - INSTRUMENTATION

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - lon source

General requirements

= Tuneable current l, (pA-range and/or 100 nA-range)
= Stable operation (constant |, during measurement)
= Small variation in energy (AEp)

= Small source diameter

= (variation of ion type)

= (Pulse mode)

" Long operation time

= Easy maintenance

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry .
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SIMS - lon source

Electron impact source

positive ions
any inert gas

molecular ions
(0;»1473;» C6+0» SF5+» 624Hf2)
multiple charge (CZS, C33

long lifetime (hot cathode)

bad focus

Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘Q/\f

Festkorperkinetik

Cathode (filament)

Extractor plate

Gasin ——> Ono | @ ¢ ——> lons out

+Vaccel

Anode

Paul van der Heide, Secondary ion mass spectrometry, Fig. 4.4

Secondary lon Mass Spectrometry
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SIMS - lon source

Duoplasmatron Extractor plate

" any inert gas Cathode |_Anode
= oxygen positive and negative . b
(0-, 0;) Gasin —> Ogo G —> lonsout & g°
" easy maintenance
Intermediate Blasma
= short lifetime electrode

Paul van der Heide, Secondary ion mass spectrometry, Fig. 4.5

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - lon source

RF source

" anyinert gas

" oxygen positive and negative
(07,03)

" Spotsize <100 nm (small )

= |ong lifetime

= complex maintenance

Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘Q/\f

Festkorperkinetik

Extractor plate

Bottle
Gasin Opo——>—""— | ——> lons out g)@‘*’
| B\
RF generator .
s Plasma
___\ Antenna

Paul van der Heide, Secondary ion mass spectrometry, Fig. 4.6
Malherbe, Anal. Chem. 2016, 88, 7130-7136

Secondary lon Mass Spectrometry
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Institut flir Metallurgie /‘Q/\f

Festkorperkinetik

SIMS - lon source Surface ionization source

Surface ionization source

= positive alkali ion

" mainly Cs*

= allow cluster analysis

= |ong lifetime (reservoir)
= small spot

Lars Dorrer, 08 Oktober 2024

Drift tube

Extractor
plate

HV in ——> Cs™* ions out

Cesium Chromate pellet W plate (1 10(; °C)

Paul van der Heide, Secondary ion mass spectrometry, Fig. 4.7

Secondary lon Mass Spectrometry I
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SIMS - lon source, LMIG

Institut flir Metallurgie /‘Q/\f

Festkorperkinetik

Field ionization source (Liquid Metal lon Gun — LMIG)

" positive ions

" mainly Ga™, In*

= molecularions (Au}, Bi})
= multiple charge (BiZJr)

= very small spot

" short lifetime

Lars Dorrer, 08 Oktober 2024

Supporting legs/electrical connections

Extractor
l Needle plate

@ l > lons out

Support (insulating) Reservoir e

Paul van der Heide, Secondary ion mass spectrometry, Fig. 4.8

Secondary lon Mass Spectrometry "
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SIMS - lon source, GCIB

Gas Cluster lon Beam source — GCIB
Used in SIMS since ~ 2007

Analysis Mechanically
Source Accelerator Magnet Scann/ed Platen

GIS Nozzle onizer I]I][] — _Substrate /
Neutralizer |
LQQJ PA‘ vy Clusterv \ |
[ b . \
T B e

Skimmer 1 I . I I

_ll_

Large positive Cluster

Low implantation depth

Smoothing surface .
araday

Cup

Large sputter yield

Yamada, Applied Surface Science 310 (2014) 77-88

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - lon source, Overview

Source Species Current (typ. ) AE Source min. Spot Lifetime between
[nA] eV] [ um] [um ] Maintenance

Electron Impact Art, Xet, 05, .. 1000 5..30 years

SFZ, CHy ...50
Duoplasmatron Arf, 0;, ...3000 5..15 200 (0.15)...50 500...1000 h

07, etc. ...300 ...30
Radio frequency Art, 05,0, 0.01..100 <5 35...50 <0.1... .. 1year

etc. (difficult service)
Surface ionization Cs* ..100 <0.5 10 (0.05)... 1000 h or more
...10000 ..50 (dep. on reservoir)

Field ionization Ga*t,Int, Auf, 1..(100) 5 0.003 <0.01 um  400...1200 h
(LMIG) Bil* (virtual)

Secondary ion beam contains typically different ions and or energies !

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Primary lons, empirical facts

= Ar7¥, high sputter rate, useful for study oxidation processes, © large mixing
= (07,05, increase positive secondary ion yield compared to inert gas

= (07, useful for insulating samples, © Ip~10 times- less than 05“

= (s, increase negative secondary ion yield compared to inert gas

= Cs*,in combination with cluster analysis (MCs™ for electropositive or MCs5 for
electronegative elements) lowers the matrix effect, © lower sensitivity

= Molecular ions increase sputter rate and lower projected range and damaging

Note the influence of primary beam on measurement (interferences).

