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EPMA of thin film

« Electron Probe Microanalysis (EPMA)
=>» effective and nondestructive technique to determine
thickness and composition of layered specimens.

Conventional EPMA methods were designed for bulk
homogeneous materials (not 10-100 nm thin layers).

=» What are the issues for thin films?
=>» How to perform thin film analysis?

=» How precise/accurate are such analyses?
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Phi-rho-z distribution in bulk materials

=» matrix-correction procedures

=» assume homogeneous composition

Phi-rho-z procedure (PAP, XPP, XPHI, ...)

Transformation of k-ratios into elemental composition

=» realistic description of the ionization depth distribution

=>» different for each sample, element, characteristic X-ray and kV.
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Phi-rho-z distribution in thin films

* Phi-rho-z distributions can be used for thin films
=» but modification of the original theory required
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Characterization of thin films

e (Calculation of a theoretical k-ratio:
ACprZCID(po)e p Sm@dpz

kl — ('u(E Std)) PZ
B CStdf CDStd(pZ Cstd) e stg Sin 6 dpz

e (;: concentration of element .
* ®@;(pz): ionization depth distribution for element | and
associated X-ray line.

. % . mass absorption coefficient (dependent of the X-ray energy

and sample composition).
* pzi,pZ,. mass depth of the layer.
0: takeoff angle of the spectrometer.

=» The calculations are repeated in an iterative process in which
the thicknesses and compositions are adjusted until the
calculated k-ratios match the experimental k-ratios.
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Thin film characterization procedure

« Experimental k-ratios are measured for each elements

 Measurements repeated at different kVs.
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Thin film characterization procedure

« =>» |teration until convergence. E.g., Al on Fe, 0O,

20 nm
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Thin film characterization procedure

« =>» |teration until convergence. E.g., Al on Fe, 0O,

k-ratio
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Thin film characterization procedure

« =>» |teration until convergence. E.g., Al on Fe, 0O,

150 nm
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Thin film characterization procedure

« =>» |teration until convergence. E.g., Al on Fe, 0O,

k-ratio
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Thin film analysis programs

=» Commercial solutions:

« STRATAGem (SAMXx)

« XFILM (Merlet)?

« LayerProbe (Oxford Instruments)

« Layer Quant and STATAGem-SX (CAMECA)

E DOSBox 0.74-2, Cpu speed: 3000 cycles, Frameskip 0, Program: GMRFILM - s

Z:5\>3ET BLASTER=AZZ0 17 D1 H5 To

9 Free SOIUtion: Zinemount X DN

Drive X is mounted as local directory D:N

 GMRFilm (Waldo, GMR) |
9 - DOS Style X:\WORK>cd GMR
- command prompt X:\WORKNGMR>cd GMRFILM
- NO multi-V()ltage % : \WORKNGMRNGMRF ILM>GMRF ILM. EXE

Type (Hlelp for information on the program, otherwise hit Enter key:

Print primary and secondary x-ray intenszity data (def=N)? y

Limited for |arqe Set This is a film (F) or bulk (B) analysis (def.=F)7 f

Of d ata Include continuum fluorescence correction?

Mote: Not recommended for Bastin Scamming’86 (B)
or Packwood (P) phi(z) models (def.=Y)—> _
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BadgerFilm

Development of a thin film analysis program
=» Free and open-source

=>» User-friendly graphical interface

=» Robust non-linear fitting algorithm
= Elements up to Einsteinium (Z=99)
=» Implements several phi-rho-z algorithms and MAC databases

