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Thin film analyses

* What's the point?
=» Determining thickness and composition of layers
(multilayers) on substrate.

EPMA quantification 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 for bulk materials

=» assume homogeneous composition

Phi-rho-z procedure (PAP, XPP, XPHI, ...)
=» realistic description of the ionization depth distribution

Transformation of k-ratios into elemental composition
=» matrix-correction procedures

=» different for each element and each characteristic X-ray
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Phi-rho-z for thin film

* Phi-rho-z model adapted to thin films
=» ponderation function for PAP

=>» weighting procedure of phi-rho-z parameters for XPHI
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Phi-rho-z for thin film

Integration of the ¢(pz) to calculate total emitted X-ray intensity
for a given layer

=>» Repeat for all layers and for the substrate

=» Calculate theoretical k-ratios

=» lteration on composition and film thickness to match
experimental k-ratios




Phi-rho-z for thin film

« =» |teration until convergence

Initialization:
Calculate standard intensities (for k-ratios)
Predict initial elemental concentrations and layer thicknesses
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Current thin film analysis programs

STRATAGem (Pouchou and Pichoir) $%
XFILM (Merlet) $?

LayerProbe (Oxford Instruments) $$

GMRFilm (Waldo, GMR)
=> Free program
=> But old, requires DOS input by Command prompt

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

Z:\>SET BLASTER=A220 I7 D1 H5 Té6

Z:\>mount X D:\
Drive X is mounted as local directory D:\

Not easy to use for
|arge Set Of data %:\>cd WORK

X:\WORK>cd GMR

X :\WORK\GMR>cd GMRFILM
X :\WORK\GMR\GMRF ILM>GMRF ILM.EXE
on the program, otherwise hit Enter key:
econdary x-ray intensity data (def=N)7 y

or bulk (B) analysis

€co n
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BadgerFilm

Development of a thin film analysis program
=>» User-friendly graphical interface

=» Powerful non-linear fitting algorithm
(converge even for far starting conditions)

= Implementation of the PAP algorithm
=>» Elements up to Einsteinium (Z=99)

= Free (and code available on request)

85 C:\Users\Aurélien\Desktop\Thin film prog test\Al on Si02 11nm (Pouchou2002).txt - o X
Secondary fluorescence Layers definition T E
[ Characteristic fluorescence Number of layers + substrate:
3 4 5 € 7 3 3 10
[V Bremsstrahlung fluorescence . Li | Be |i” C|N|O| F|Ne
rats i 0
o © Thickness: (1312.87463378306 Angstrom 2 W [ [ v e
Take-off angle (in degrees) [ Fix thickness of the selected layer? Na | Mg’ Si|P | S|CI|Ar
Selected layer definied by: v (2 [z [z [z |2 [ [= [z [= [2 [% [s [ [ [ [s [=
& weight fraction [ atomic formula K |Ca|Sc| Ti |V |Cr|Mn|Fe|Co| Ni|Cu|zn|Ga|Ge|As|Se|Br|Kr
Phi(ho*z) model 57 [[s8 [ss e [[ar [[a2 [[as [[e& [[s [ [« |[48 |[es |[s0 [s1 [[s2 [[ss |se
[ Bastin's 86 Bt Line  conc (wt) katio kratio meas. EkV) Standard Rbj Sr| ¥ | Zr | Nb|Mof Tc | Ru|Rh | Pd|Ag |Cd| In | Sn SbjTe| | |Xe
o e N 0613 5 55 [ss [[s |72 [[7s |7 |[zs [[7s [[77 |78 [[7o |[s0 [a1 [a2 [[as [[as [[s5 |as
[ Bastin's Scanning S . Cs|Ba|La|Hf|Ta| W|Re|Os| Ir | Pt|Au|(Hg| Tl | Pb| Bi| Po| At|Rn
[ Pouchou, Pichoir (PAP) Scanning (1990) A K 1 0.165 10 + T =
[ Packwood's MAS (1986 A ka1 0072 15 FriRajAc| g s = o a s [= @ [= w0 |7
— Ce||Pr | Nd|Pm|Sm|Eu|Gd|Tb| Dy|Ho|Er (Tm|Yb| Lu
Units A |Ka 1 0.042 20
0 |[s1 [[s2 [[ss [[s¢e [[s5 [ |[s7 [[s& 55
Thicknesses defined in: A Ka 1 0.032 25 Th{Pa| U |Np| Pu/Am|Cm| Bk Cf | Es
[ Angstrom [ ng/em”2 A (ka1 0.0247 30
Xaxis Y axis
Load Save Mn0 0| Update
Mexfo 1|
Layer densty (g/cm”3)
cake AddKVioselected ek | | Remove selectedine 2501 —Ak
OKa
*** TestLinFit status = {0} CHI-SQUARE = 1141.18037818494 (18 DOF) 2.00
NPAR =5
NFREE =1
NPEGGED =1 2 1.50+
NITER =6 s
NFEV =52 = 1.004
P[0] = 1312.87463629713 +/- 17.7642246049452  (INITIAL 100)
P[1] = 1000000000 +/- 0  (INITIAL 1000000000) 0.501
P[2]=1+/-0 (INITIAL 1) B
P[3] = 0.467400014400482 +/-0  (INITIAL 0.467400014400482) *
P[4] = 0.532599985599518 +/- 0  (INITIAL 0.532599985599518) 0.00