Lars Dérrer, 08 Oktober 2024 Secondary lon Mass Spectrometry i
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SIMS - Secondary lons, empirical facts

Most secondary ions single charged, some multiple positive charged
Negative multiple charged ions have a very short lifetime

Secondary ion energy distribution peak ~few eV

Single secondary ion energy tail can extend to 500 eV or more
Molecular secondary ion energy have a much shorter tail
Secondary ions were influenced by

= Surface properties
= Surrounding (matrix)

= Formed polarity

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - lon optic

Method used for transport and manipulate ion beams are:
= Electric or magnetic fields (field gradient act as lenses or deflectors)
= Apertures

Wavelength (de Brogli)

h

A=
V2:e-m-U

<1pm, m = [on mass, U = excellerating voltage

=>» Diffraction is not limiting for ion optic

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - lon optic

Energy of ions in source (before acceleration) ~ eV (see AE in ion sources)
Accelerating energy (E ) ~ keV
=» collimated beam (approximately parallel trajectories)

Internal force (coulomb repulsive force)
" more important for fine focus (proportional particle density )
" less important for higher E

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - lon optic, Lenses

Electrostatic lens, three tubes

single lens, equipotential lines (dotted), field orientation (arrows), Particle path (solid line)

decelerate accelerate
(DO CD] (Dz > (D] (D]
— V. 5F =T A LI , S
I/ A /' ;' l‘\ \\ \\\I I// IJ "1 !\l \\ ‘\\I I
—L : : AR R 2

|
I
I
|
= >
:
I
|

E=q(@g- D) E=q(Dg- D)) E=q(Dg- D)

Spektrum der Wissenschaften, Physik, https://www.spektrum.de/lexikon/physik/einzellinse/3836 27.08.2024

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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Festkorperkinetik

SIMS - lon optic, Lenses

Chromatic aberration Focusing lens Lower energy particle

/ Higher energy particle

Colhmated beam
of particles
lons with: of different energy

R
T~ .

g St ‘53) { Transverse
) 1 >‘ chromatic

aberration

= Variation in energy Focal points

. .
Entermg at same place Longitudinal chromatic aberration

=>» Different focal points

Paul van der Heide, Secondary ion mass spectrometry Figure A.1

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — lon optic, Aberrations

. ] Focusing lens
Spherical aberration .

lons with: Collimated beam _ _ | | ™~ K,
of particles . ‘—:—_,)r._:_:
—immimim | T - ¢ Transverse
" same energy tfipsameensmy — b
aberration

Focal points

-

Longitudinal spherical aberration

= Entering at different place

=>» Different focal points

Paul van der Heide, Secondary ion mass spectrometry Figure A.2

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — lon optic, Sector fields
Sector fields for deflect (redirect), filter and analyse ion beams

Homogeneous fields

Magnetic sector field: B perpendicular to beam

B perpendicular to beam

Electrostatic sector field: E perpendicular to beam

E in plane of the beam

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Magnetic sector field

Magnetic sector field

Institut flir Metallurgie /‘Q/\f
Festkorperkinetik

lon beam I ©)
. . - - @
Primary Beam Mass Filter positive —» ===t e
2 | o B
B E
m-v 2 Epin oL \0
FC = =
r Entrance slit i
LR
| ":‘0
R
IR
=q - = Wi
bp=q-B-v
i lons with
e V7 [ maseor
— I'p — * | :::E‘
q . B | !

Lars Dorrer, 08 Oktober 2024

Exit slit energy

Secondary lon Mass Spectrometry
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SIMS - ESA lons with higher energy

Electro-Static Analyser Electrostatic

Energy filter sector field

m-v* 2+ Eyin

F =

¢ r r

FE=q‘E

ey 2 Ekin
E 7 E

Exit slit

Entrance slit

lons with higher or lower
energy removed

lon beam T
Lars Dérrer, 08 Oktober 2024 pOSitiVG

Secondary lon Mass Spectrometry
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SIMS — TOF energy filter

lon beam filter, lower energy spread
(electrostatic mirror)

= Remove ions with high energy

= Match the flight time of ions with
different kinetic energy (velocity)

Paul van der Heide, Secondary ion mass spectrometry Figure 4.15 b
Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘g/\f

Festkorperkinetik

Reflectron type

TOF mass filter
: L Y

: +++V

s ++V

M+ions in M+ ions out
AE=<E1—>E2 VAE <E1 E2

Secondary lon Mass Spectrometry
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SIMS — Wien filter

Primary beam filter, velocity selector
(electric and magnetic fields)

Fr=q-E lon beam

F,=q-B-v negative y;

lons with higher or lower
mass or energy removed

https://physikunterricht-online.de/jahrgang-11/massenspektrometer/
Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘Q/\f