ﬂ BadgerFilm v.1.2.23 E\Travail\Présentations Congres Rapports\EMAS 2022\BadgerFilm"Liovet 2010 C 137nm on Sibxt *
Secondary fluorescence Layers definition ; 2
] Characteristic fluorescence Number of layers Add Xrayline to selected e | | AddkV'to selected skt | | Remove row H He
[l Bremsstrahlung fl i " " : s |a 5 7 [ |5 |w ||
sstraniung fluorescence S batrate Elt Line  k-ratio kratio exp. Err kratio E V) Standard Li Be B N o 'F Ne.
Ka 0.9684 1] 2
e entatibne:] "2 15 1w 15 (. |7 s I
olpz) model [ Ka 0.8644 0 3 Na Mg Al Si P S CI A
atin'z Scanning (1596 C |Ka 0.6778 0 4 SETRRE- T T+ S ST T T - - T T B~ S T "R - T
Eﬁ‘lﬁ:&éa‘]"&‘ﬁn"“ c 02506 . . K|Ca/Sc| Ti| 'V |Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr |
[¥l Pouchou & Pichair (PAP) Scanning (1990) . EC IR~ T T 4 |45 (46 (&7 (48 |49 [0 |51 |52 |55 [sa
[ Bastin et al. (PROZA95 Et  conc {mt.) C Ka 03742 0 6 Rb Sr | Y Zr|Nb Mo Tc Ru /Rh Pd Ag Cd In Sn Sb Te | Xe
L XPP foniy for bulk 1.0000 C Ka 029317 0 7 % % v [n s n s (v s (v & & & & & s =
c Ka 0.2201 0 a Cs Ba La Hf Ta/ W Re Os| Ir Pt Au Hg TI Pb Bi Po At Rn
EES
s ¢ | 018 0 1o Fr Ra| Ac s s @0 et (e s e (e e o (e m mo T
[ Sabbatucci & Salvat 2016 (PENELOPE) C  |Ka 01422 0 12 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
[0 EPDL {PENELOPE 2014) C Ka 0.1067 1] 15 th i;a enu ﬁp :;u ﬁm gm stk s(s:f SESE
[l Heinrich 1986 (MAC30) C Ka 0.089 1] 20
[ Chantler 2005 (FFAST) [only up to U] Min  Max
X axis |0 30
1 MAC Fitting Layer density: Thickness: Selected layer definied by: [ O by stoichiometry Y:: 5 ; Plot
Electron ionization cross section model |2'2 |§|".’c”-':l |13"51 '53?| A bl weight fract. [ atomic fract. [ Stoichiometry to O: Lot Padochin
el Bote & Salvat 2008 (PENELOPE) [ Fixed thickness 0.333 | atoms of [C_] 400 1.00+ ke
— SiKa
[ Original cross sections (PAP) m@ga ;32?]5 0.304
Units Element wt. at.
Thick definedin- C 1.0000 1.0000
CHnesses dennedin: Total 10000 1.0000 . 0.604
[l Angstrom [ pa/em? £
Substrate x
Load Save Density (g/cm3) 2300 0.40
Element wt. at.
Si 1.0000  1.0000
Import Stratagem Export data Total 1.0000 1.0000 0.204
files
Calculat Export absolute 0.00- T T T T ¥
alculale intensties *** Fitting status = 1 CHI-SQUARE = 853.451360882853 (25 DOF) 0.0 6.0 120 180 240 300
NPAR =4
Ace. V. (K
| Status: Task completed! MFREE =1 (k)
A. Moy and J.H. Fournelle, Microscopy and Microanalysis, 27(2), 266-283. 12

A. Moy and J.H. Fournelle, Microscopy and Microanalysis, 27(2), 284-296.



BadgerFilm Features

Fix thickness or composition

Custom standards

ﬂ BadgerFilm v.1.2.23 EAWork\BadgerFilm\BadgerFilm Releases\Thin film pi

Secondary fluorescence
[l Charactenistic fluorescence

O Bremsstrahlung flucrescence

Takeoff angle (degree)
@lpz) model

[ Bastin’s Scanning {
[ Menet XPHI (2010}
[l Pouchou & Pichoir (FAP) Scanning (1550)
!
[ x

ZA9

-

=R

MAC model

[ Sabbatucci & Salvat 2016 (PENELOPE)
[ EPDL (PENELOPE 2014)

[l Heinrich 1986 (MAC30)

[ Chartler 2005 (FFAST) [only up to L]
[0 MAL Fitting

Blectron ionization cross section model
[ Bote & Salvat 2008 (PENELOFE)
[l Original cross sections (PAP)

Units

Thicknesses defined in:
Wl Angstrom [ pg/cm?

Load Save
Import Stratagem
fles Export data
Export absolute
Calculate intensities

_._Status: Task completed!

