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EPMA of thin film

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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• Electron Probe Microanalysis (EPMA) 
 effective and nondestructive technique to determine 
thickness and composition of layered specimens.



Phi-rho-z distribution in bulk materials
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• Transformation of k-ratios into elemental composition
 matrix-correction procedures

 assume homogeneous composition

• Phi-rho-z procedure (PAP, XPP, XPHI, ...)
 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
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• Phi-rho-z distributions can be used for thin films 
 but modification of the original theory required

0

1

2

3

0 100 200 300

Al Kα, 10 kV
t = 300 nm (81 µg/cm²)
                                  Al
                                  Al/B
                                  Al/Fe
                                  Al/Ag
                                  Al/Au
                                  Al/U



Characterization of thin films
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• Calculation of a theoretical k-ratio:
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 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.

• 𝐶௜: concentration of element i.
• Φ௜ 𝜌𝑧 : ionization depth distribution for element I and 

associated X-ray line.
• ఓ

ఘ
 : mass absorption coefficient (dependent of the X-ray energy 

and sample composition).
• 𝜌𝑧ଵ,𝜌𝑧ଶ: mass depth of the layer.
• 𝜃: takeoff angle of the spectrometer.



Thin film characterization procedure
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• Experimental k-ratios are measured for each elements

• Measurements repeated at different kVs. 
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Thin film characterization procedure
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•  Iteration until convergence. E.g., Al on Fe2O3
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Thin film characterization procedure
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Thin film characterization procedure
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•  Iteration until convergence. E.g., Al on Fe2O3



Thin film analysis programs
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 Commercial solutions:
• STRATAGem (SAMx)

• XFILM (Merlet)?

• LayerProbe (Oxford Instruments)

• Layer Quant and STATAGem-SX (CAMECA)

 Free solution:
• GMRFilm (Waldo, GMR)
 - DOS style

- command prompt
- no multi-voltage

Limited for large set 
of data



BadgerFilm
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• 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

A. Moy and J.H. Fournelle, Microscopy and Microanalysis, 27(2), 266-283.
A. Moy and J.H. Fournelle, Microscopy and Microanalysis, 27(2), 284-296.



BadgerFilm Features
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• Advanced options:
 change atomic parameters (MACs, ...)
 restrict the domain of variation of the variables (concentrations, thicknesses)

Custom standards

Export data

Converge even if far from solution

Fix thickness or composition



• Monte Carlo simulations
 PENEPMA/PENELOPE 
- handles complex geometries (layered samples)
- Includes secondary fluorescence

Performance of the implemented models
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• Experimental k-ratios
 bulk standards of known composition
 multilayer standards (very few available)

Validation with:



Performance of the implemented models
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• Experimental data
 Test on the 826 entries of binary compounds data of 
Pouchou and Pichoir (1991).

• 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 
applying the model ‘PAP’. In Electron Probe Quantitation, Heinrich, K. F. J. & Newbury, D. E. (Eds.), pp. 31–75.



Performance of the implemented models
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• 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% 
of total intensity (especially for films).
(Note: SF is not always considered in MC programs)



Absolute Primary Characteristic X-ray Intensity
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• Absolute X-ray intensity (ph/electron/sr) compared to PENEPMA simulations
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Primary Characteristic X-rays
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• 100 nm thick FeSi2 film on bulk Cu
Primary Characteristic X-rays Cu

FeSi2
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Secondary fluorescence by characteristic X-rays
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• Calculation scheme
 Find all the characteristic X-rays with E>Eionization
(even the low intensity X-rays)

 Calculate ϕ(ρz) distribution for all characteristic X-rays

 Calculate SF generated by each ϕ(ρz) 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)



Secondary fluorescence by characteristic X-rays
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• 100 nm thick FeSi2 film on bulk Cu
Fluorescence of Fe Kα by Cu Cu
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• Characteristic SF for Fe Kα ~5% of total Fe Kα X-ray intensity

• Characteristic SF for Si Kα ~0.1% of total Si Kα X-ray intensity



Secondary fluorescence by bremsstrahlung
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• Calculation scheme

No published ϕ(ρz, E) curve for the bremsstrahlung!

 the energy range is discretized  Ei (from Ec to E0)

 the ϕ(ρz, Ei) curve of a fictitious element is 
calculated and weighted by Kramers’ law 
𝐼஻௥௘௠ ൌ 𝐾 𝐼 𝑍 ாబିா

ா

 SF is calculated for bremsstrahlung of energy Ei

repeat with next energy Ei

 All the SF contributions are summed from Ec to E0



Secondary fluorescence by bremsstrahlung
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• E.g., ϕ(ρz, E) distributions at different X-ray energies 
corresponding to a fictitious element in a matrix of Al. 
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Secondary fluorescence by bremsstrahlung
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• Correction factors for the secondary fluorescence by the bremsstrahlung

• Other method: use MC simulations to generate bremsstrahlung ϕ(ρz, E)
distributions (Yuan et al. 2019).
Y. Yuan et al., Microscopy and Microanalysis (2019), 25, 92–104
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Absolute Total X-ray Intensity
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• Absolute X-ray intensity (ph/electron/sr)
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Thin film analysis – Practical example
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• Ge film on AsGa: ~38 nm +/- 2 nm.
• X-ray intensities: Kα and Lα lines

Film thickness (nm)
X-ray reflectometry 38.0 +/- 2.0

Kα X-ray lines Lα X-ray lines

BadgerFilm 43.1 +/- 0.1 41.7 +/- 0.5

STRATAGem 43.9 41.2

PENEPMA 42.0 42.0



Something Different – MAC determination

26

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

• Example: O Kα MAC by actinides (data from Pöml and Llovet, 2020).

P. Pöml and X. Llovet, Microscopy and Microanalysis (2020), 26, 194–203



Something Different – MAC determination
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• BadgerFilm can be used to determine MACs from EPMA measurements.

• Example: O Kα MAC by actinides (data from Pöml and Llovet, 2020).

P. Pöml and X. Llovet, Microscopy and Microanalysis (2020), 26, 194–203
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Th 10846 10821
U 9318 9321
Np 8524 8556
Pu 7025 7074



Something Different – Bulk quantification
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• 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.



Something Different – Bulk quantification
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• 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.

• Results: Sr0.001Fe0.031Mn0.005Ca1.002Mg0.965(CO3)2



Conclusions
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• 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 ϕ(ρz) models.
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Phi-rho-z distribution in thin films
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• Total emitted X-ray intensity  Integration of the ϕ(ρz) 
distribution and absorption coefficient:

మ

భ
• 𝐶௜: concentration of element i.
• Φ௜ 𝜌𝑧 : ionization depth distribution for element I and 

associated X-ray line.
• ఓ

ఘ
 : mass absorption coefficient (dependent of the X-ray energy 

and sample composition).
• 𝜌𝑧ଵ,𝜌𝑧ଶ: mass depth of the layer.
• 𝜃: takeoff angle of the spectrometer.



Characterization of thin films
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• Calculation of a theoretical k-ratio:
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Repeat the k-ratio calculations for:

•  all the elements 

•  all the layers and for the substrate

•  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.