Festkorperkinetik

C oA £ N ~ R <K R N
(Y | (O (NOVL OSSO OSO) | ()
/ \ / d \74/ N/ . \/
¥ V< VO
(\/ “‘\
— - 4
-------------- > V
) 0
2N \ )
, 2
T
\ / / ™\ / 2\ V > VO
X )| ) X)
A \
IS y - A

Exit slit

Secondary lon Mass Spectrometry
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SIMS - Primary beam manipulation

Manipulation of primary beam:

Bend beam to measure Pulsing beam for special Raster beam for imaging
current spectrometer (TOF, TRIFT) and depth profiling
deflector,

Primary beam

i

i
d i F
— 1’II‘~

lon Gun A -
:“\ \ / ’/I I \\

i A
\ current measurement PU!S'ng / £ dy. %

. Secondary ions
4~ Sample
Benninghoven et al, Secondary lon Mass Spectrometry, (1987), Fig. 4.88 modified

Pulsing scheme from IONTOF GmbH

Lars Dorrer, 08 Oktober 2024
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SIMS — Sample stage

Primary beam path, Influence of secondary accelerating field

Polarity of primary and secondary ions S Eoilny

\ beam

(1) same polarity

Decelerating of primary ions

Secondary
beam

Increasing the angle W
(2) different polarity

Accelerating of primary ions

T Extraction electrode

Decreasing the angle W

User's guide IMS 4f, CAMECA, Fig. 1.45

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry .
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SIMS — Sample stage

Complex system that contains:

Vacuum lock

Positioning x, v, (2)

(Rotation)

Primary beam(s)

Secondary beam(s)

Lighting

Optical microscope

E-gun (charge compensation)

Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘Q/\f
Festkorperkinetik

https://www.iontof.com/ M6 Plus sample stage

Secondary lon Mass Spectrometry

60


https://www.iontof.com/

TU Clausthal e VY
SIMS — Mass filter and detector

In most cases two separated units

= Mass filter sort the secondary ions according to mass/charge ratio
= Detector count the number of sorted ions (or measure the current)

Orbitrap and FT-ICR combine both
(measure ac-signal, Fourier transformation), typically need preselection

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Mass filter, General

my my
Important parameters:
= Mass resolution R T
mass AM H
(different definitions h = (0.1, 0.5, 0.9)*H
= Mass range h h
= Mass accuracy [ ppm |

® Transmission T, (number of ions
reaching detector / generated ions)

= Parallel or sequential

https://de.m.wikipedia.org/wiki/Massenspektrometrie, 13.09.2024

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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mﬁ TU Clausthal

SIMS — Mass filter, ESA + Magnetic sector

Double focussing mass filter
combined ESA and magnetic sector field

lons with higher energy
r _Z.Ekln r _\/2.Ekln \/m ‘
E— " - B — '
q-E q-B
2
m TB ]
—_ —_— T — . — B2 i f(Ekln) Entrance slit 7
q g E
lon beam T lons
positive | with
higher
Exit slit — mass

= Sequential measurement

" T,<0.5, dependsonR.__.

Lars Dorrer, 08 Oktober 2024
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SIMS — Mass filter, TOF
Time Of Flight, TOF

m - v

m_Z-tZ-U

—_  —

q L?

Eop=q-U=
L
v=-,
t
sec. accelerating voltage
Length (sample to detector)
Velocity of secondary ion
Time of flight

(L ST o e

= parallel measurement
= T,<1

Lars Dorrer, 08 Oktober 2024

Institut fir Metallurgie
Festkorperkinetik

M\

lon Mirmor

Ty

lon Gun \

e e
Y Spectrum
Pulsing
- ‘ Detector

-
F / '
OCLUSInG \ Transport Optics

Raster \‘
Target .

Extractor
-. Electron Flood Gun

@ 10MN-TOF GmbH

Scheme from IONTOF GmbH

Secondary lon Mass Spectrometry



SIMS — Mass filter, Quadrupol

Quadrupol mass filter (QMS)

Two-dimensional time dependence electric field
Movement of ions described by Mathieu function (numerical solution)
Right values of U, V, r, ® = stable trajectory

2r

10

= Limited mass resolution
Quadrupo'e

® Limited mass range Lenses

® Poor transmission, T, < 0.01 Source Detector

-4

= Sequential measurement

i —(U - V cos wt)
~10y~100v'%V (U- Vcos ot)

https://www.ia.uni-bremen.de/Lehre/MS2-2.pdf, 13.09.2024
Lars Dorrer, 08 Oktober 2024

Secondary lon Mass Spectrometry
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SIMS - Instrumentation, lon trap

lon trap mass filter

Three-dimensional time dependence electric field

Movement of ions described by Mathieu function (numerical solution)
Trapped all ions (limited capacity < 10°) until RF potential is adjusted
Outgoing ions were detected

" Limited mass resolution

Trapped ions
(those following stable trajectories)

= Limited mass range

————> lons out
(those following unstable trajectories)

= Better transmission and sensitivity (QMS) lons in ———>
= Sequential measurement

Paul van der Heide, Secondary ion mass spectrometry Figure 4.11

Lars Dérrer, 08 Oktober 2024 Secondary lon Mass Spectrometry -
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SIMS - Spectrometer, FT-ICR

Ion Cyclotron Resonance (Fourier Transformation)

Combination strong magnetic field (7-15 T) with electric field (Aw)

Cyclotron resonance w, = — B,

m

= very high R,,;c¢ = 10 °©
= limited dynamic ~ 10 >

lons in

= high size and weight .