/

g testyGe_on_AsGa_320nm_Ka v3.txt
Layers definition
Nurmber of layers Add Xraylineto selected e | AddkVioselected ek | Remove row
S batrate ne  kratio kratio exp. Err kratio E (V) Standard
0548617115 0.003581245 |13 Ge_C_codted
0.741682553 0.004161939 |15 Ge_C_codted
0.415588681 0.002563359 |20 Ge_C_codted
0.25758333 0.001557764 |25 Ge_C_codted
Ett conc fwt.) 0.173985213 0.001325016 |30 Ge_C_codtedd
1.0000 As 0.079365079 0.002109875 |13 AsGa_C_coate
As 0238365347 0.003079147 |15 AslGa_C_coate
As 0.571539056 0.002337208 |20 AslGa_C_coate
As £l 0.742053653 0.003533817 |25 AsGa_C_coate
As £ 0.83106172 0.003584951 |30 AsGa_C_coate
Ga E] 0.218504375 0.006261437 |13 AsGa_C_coate
Layer density: Thickness: Selected layer definied by: O O by stoichiometry
; ight fract. [ atomic fract. e
gf’crn ;‘w' [l weight fract. [ atomic fra Stoichiometry to O:
[ Fixed thickness 0.333 | atoms of to O
Total
Converge even if far from solution
“** Fitting status = 2 CHI-SQUABR= 1505.7056785311% N4 DOF)
NPAR =5
NFREE =3
MPEGGED =1
NITER =6
NFEV =
P[0] = 2943.366752125943 =/- 10.5208458565837  (INITIAL 100)
P[1] = 1000000000 +~0  {INITIAL 1000000000)
P21=1+/-0 (NITIALT)
P[3] = 0.505435810324038 +/- 0.00156804087756637  (INITIAL 0.511145554285272)
P[4] = 0.48341577873268 +/- 0.00144362675450984  (INITIAL 0.484305351052548)

X axis
Y axis

k-ratia

4 s (g |7 (& |2
Be B C N O F
12 B4 15 .| 7
Mg Al Si P 5 CI
w0 |2 |3 v =5 x|z B |3 |x1 = TR
Ca|/Sc Ti V Cr Mn Fe Co Ni|Cu Zn Ga As Se Br
® (3 & 8 & &8 4 s & ¥ |8 & = 5 s s
S Y Zr Nb Mo Tc Ru Rh|Pd Ag Cd In Sn Sb Te |
s |5 (72 |73 v m m wm B |T8 @ & EETES
Ba La Hf Ta W Re Os Ir | Pt Au Hg TI Pb Bi Po At
kS
Ra Ac % |8 e 61 |2 e |es (e [e7 |[es 70
Ce Pr Nd Pm|Sm Eu Gd Tb Dy Ho Er Tm| Yb
E - T TR R A
Th Pa U Np Pu Am Cm Bk Cf Es
Min _ Max
¢ 2 Plot
0 11 About BadgerFilm
1.104 — Geka
— As Kz
— Gaka
0.88 s
0.664
.44+
0.224 -
0.00 T T T
6.0 10.8 156 204 252 300
Aoc. V(W)

*

2
He

10
Ne
12
Ar
38
Kr
54
Xe

85
Rn

m
Lu

/.
Export data

Advanced options:
—> change atomic parameters (MACs, ...)

- restrict the domain of variation of the variables (concentrations, thicknesses)
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Performance of the implemented models

Validation with:
« Experimental k-ratios
=» bulk standards of known composition
=> multilayer standards (very few available)

* Monte Carlo simulations {
- PENEPMA/PENELOPE e

- handles complex geometries (layered Samplesa)- ._ ,\.

- Includes secondary fluorescence

14



Frequency

Performance of the implemented models

« Experimental data
=» Test on the 826 entries of binary compounds data of
Pouchou and Pichoir (1991).

I ' I I I
PAP PAP
120 Myac: Heinrich 7 120 mvac: PENELOPE 2018
Characteristic fluo.: No M Characteristic fluo.: Yes

Bremsstrahlung fluo.: No M Bremsstrahlung fluo.: Yes

0
-

Average: 1.0050
Std. dev.: 2.58%

0
-

Average: 0.9958 o
Std. dev.: 2.43%

Frequency

N
(a)
[
|
N
(a)
[

|

0.9 1 1.1 0.9 1 1.1
Relative deviation Relative deviation

« Centered around 1.0, sharp distribution.

« Secondary fluorescence slightly broadens the distribution.

POUCHOU, J.-L. & PICHOIR, F. (1991). Quantitative analysis of homogeneous or stratified microvolumes 15
applying the model ‘PAP’. In Electron Probe Quantitation, Heinrich, K. F. J. & Newbury, D. E. (Eds.), pp. 31-75.



Performance of the implemented models

* Comparison with Monte Carlo simulations
« 3 “types” of X-ray intensities can be distinguished

1) Characteristic X-ray intensity generated by primary
electrons from the beam.

Secondary fluorescence:
2) X-ray intensity generated by other characteristic X-rays.

3) X-ray intensity generated by bremsstrahlung.