1.0 6.0 1.0 160 210 260 310
Energy (keV)




X-ray Intensities

« 3 “kind” of X-ray intensities to consider

1) Characteristic X-ray intensity generated by primary
electrons

Secondary fluorescence:
2) X-ray intensity generated by Characteristic X-rays

3) X-ray intensity generated by Bremsstrahlung

Secondary fluorescence (SF) can account up to ~15-20%
of total intensity (especially for films).
(this is not considered in the CASINO program)




Absolute Characteristic X-ray Intensity

Absolute X-ray intensity (ph/electron/sr) using recent
atomic parameter databases

Comparison with Monte Carlo simulations using

PENEPMA
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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)
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Secondary fluorescence by characteristic X-rays

FeNi; bulk sample

Fluorescence of Fe Ka by Ni (comparison with PENEPMA)
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Secondary fluorescence by characteristic X-rays

100 nm thick FeSi, film on bulk Cu FesSi, .
Fluorescence of Fe Ka by Cu
(comparison with PENEPMA) Cu
8E-T——— I B B B 12
— 100 nm thick film of FeSi, on Cu
% Secondary fluorescence by g‘
= characteristic X-rays g
EO0ET ¢ Fe Ko, PENEPMA )
z e Fe Ko, PENEPMA 18 2
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Characteristic X-rays

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

=» SF is calculated for bremsstrahlung of energy Ei

repeat with next energy Ei

=> All the SF contributions are integrated from Ec to EO

15



Secondary fluorescence by bremsstrahlung

Procedure used in GMRFilm
—> usually overestlmates SF Compared to PENEPMA
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Secondary fluorescence by bremsstrahlung

Using two correction factors: almost perfect matching with
PENEPMA results
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Secondary fluorescence by bremsstrahlung

Correction factors are easy to predict for pure elements

T T T T
Empirical correction factor
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hard to predict for compounds

* QOther method: use MC simulations to generate
bremsstrahlung ¢(pz, E) curves (Yuan et al. 2019)

Y. Yuan et al., Microscopy and Microanalysis (2019), 25, 92-104
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Absolute Total X-ray Intensity

Absolute X-ray intensity (ph/electron/sr) using recent atomic data

- Compound bulk sample
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Absolute Total X-ray Intensity

Absolute X-ray intensity (ph/electron/sr) using recent atomic data

- Film on substrate
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BadgerFilm Features

Fix thickness or composition

g5 C:\Users\Aurélien\Desktop\Thin film prog test\Al on Si02 11nm (Pouchou'OOZ).txt

Secondary fluorescence
[Vl Characteristic fluorescence

[ Bremsstrahlung fluorescence

Take-off angle (in degrees)
Phifrho*z) model

[0 Bastin’s Scannin
[ Bastin's Sc: g
[l Pouchou, Pichoir (PAP) Scanning (1990)