(superconducting magnet)

Excitation Detection
electrodes electrodes

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Spectrometer, Orbitrap

Orbitrap analyser
first publication by Makarov (2000)

2E,\ |
z(t) = zy cos(wt) + (T) sin(wt)

q
w= |—-k
m
k is field curvature,

geometric determined constant

Higher m/q

Lower m/gq §$r

Makarov, Anal. Chem. 72, 1156 (2000)
https://www.ia.uni-bremen.de/Lehre/MS2-2.pdf, 13.09.2024
Lars Dorrer, 08 Oktober 2024

Secondary lon Mass Spectrometry -
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SIMS — Spectrometer, Orbitrap

4 N
Orbitrap analyser, MS/MS analyser '°"pa°ke;¢;\i ,
used in SIMS ~ 2017, commercial ~ 2020 R, 7
rbitra Voltage ram
Snsl;lzepr Ng‘ ¢
Detected
signal

o

= High mass resolution (>10°, f(t))
limited load (~10° charges)
limited dynamic (~10%)

" mass range up to 6000

HCDcell C-trap Quadrupole

mass filter Transter

= pulsed ion load, complex intake system 1 R S M.G
Orbitrap g / v
analyzer GCIB &

Pasarelli_Nature Methods volume 14, pages 1175-1183 (2017)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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Festkorperkinetik
SIMS — Detector, General

Device for counting incoming ions
Important parameters:
= Upper and lower detection limit, given in counts per second [cps]
= Dynamic range,
typically understood as linear range were signal <« Number of ions
= Dead time, important for electron multiplier type detectors,
time after one count event till detector is ready for next one

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Detector, Faraday cup

Faraday Cup (FC)

" |on beam deposit charge

= Resulting current (measured)
Imeas = %Zq * Nya

= Repeller hold back generated
electrons

Upper limit: ~ 10° cps

Lower limit: few thousand cps
(depending on noise of amplifier)

Lars Dorrer, 08 Oktober 2024

Institut fur Metallurgie /V/\/'
Festkorperkinetik

Repeller Amplifier

Resistor

Prof YU Kin Man, Instrumental Methods of Analysis and
Laboratory Secondary ion mass spectrometry

Secondary lon Mass Spectrometry
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SIMS - Detector, Electron multiplier

Conversion of ion to electron, followed by multiplying N
N\
a) Discrete Dynode Electron Multiplier (DDEM) @Q) ;@Q
conversion factor ~10°, saturation ~10° cps (dead time) é\Q é@c’
O

b) Channeltron, comparable to DDEM, less robust
c) Micro-Channel Plate (MCP), 2D array microscopic channels, conversion factor ~10*

d) Chevron MCP, 2
MCPs 180° rotated .

—3 —fﬁjl %
c and d useful for Ké‘@é\ \ %
ion microscopy . A § . %

Paul van der Heide, Secondary ion mass spectrometry Figure 4.17

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Spectrometer/detector, Overview

Filter Detect | m/q Rimass Dynamic | Commercial SIMS
cpS] cps]

Quadrupol

lon trap EM

Double focus  FC
EM

FT-ICR -

TOF MCP

Orbitrap -

(@ variable

Lars Dorrer, 08 Oktober 2024

1.

1..
1.

.300
4k
500

...10k
.10k
...6k

<1000

> 25k 104
1

> 2M

> 10k 1@

>100k 1

Institut flir Metallurgie /‘g/\f

Festkorperkinetik

<10’ Static, dynamic
no
2(1)27 182 > 108 dynamic
no
104 @ 104 Static, dynamic
104 104 Static, dynamic

Paul van der Heide, Secondary ion mass spectrometry

Secondary lon Mass Spectrometry
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SIMS - Instrumentation, Vacuum

p[torr]
1E-9 1E7 1E5 0001 0,1 10 1000
] Mean free path 3 e R B R B B R Mk Rk R 0 - i POy -
10000 4 m— ;;m'f'p') :
d _ kg T 1 {1E22
m.f.p. — 100 1 =
(T[VZ'dz'p) — 1 1‘1E20=§’E’
E 1] 3 ot
= Surface covering = e 2
y f S
(Collision rate, Z,) £ 0011 B B
5 - ! 8
E A S
. p 1E-4 4 J1E14 §
Zq = 1 :
\/(Zﬂ'kaT B8y A {1E12
1
1E-8 - hibkbie BEURRLL BELELRRL I, LR IR LR, IR IR BRI BRI L IR | ': 1E10
Note: 1E-10  1E-8 1E-6  1E-4 0,01 1 100
1 pA @ 10x10 um? 2 Z, ~ 6E12 collisions/(cm?s) p [ mbar]

calculated for oxygen at 300 K

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Instrumentation, Vacuum

SECTORS
TRAPS
S QUADS
| |l [ ‘C e |
Il "
i | ll [ & i
g &y o ) T
| | 1 § - {
10 104 106 107 108 10°