Secondary fluorescence (SF) can account up to ~15-20%

A of total intensity (especially for films).
(Note: SF is not always considered in MC programs)

16
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Primary Characteristic X-rays

FeSi

100 nm

100 nm thick FeSi, film on bulk Cu
Primary Characteristic X-rays

100 nm thick film of FeSi, on Cu

Primary characteristic X-rays
6.0E-S————7——71—— 71— 71— 71— 71 2.5E4

e PENEPMA CuK
- — BadgerFilm (PAP) uia

)

— 2.0E-4
Si Ka

N

-

R

o)
I

—{ 1.5E-4

—{ 1.0E-4

N

o

o

D
|

— 5.0E-5

Si, Fe Absolute X-ray intensity (ph/sr/e
Cu Absolute X-ray intensity (ph/sr/e”)

+ 1 [ [ [ [ 1 1 1 1 1 1 1 1 1 1 1
0.0 OO 5 10 15 20 25 30

Accelerating Voltage (kV)

~ (0.0E+0
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Secondary fluorescence by characteristic X-rays

» Calculation scheme
=» Find all the characteristic X-rays with E>E
(even the low intensity X-rays)

ionization

=» Calculate ¢(pz) distribution for all characteristic X-rays

=» Calculate SF generated by each ¢(pz) distributions
(numerical integration over mass depth)

=» Sum all the contributions to calculate final SF by
characteristic X-rays

GMRFilm overestimates SF compared to Monte Carlo
simulations (PENEPMA)

19



Secondary fluorescence by characteristic X-rays

FeSi

100 nm

* 100 nm thick FeSi, film on bulk Cu
Fluorescence of Fe Ka by Cu

100 nm thick film of FeSi, on Cu
Secondary fluorescence by characteristic X-rays
1.0E-6"'|"'|"'|"'|"'|"'|'2.5E-7
- © PENEPMA

— BadgerFilm (PAP) Fe Ka { 2.0E-7

x
o
vyl
-

N

S

i

~
I

—{ 1.5E-7

«4.0E-7 -1 1.0E-7

N

=

o

N
|

-1 5.0E-8

Fe Absolute X-ray intensity (ph/sr/e-)
Si Absolute X-ray intensity (ph/sr/e-)

0.0E+0 ~ 0.0E+0

0 5 10 15 20 25 30
Accelerating Voltage (kV)

« Characteristic SF for Fe Ka = ~5% of total Fe Ka X-ray intensity
* Characteristic SF for Si Ka = ~0.1% of total Si Ka X-ray intensity

20



Secondary fluorescence by bremsstrahlung

» Calculation scheme
ANO published ¢(pz, E) curve for the bremsstrahlung!
=>» the energy range is discretized = Ei (from Ec to EO)

— = the ¢(pz, Ei) curve of a fictitious element is
calculated and weighted by Kramers’ law

o, = K17 2225

=>» SF is calculated for bremsstrahlung of energy Ei

repeat with next energy Ei

=» All the SF contributions are summed from Ec to EO

21



Secondary fluorescence by bremsstrahlung

* E.g., 0(pz, E) distributions at different X-ray energies
corresponding to a fictitious element in a matrix of Al.

Q 1.0E'5 | T | T
> E 26 kV Al
= 1.0E-6
2 F
= - —— 22.50keV
= 1OE-7F — 12.03keV
§ [ — 1.565 keV
% 10E-8 E /\ 30 T T T T T T T
S 1.089) Al _
o
o
= L.OE-10F 5ol —— 2250 keV
% ' —— 12.03 keV
i . | . | .
1.OE-117 0 50 0F 1.565 keV
Energy (keV) = |
=S
1.0 —
0.0 . | . | .
0 1000 2000 3000 4000
mass depth (ug/cm?)
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Secondary fluorescence by bremsstrahlung

« Correction factors for the secondary fluorescence by the bremsstrahlung

3.2 T T T T T T T T T 0.08 [ [
I Ka lines | L La 11nes
2.8+ —0.12
I —0.06 '\.w
= 2.4 ] - 3 .\./.‘,m‘ - -~
8 § § 08 ¢ Coeff. a —0.08 -§
Q - — Q :
% 2.0_ e Coeff a 0.04 % % | = Coeft. B %
. ]
S i Coeft. B | S S 3
- H0.02 04 Raa T .)ﬁ\.l.\ ~0.04
128 _ ! .
L —0—90 —0 90 00—
0.8 L | L | L | L | L 0 . | L | . | L
0 10 20 30 40 50
Atomic Number Z %O 40 Atomic 16\?umber V4 50 108
T ' T ' T ' T
Ma lines —0.048
1+ . '
¢ —0.044
3 <y ] =y
g [ ¢ Coeffa Ho04 2
Q = Coeff. ' g
: ’ .
- |
308 " . ~0.036 S
- [ ]
u . ]
E . 0.032
| . | . | . | .
0.6 60 70 80 90 108'028

Atomic Number Z

e Other method: use MC simulations to generate bremsstrahlung ¢(pz, E)
distributions (Yuan et al. 2019).