"l Load & Save

Units

Thicknesses defined ip#
[ Angstrom /em”2

Load Save

Cale Export

Export data

- O X
Layers definition Mmoo T
Number of layers + substrate: i E
s 280 o
i |Be e
Jness: [ Custom standards | EARaEd _HdbL
[J Fix thickness of the selected layer? Na | Mg E|. P| S|CI|Ar
Selected layer definied by: 1 |2 2 [z [z [ [ [z [z [z [z [ [o0 [ [ [ s [
[ weight fraction [ atomic formula K |Ca|Sc| Ti| V| Cr|Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr
37 3B 33 2 4 42 a4 “ 45 4% 47 &8 43 0 51 52 53 54
Et Line concm) Kratio Kratio meas. EKY) Standald = Rb|[Sr| Y |[Zr ([Nb|Mo| Tc|Ru|Rh| Pd|Ag|Cd|In | Sn|Sb|Te| I |Xe
. 55 55 57 72 73 74 75 7% 7 73 ™ 0 81 82 33 34 35 36
S |Ka [GESEUES 0.31 2 Cs|Ba|La||Hf|Ta| W |Re|Os| Ir | Pt|Au|Hg| TI | Pb| Bi| Po| At|Rn
S |Ka |0.467400014.. 0287 25 ——=
Si Ka 0.467400014... 0.268 30 v Fr|Ra| Ac 53 |[s3 |[eo |[s1 |[s2 |[ss |[s¢ |le5 [les [&7 [ [& [70 71
Ce||Pr ||Nd|Pm|Sm| Eu|Gd|Tb || Dy|Ho|Er (Tm|Yb| Lu
(0] Ka 0.532559985... 0.73 5 Y3Fe5012xt
0 Ell 2 B g 35 % 7 38 »
0 Ka 0.532599985... 1.687 10 Y3Fe5012txt ThiPa| U |Np|Pu||Am|Cm|Bk|Cf |Es
0 Ka 0.532559985... 1.93 15 Y3Fe5012txt
Xaxis Y axis
] Ka 0.532559985... 1.95 20 Y3Fe5012txt Min [0 0
O |Ka 053599985 203 25 vaFes012td M| max[ 11 Update
Layer density (g/cm”3) 250
6 | AddkVtoselectedet  Remove selected line = —ae
—] — 2004 OKa
Converge even if far from solution
PEGGED =1 o 1501
NITER = 8 3
NFEV =36 < 4 o0d
P[0] = 1224.88548146178 +/- 19.0453488542333  (INITIAL 5)
P[1] = 1000000000 +/-0 _(INITIAL 1000000000) 0.50-
P2]=1+/-0 (INITIAL1) : .
P[3] = 0.467400014400482 +/-0  (INITIAL 0.467400014400482) -
P[4] = 0.532559985599518 +/-0  (INITIAL 0.532539385559518) 0.00 . . = 7 . .
1.0 6.0 110 160 210 260 310
Energy (keV)

* Advanced options:
- change atomic parameters (MACs, ...)
- restrict the domain of variation of the variables (concentrations, thicknesses)
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Thin film analysis — Example 1

* Al film on SiO, (data from Pouchou 2002)

« X-ray intensities: Al Ka, Si Ka and O Ka
k-ratio measured at 5, 10, 15, 20, 25 and 30 kV
Standards used: Pure Al, Pure Si and Y;Fe:O,,

250+

2.00

1.50

k-ratio

1.0

- BadgerFilm

— Al Ka
— SiKa
OKa

1.00 4
0.50 -

* — @
0.00 +-= T T T T =

6.0 11.0 16.0 21.0 26.0 31.0
Energy (keV)

« 1=122.49+1.9nm

J.L. Pouchou, Mikrochimica Acta, 138 (2002) 133-152
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k-ratio

k-ratio

2.50 1

2.00-

1.50 1

1.00 4

0.50

Thin film analysis — Example 1

- BadgerFilm
t=122.49 £ 1.9 nm

0.00
1.0

2.5

1.5

0.5

6.0 11.0 160

21.0 26.0 31.0
Energy (keV)
 PENEPMA
t=122 nm

L 4 — —0-———9

— - < -

5 10 15 20 25 30

HV (kV)

k-ratio

35

« STRATAGem

t=122.34 nm
« GMRFILM
t=122.57 nm
- —— —
R —

HV (kV)

35
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Thin film analysis — Example 2

« Multilayer Ni-Cr on Fe-Gd-Pt on Si substrate (data from Pouchou 1993)

« X-ray intensities: Ni Ka, Cr Ka, Fe Ka, Gd La, Pt Ma
k-ratio measured at 20, 25 and 30 kV
Standards used: Pure Elements for all