Pressure (torr)
Pressure_in_mass_spectrometer_Huy.hnguyen.png, Huy.h.nguyen, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=39169162

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Instrumentation, Vacuum

Vacuum pumps used in SIMS (rough overview)

Rotary vane pump Oil based pre-vacuum

Scroll pump 101 QOil free pre-vacuum
Turbomolecular 1010 Medium...heavy light elements lon source area, air-lock
pump elements

Cryo pump 1011 cyclical H,O, O,, N, He, Ne, (H,) Sample area

Getter pump (NEG) 1011 H, Nobel gas spectrometer

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Instrumentation, Vacuum

Outgassing, nearly all materials outgas in a vacuum, important are:

Q
. . )
= Plastics, elastomers and adhesives 6%\} A
R
= Porous ceramics and porous metals 4\9 ’5@}
= Greases (lubricating, sealing and heat-conducting) © <

Most common outgassed gases and vapors are:

= water vapor
= oil and grease vapors
= solvents and volatile organic compounds

= Hydrogen, carbon monoxide

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — MEASUREMENTS

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Measurements, General
Samples (and sample holder)

= Clean, do not touch cleaned samples without gloves

= UHV compatible, no evaporation

= Flat and smooth surface without scratches or dust in area of interest
"= Conducting sample (avoid charge accumulation)

" |n case of isolating samples: conductive thin film or grid may be useful

Sample should pump down in instruction chamber min. for 10...15 min

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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Institut fir Metallurgie
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M\

SIMS — Measurements, Charging

Charging affect
= Primary beam
= Secondary ion energy

Primary ions (M*)
\ Electrons (e7)

K Secondary ions

\1»1 /

(M7, M7)

Secondary ion

(a)
Lars Dorrer, 08 Oktober 2024

intensity (cps)

T e —— ———————

Instrument energy window 28gj+
(energy acceptance) !
AN
\
\
N
N
N
~
\\\
ST Charging No charging
in effect in effect

—200

T 1 T T T i | T l T T 1 1 I o T T

-100 0 100 200
Secondary ion energy (eV)

Paul van der Heide, Secondary ion mass spectrometry Figures 5.9a and 5.10

Secondary lon Mass Spectrometry
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SIMS — Measurements, General

Measured signal — number of secondary ions (Intensity)
Is = f(m/q,t), [ counts/s ]| or [ cps ]

[¢(MT) =L, - T - Y(MT) = L, - T, - Y - a(M) - X,

I;(M?)  Detected secondary ion of species M with charge q Note:

L, Primary beam [ions/s ], I,[ions/s] = I,] /(qp e) T, - Y(M?)

T; Transmission, depends on instrument called useful yield
Y(M?) lon yield of species M with charge g

Y Sputter yield, depends on primary ion and sputtered material

a(M?) lonization rate for M to charge g, depends on species and matrix ....

Xy mole fraction

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Measurements, General

Interesting quantity of species M

= Mole fraction X, [ — ]

" Surface concentration ¢y, ¢ [atomS/sz ] = Xm/(M) Ny - py

" Bulk concentration ¢y g [awms/cm?, ] = X’"/(M) *Ny-p

M Medium molar mass of the sample
Ny Avogadro constant, 6.022e23 mol!
Pa Surface density of the sample

p Density of the sample

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Measurements, Limits

Sensitivity and detection limit (for singe isotopic element M)
Absolut sensitivity S, (M) = L, - Y - a(M?) - T,(M?)
Y < R - As , best sensitivity: sputter rate R, ionization rate and area large

Imin(Mq)
Sa(M)
Iin(M?) min. detectable current, mainly caused by detector noise

Detection limit ¢, = , [ atomic fractions ],

Comparison with other highly sensitive methods next page

Benninghoven et al, Secondary lon Mass Spectrometry, (1987), p.284, p.768

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS is most sensitive
method for probe

based micro volume or

surface analysis

AES Auger electron
spectroscopy

ICP-MS Inductively coupled
Plasma-MS

LEIS Low-energy ion
spectroscopy

TXRF Total reflectance X-ray
fluorescence

XPS X-ray photoelectron
spectroscopy

Paul van der Heide, Secondary
ion mass spectrometry p.11

Lars Dorrer, 08 Oktober 2024
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Concentration fractions
(atomic % equivalents)