Y. Yuan et al., Microscopy and Microanalysis (2019), 25, 92-104 23



Absolute Total X-ray Intensity

* Absolute X-ray intensity (ph/electron/sr)
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o
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g
)
Cr
W

Si, Fe Absolute X-ray intensity (ph/sr/e-)

0.0E+0
0
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T
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Cu Ka

DN e—

10
Accelerating Voltage (kV)

30

FeSi
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1.0E-4
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~ 0.0E+0

Cu Absolute X-ray intensity (ph/sr/e")

100 nm
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k-ratio

Thin film analysis — Practical example

* Ge film on AsGa: ~38 nm +/- 2 nm.
« X-ray intensities: Ka and La lines

| | | | | | | '
(a) (b)l
GaKo sz —— GEf ELEEEEEEEE ¥ Gala . . 5 i l
8.0E-1p~ i — 80E-1F & __—e=—%— = !""";
Thin sample -% Thin sample
(t =38 nm) ; (t=38 nm)
) e Exp. _| 4.0E-1 e Exp. _
Ok — BadgerFilm 9 —— BadgerFilm
Ge Ka ---- STRATGem - --- STRATGem
+ PENEPMA + PENEPMA
OE+O0™ OE+ ] ] — -2
0-0E+0 30 0.0E+0 10 15 20 25 30

20 25
Accelerating Voltage (kV) Accelerating Voltage (kV)

[ Film thickness (nm)

X-ray reflectometry 38.0 +/-2.0

Ka X-ray lines La X-ray lines

BadgerFilm 43.1 +/- 0.1 41.7 +/- 0.5
STRATAGem 43.9 41.2
PENEPMA 42.0 42.0

25



Something Different — MAC determination

- BadgerFilm can be used to determine MACs from EPMA measurements.

Example: O Ka MAC by actinides (data from Poml and Llovet, 2020).

. 3 BadgerFilm v.1.2.23 E\Worl\BadgerFilm\BadgerFilm Releases\Thin film prog test\MAC O Ka in PuO2 uncorrected data b

P. Poml and X. Llovet, Microscopy and Microanalysis (2020), 26, 194—-203

Secondary fluorescence Layers definition ; 2
o Characteristic fluorescence Number of layers Add ¥raylineto selected et || AddkVito selected ek || Remove row H He
[ Bremsstrahlung fl i i i ; 3 s s e 7 s [3 [
ung Tiuarescence Subrate Line  k+atio kratio exp. Err kratio E kV) Standard Li | Be B c N ol’F Ne
R 04336 n |1z 1 15 (e |17 |1
ipz) model 0 |Ka 0.6597 Na Mg Si P S Cl Ar
[ Bastin’s Scanning (1986) Q Ka 0.7405 10 (2 |2 |2 | |u |x5 % (7 |3 |23 |20 |20 |2 |35 (38 (35 |
[ Merst XPHI (2010) o a 1065 15 K Ca Sc Ti VWV Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
[ Pouchou & Pichoir (PAP) Scanning {1990) 7 (% |3 (@ (#1 (&2 |6 |[# |5 (£ |&# (€ (& |20 |51 |2 |55 |5
[ Bastin et al. (PROZAI6) Eit conc fwt.) 0 Ka 0.4267 20 Rb Sr Y Zr Nb|Mo Tc Ru Rh Pd Ag Cd In | Sn Sb Te | Xe
L1 XPP foniy for bulk) 1.0000 0 Ka 0.3076 25 55 |56 (& [72 [[7s |7 |75 [ |7 |78 |72 [&0 [& [& [os [os [o5 [as
0 Ka 06219 Cs Ba La Hf Ta W Re Os| Ir| Pt Au Hg TI Pb Bi Po At Rn
EERE]
MAC mode! Fr Ra Ac s s |e0 &t &2 (es (e |es (s &7 (s5 (& (m M
[ Sabbatucci & Salvat 2016 (PENELOPE) Ce Pr Nd Pm Sm| Eu|/Gd Tb Dy Ho Er Tm Yb Lu
EFDL (PENELOPE 2014 90 |51 |[s2 |[s5 |54 |95 [s€ |5 [s8 (s
- ¢ ) Th Pa U Np Pu Cm Bk Cf Es
[l Heinrich 1986 (MAC30)
[ Chantler 2005 (FFAST) [only up to U] Min  Max
X axis 0 30
& MAC Fiting Layerdensty:  Thickness: Selected layer definied by: [ O by stoichiometry Ya"'_s = Plot
. . axis
MAC fitting ga"c:fn3 bl weight fract. [ atomic fract. O Stoichiometry to O: About Badgerfim
Radition ~ Absorber MAC [cm¥g) [ Fixed thickness 0333 [atoms of [ |ta 0 40.00 — ks
O Jk JP J[R7 | [Germiem e
Densty {g/em3)  2.700 25 00 -
Units Element wt. at.
Thick defined in: Al 1.0000 1.0000
Icknesses aetined in- Total  1.0000 1.0000 o 24001
[l Angstrom [ pg/cm? 2
Substrate T
Load Save Densty (a/em3) 10970 16.00
Element wt. at.
o] 0.1159 0.6667 8,00
Import Stratagem Pu 0.aa41 03333 RULE
files Brportdata |ty 10000 10000
Export absolute 0.00 T T T T 1
Caloulate intensities 00 60 120 180 240 300
*** Fitting status = 2 CHI-SQUARE = 0.0982455584664143 (7 DOF) Acc. V. (k)
| Status: Task completed! NPAR =7 W