85! C:\Users\Aurélien\Desktop\Thin film prog test\Pouchou 1993.txt - O X
Secondary fluorescence Layers definition ? g
[¥] Characteristic fluorescence Number of layers + substrate: — —~—
5 | s ¢ [z [ s |
[ Bremsstrahlung fluorescence Li |[Be B|IC|N|O|F|[Ne
Thickness: [241.801574707031 Angstrom o ez w e s T T s
Take-off angle (in degrees) [ Fix thickness of the selected layer? Na Mg i Cl|| Ar
Selected layer definied by: 13 [20 |20 [[2 |25 35 |38
[ weight fraction [ atomic formula K|Ca|Sc|Ti|V Br| Kr
Phi{tho*z) model 57 (138 [[s3 (a0 |[[41 |42 (45 [[as (a5 |[4c |47 [48 |49 [50 |[51 |52 [s5 |5
[ Bastin's Scanning (1986 Bt Lne conc () keratio kratiomeas.  E(V)  Standard A Rb] Sr] Y ] 2r | Np]Mo] Te [RuRn] PdjAgCd] In | Sn] SbjTe] 1 Xe
. - 55 |[s [s7 |72 ERERERERERE
O Bastin's Scanning (1990 Ka  |0499535351.. 0.0258 2 Cs|Ba| La | Hf Ti | Pb| Bi | Po| At [Rn
[ Pouchou, Pichoir (PAP) Scanning (1990) Fe |Ka 0.499535351... 0.0147 25 FRCRD
[J Packwood's MAS (1986 Fe |Ka 0.499535351... 0.0098 30 Fr |Raj Ac 55 |[s |[e0 |&1 [e2 e [e7 e |[s |[70 |71
: — : Ce| Pr|Nd |Pm|Sm Dy Ho| Er |[Tm| Yb| Lu
Units Gd |La 0.252110204.. 0.0123 20
! ) FR ERERERE FRE
Thicknesses defined in: Gd |La 0.292110204... 0.0076 25 Th||Pa| U |[Np| Pu Cf |Es
b Angstrom [ pg/em”2 Gd |la |0.292110204.. 0.0052 30
Xaxis Y axis
Pt Ma 0.206758648 0.0083 20 . [18 0
Load Save Min =
Pt Ma 0.206758648... 0.0058 25 Y1 max |30 0.10 Update
Layer denstty (g/cm”3) i
ceke S AddKVito selected ok | | Remove selected ine 0107 —lie
“TestLinFt status = {0) CHI-SQUARE = 2.93546680398359 (14 DOF) A 0.08+ e
NPAR = — PtMa
NFREE=7 0.06 Si Ka
NPEGGED =1 2 !
NITER =8 =
NFEV =79 0.04
P[0] = 688.417233134283 +/- 34.5435598265627  (INITIAL 100) 0.024
P[1] = 241.801570746341 +/- 12.3972710304743  (INITIAL 100) : —
P[2] = 1000000000 +/- 0  (INITIAL 1000000000) F—————— =
P[3] = 0.142993525857 +/- 0.00862961649453574  (INITIAL 0.5) 0.00
P[4] = 0.853450601865417 +/- 0.0431048638886661  (INITIAL 0.5) 18.0 200 220 240 26.0 280 300
P[5] = 0.499535345859573 +/- 0.0265292196081283  (INITIAL 0.33) 19.0 210 230 250 270 29.0
P[6] = 0.292110206954519 +/- 0.0163839311051556  (INITIAL 0.33) ’ ’ ) ) ’ :
P[7] = 0.206758645062583 +/- 0.0118983162341946  (INITIAL 0.33) v Energy (keV)
niet 4 -snauTin 4
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Thin film analysis — Example 2

« Multilayer Ni-Cr on Fe-Gd-Pt on Si substrate (data from Pouchou 1993)

« X-ray intensities: Ni Ka, Cr Ka, Fe Ka, Gd La, Pt Ma
k-ratio measured at 20, 25 and 30 kV
Standards used: Pure Elements for all

Ni wt% Cr wt% T (A) Fe wt% Gd wt% Pt wt% T (A)
RBS measurements 14.4 85.6 683 51.4 28.6 20.0 246
Pouchou (1993)Strata 14.7 85.4 671 52.0 28.7 19.3 242

GMRF PAPw CF30kv | 14.3 85.7 688 51.1 29.3 19.6 242
BadgerFilm 14.3 | 85.3 688 50.0 29.2 20.7 242

« Convergence even if initial values far from solutions
(Ni 50 wt%, Cr 50 wt%, Fe 33 wt%, Gd 33 wt% and Pt 33 wt%.
Thicknesses: Layer #1 = 100 A, Layer #2 = 100 A)

J.L. Pouchou, Analytica Chimica Acta, 283 (1993) 81-97 25



Conclusions

Free Thin film analysis program (+ code available)
Easy to use GUI

Calculated absolute X-ray intensities similar to Monte
Carlo simulations

Good performances (film thickness and composition)

Further developments:

- More testing against other experimental data
- Import STRATAGem file format

- Uncertainties on experimental k-ratios
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Secondary fluorescence by characteristic X-rays

* Comparison with PENEPMA
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