1000 ppth (100 atomic %) -
100 ppth (10 atomic %) —
10 ppth (1 atomic %) —

1 ppth (0.1 atomic %) —

100 ppm (1e-2 atomic %) —
10 ppm (1e-3 atomic %) —
1 ppm (1e-4 atomic %) —
100 ppb (1e-5 atomic %) —
10 ppb (1e-6 atomic %) —

1 ppb (1e-7 atomic %) —
100 ppt (1e-8 atomic %) —
10 ppt (1e-9 atomic %) —

1 ppt (1e-10 atomic %) —

Institut fir Metallurgie

Festkorperkinetik

Silicon equivalents

A

" Volume density
(atoms/cm?®)

----- 5622 — ---

5e21 —
5e20 —
5e19 —
5e18 —
517 —
5e16 —
5e15 —
5e14 —
5e13 —
5e12 —
5e11 —
5e10 —

>
m
(2}

SdX

SWIS-OIeUAQ

SW-dOI

Probe
based

techniques
(micro-volume)

\L\_Y_J

Surface densit;‘/

(atoms/cm?)
s TE1G —perssss ==y
1e14 —
1e12 - < % 7
Tlo
1e11 — @ o (M
1610 — g S| v
1e9 — 2 [ A
1e8 — A
N
1e7 —
v
1e6 —
1e5 —
Ted — Probe
1e3— based techniques
(surface specific)
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SIMS — Measurements, Quantification

Institut fur Metallurgie /V/\/'

Festkorperkinetik

Quantification of SIMS measurements are difficult (esp. ionization)

Matrix effect

surface coverage of reactive material

Background pressure in sample area

Orientation of crystallographic axes

Angle of incidence of primary beam

Angle of emission of detected secondary ions
Mass-dependent transmission of mass spectrometer
Energy bandpass of mass spectrometer

W XN RAEWDNDR

Dependence of detector efficiency on element

Benninghoven et al, Secondary lon Mass Spectrometry, (1987), p.277
Lars Dorrer, 08 Oktober 2024
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SIMS — Measurements, Quantification

Matrix effect
Example oxide layer RN .: . Al
Enhancement of ion yield 01 ’

YO, + Cut) =Y(Cu*t)-23 G| ® . by
YO, + Crt) =Y(Cr*)-1000 s ..
Note: Sputter yield of oxides 0-001—; LA R
usually lower than metal f > ;

1E—4—E i

Data taken from: Benninghoven et al, Surface

science (1975) 53 _ _ atomic number
primary ion Ar+, 2.5 keV

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Measurements, Quantification

Phenomenological Quantification, Relative Sensitivity Factor, RSF

M Iv
Xy =RSFM-I—-XR ,or analog ¢y = RSFy; - — - cp

R IR
index M Measured species
index R Reference element

RSF,, must determine at same measurement conditions, same
composition and microstructure of the sample.

Implanted standards used for evaluation of RSF (see for instance Yu Kin Man)

https://pprco.tripod.com/SIMS/Theory.htm, 09.08.2024,
Prof YU Kin Man, Instrumental Methods of Analysis and Laboratory Secondary ion mass spectrometry
Lars Dorrer, 08 Oktober 2024

M\
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SIMS — Measurements, Quantification Tracer

102!

If Xp = 1 constant, simplification - .
RSF (tracer M) = RSF); - cg wE
Iy webol |
cy = RSF (tracer M) - — d I
Ir )
© 55 Seec -Iso
Note: £ F e I f
_ atom s I cor fn .
RSMy [—],  RSF(tracer M)[ Cmg] 2| .
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1021

Secondary lon Mass Spectrometry, “A Practical Handbook for Depth

Profiling and Bulk Impurity Analysis,” R. G. Wilson, F.A. Stevie and C.W.
1020
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SIMS — Mode of operation

Static SIMS

E,~0.1...10 keV, I,

Surface analysis

~1pA,R~1nm/h

Single ions and molecules

Dynamic SIMS

Ep~5 ...30 keV, [,~100 nA4,R~1 um/h

Continuous erosion
Depth profiling

Institut flir Metallurgie /‘Q/\f

Festkorperkinetik

To Mass

Sl"’“m""'“" Primary lon
A BC:
\ \A SCDE
Moleculai :“'.""ﬁ\
Jes O Paad .
Desorption | Sputtering
To Mass
Spectrometer lon Beam
! 4
¥
¥
&
/
&

Prof YU Kin Man, Instrumental Methods of Analysis and

Laboratory Secondary ion mass spectrometry

Lars Dorrer, 08 Oktober 2024
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SIMS - Static SIMS

" Primary ion dose < 1012 jons/cm?

= Every primary ion hit a fresh area
(statistically)

"= Fragment ions or even intact molecules
emitted from the top monolayer

= Molecular surface distribution imaged by
scanning the primary ion beam

static ToF-SIMS imaging, microsphere (149 pm)
] |maging and mass spectru m for drug Qelivery applicatipns, overlay shoyving

poly(lactic-co-glycolic) acid (green), polyvinyl
alcohol (blue) and lysozyme (red).