Something Different — MAC determination

- BadgerFilm can be used to determine MACs from EPMA measurements.

« Example: O Ka MAC by actinides (data from Poml and Llovet, 2020).

40.0— , - .

' |
e Experimental
—— BadgerFilm
A g

MACs for O Ka in Actinide Absorbers

(in cm?/g)

=

L

>

=

S

(e

5300 7 Péml & Llovet, .
z 2020 BadgerFilm
é Th 10846 10821
2200 o U 9318 9321
v M NpO, s Np 8524 8556
>, —+Pu0, Pu 7025 7074
O . | . | . |

10.0 10 20 30

Accelerating Voltage (kV)

P. Poml and X. Llovet, Microscopy and Microanalysis (2020), 26, 194-203 27



Something Different — Bulk quantification

« BadgerFilm can be used for traditional quantifications.
« BadgerFilm naturally considers any coating on top of the sample.
« BadgerFilm can calculate O and another element by stoichiometry.

ﬂ BadgerFilm v.1.2.23 EA\Work\All elements must be measured\Carbonates\BadgerFilm\Unk Calcite Dolomite.tet
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Something Different — Bulk quantification

« BadgerFilm can be used for traditional quantifications.
« BadgerFilm naturally considers any coating on top of the sample.
« BadgerFilm can calculate O and another element by stoichiometry.
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Conclusions

Free Thin film analysis program
Easy to use GUI
Source code available

Calculated absolute X-ray intensities in agreement with Monte
Carlo simulations

Good performances for film thickness and composition in
agreement with other programs and methods.

Better extraction of the substrate composition for known coating,
e.g., protective coats for low kV EPMA; Au-coated SIMS mounts.

Can be used for MACs determination.

Further developments:
- More testing against other experimental data
- Implementation of other ¢(pz) models.
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Phi-rho-z distribution in thin films

« Total emitted X-ray intensity = Integration of the ¢(pz)
distribution and absorption coefficient:

PZ2
_L_pz
Ii = A Ci f q)l(pZ) e Psing de

PZ1
« (;: concentration of element .

* ®;(pz): ionization depth distribution for element | and
associated X-ray line.

. % . mass absorption coefficient (dependent of the X-ray energy

and sample composition).
* pzZi,pZ,. mass depth of the layer.

0: takeoff angle of the spectrometer.
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Characterization of thin films

e (Calculation of a theoretical k-ratio:
_H pzZ

prZCD (pz) e Psin® dpz

() q 5in
Cstdf CI)Std(pz) e stg Sin 6@ de

Repeat the k-ratio calculations for:

ki=

« =>» all the elements
« =>» all the layers and for the substrate

o =>» different kVs

=>» All the calculations are repeated in an iterative process in
which the thicknesses and compositions are adjusted until the
theoretical k-ratios match the experimental k-ratios.
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