Rafati, Journal of Controlled Release 162 (2012) 321-329

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry o
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SIMS - SIMS imaging

Two types used

(a) microscope mode,
similar to optical microscope,
resolution independent of focus,
2D sensor necessary

(b) microprobe mode
improved spatial resolution,
no 2D sensor necessary,
resolution depend on focus,
3D images easy to realize

Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘Q/\f
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Assumptions:

* sample flat

* homogeneous sputter rate

Check topology before and after imaging

Analyzer Primary beam Analyzer

Primary beam ,__I___E:\ \ I,
5 NS | 22 | \\
4

e — I-— |
Ix\ IA\ s
/ \ A\ ;
5 4 Ay
/ \ / \
’ \ ’ \
A g
Sample Image
(a) (b) Image

Paul van der Heide, Secondary ion mass spectrometry Figure 5.16
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SIMS — Spatial resolution

Imaging and line scan,
Important parameter:

Spatial (lateral) resolution Ax
(analogue depth resolution Az)

®= Minimum distance to separate two regions
with different composition and/or sputter rate

= Typically taken from abrupt changing signal
(different criteria)or

"= FWHM in case of delta shaped signal.

Lars Dorrer, 08 Oktober 2024

Institut fur Metallurgie /V/\/'
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NED= 5x10%2 em 2
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Whitby, Advances in Materials Science and Engineering
Volume 2012, Article ID 180437, Fig.11, Prof YU Kin Man,
Instrumental Methods of Analysis and Laboratory
Secondary ion mass spectrometry
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SIMS - SIMS imaging, Excamples

IONTOF M6
Nanoprobe 50

Aluminium distribution on test sample
(L-200, provided by the German BAM),
lateral resolution < 50 nm

Primary ion: Bi3*,
Field of view: 8 x 8 um?,
Pixel size: 15 nm

https://www.iontof.com/m6-tof-sims-technical-details.html#anker-2, 17.09.2024
Lars Dorrer, 08 Oktober 2024

Institut fur Metallurgie N\f
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SIMS - SIMS imaging, Excamples

TFT-Pixel, analysed volume 100 - 100 - 1,7 pm3, Si, Mo and In signal

Si

TOF.SIMS® — Flyer, ION-TOF GmbH

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Mass spectrum
Is = f(m/q), [ counts/s ] or [ cps ]

Just to remember:

= Detection of all species in sample

= Detection of primary beam

= Detection of (surface-) contaminations

= Detection of residual gas

= Detection of all isotopes

= Detection of molecules build up during sputtering
= Detection of multiple charged species

Spectrum analysis could be complex

Lars Dorrer, 08 Oktober 2024

Signal [Counts / s]

Institut fur Metallurgie /‘Q/\f
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SIMS — Mass spectrum, Interference

(Isobaric) interference
Interference on (hominal) same ™/q4
Correct signals due to
= Peak stripping
= Use known (natural) abundance
® Find extend to measured peak

= Subtract the calculated from measured
= Kinetic energy filtering
= High mass resolution

Lars Dorrer, 08 Oktober 2024
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Paul van der Heide, Secondary ion mass
spectrometry Figure 5.1 and 5.11

Intensity (cps)

Secondary lon Mass Spectrometry -



TU Clausthal

SIMS — Mass spectrum, Interference

Kinetic energy filtering

Moving measurement window to higher energy
Three possibility's

" Move the Energy slit

= Modify the ESA voltage

= Modify the secondary acceleration voltage
(easiest)

Counts/sec

Inst

itut fir Metallurgie

Festkorperkinetik

105‘1 !

104 g

10°

102 -

10! 2

10°

Paul van der Heide, Secondary ion mass spectrometry Figure 5.13

Lars Dorrer, 08 Oktober 2024
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SIMS — Mass spectrum, High mass resolution

Mass resolution § 1 Orbitrapme i A GeP iGeOr
$ | ToF-SIMS ,_,—_\51\09\‘
Important for £ o nGeOs
mterpretatlon 10° o
ms 103 m/Am ~5500 @105 ToF-SIMS """‘V'
Shape of peak as hint ‘° | " "" | " “ m/Am ~362000 @105 Orbitrap™-SIMS
10% i 10°
' . ‘ A A ' . V Mass (r;':/z) Mass (miz)
Sample SiGe:P 306iHGe SiH76Ge 3GeO,
. 104.9028 104.9062 104.9133
Mass L >13000
mm-- et 0|
TOF-SIMS Bif 30keV 0.8 pA , l =5 '
Orbitrap M6 Bif 2 keV 22 nA

Franquet et al, Vacuum 202 (2022) 111182, Fig.4

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Dynamic SIMS

Continuous sputtering (primary/additional beam)
Main application: in-depth distribution of species

Is = f(m/q,t), [ counts/s ] or [ cps ]
With sputter rate R
> I = f(™/4,2), depth profile

Intensity typically averaged over certain area
Important parameter: Depth resolution Az
Sample: Multilayer, (6LiNbO, | Si|"tLiNbO;]...)x5

CAMECA IMS 3/4 f, Primary ion: 05’, 5 keV, 20 nA
Lars Dorrer, 08 Oktober 2024

Institut flir Metallurgie /‘Q/\f
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SIMS intensity (counts/s)
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SIMS - Depth profiling, Sputter rate

Determination possible by: Interferometric

Laser Scanning Microscope
= Calculation (difficult)

" |nternal marker

Profilometer

= Ex-situ depth measurement

Movement

\ 4

® Ex-situ mass measurement

. Stylus i Measurement
" |n-situ mass measurement (rare)

" |n-situ depth measurement (rare) /
Sample

Lars Dérrer, 08 Oktober 2024 Secondary lon Mass Spectrometry 100
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SIMS - Depth profiling, Sputter rate

Influenced during measurement by:

= Sample structure (e.g. layered structure), correction necessary
= Variation in primary beam (measure time ~ h), monitor l,
= Variation due to charging, correction difficult

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry o1
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SIMS - Depth profiling, Depth resolution

To Mass Spectrometer To M Spect t
0 Mass Spectrometer

Influenced by: ,x/s il 7 y/
Aperture =} ' LU B # o Aperture | : /
////

= Krater (edge) effect 145 e ,f", ol i}/ 7,
=  Primary beam (mixing) o o i ; K ,/@;m
= Sample topology T : §

i m ‘__L W 7 =
= Sputter induced roughness m ==
' 350um
= Imperfect charge balancing (sample: 350pm _——-l

with isolating layers)

Benninghoven et al, Secondary lon Mass Spectrometry, (1987), Fig. 5.16

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS - Depth profiling, Krater edge

Krater edge , two effects influence depth resolution
= Sputtering from edge
= Re-deposition

Primary ions

)
18]
?
Subsequently o Analyzed 3 R e _ Rastered beam
sputtered region \; \s e
) v vV 2 ¥ %
e o L\ PI tical gat
Re-deposited Sputtered width g Lo\ \U_S S
Raster width ‘g’ \\ Plus electronic
L Ol TtRM ;N\ 7 gate
i imulation : Plus mini-
Paul van der Heide, Secondary Analyzed region ~ Crater bl —~ > chip
ion mass spectrometry, (2014), Some Depth (linear scale)
Fig. 5.19 (a) (c)

Lars Dérrer, 08 Oktober 2024 Secondary lon Mass Spectrometry 103
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SIMS - Depth profiling, Mixing (example)

O’- primary ion beam
o~ PHIDALY Ar’- primary ion beam

Influence of i .
primary ion AT
3x10 BT
to depth >
resolution z RS TR
g 1x10* g 1x10']
= g i
O od8  \ 3 0
[ = 2
> X _ 3 4
z 1x10 UC) 3x10 Nb
S 2
= £ 2x10°
U b 1x10°-
JUUVDTROURO | g
0 100 200 300 400 0 100 200 300 400
depth [ nm ] Depth (nm)
Sample: Multilayer, (°LiNbO; | Cr|"LiNbO,]|...)x5, CAMECA IMS 3/4 f, 5 keV, 20 nA
Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Isotope analysis, general
Measurement of Isotopes 4M, Distribution of Isotopes
Is(4M) = I, - Ty - Y(4M) - a(4M7) Xy

Different isotopes of same element, same charge.
Z1=2,=272,q1 =q, = q,a(Aqu) = a(AéMq), L, constant, T; constant

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry .
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SIMS — Isotope analysis, general

" |sotope ratios (earth, averaged values) known
= Small local deviations
= Evaporation / condensation (light elements)
= Chemical processes (light elements)
= Radioactive processes (heavy elements)
= Cosmic interactions (meteorites)
= |n lab: isotope ratios adjustable (diffusion investigations)

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry o6
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SIMS - Important parameter 2

e Secondary ion intensity: I [ counts ], [ counts/s ]

M

e Mass resolution, R, ;5 = Ny

e Depth resolution, Az

e Spatial resolution, Ax
e Sensitivity Sq(M) =1, - Y - a(M?) - T,(M7)

Imin(Mq)

e Detection limit ¢,;,i,, = Sg (M)
a

Lars Dorrer, 08 Oktober 2024 Secondary lon Mass Spectrometry
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SIMS — Examples

Sample: Ge/SiGe:P/Si
Depth profile, different mass resolution
Interferences

Apparently enlarged phosphorus
content in Ge layer and inside SiGe:P

Franquet et al, Vacuum 202 (2022) 111182, Fig.5
Lars Dorrer, 08 Oktober 2024

P concentration (at/cm?®)
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108 5

10" 3

106 4
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Interface Interface
Ge/SiGe:P SiGe:P/Si

SEM x-section

20 nm wide fins

ToF-SIMS

Orbitrap™-SIMS

50 ' 100 ' 150 ' 200
Depth (nm)
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