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Calculation of X-ray Inlensity in Multi-layer Films

contribution. Castaing's equation can be used to
estimatg)the fluorescence correction in a bulk
target . Cox et al. developed a correction pro-
cedure to calculate the Fluore%cgnce produced 1n
a thin coating on a substrate 3 In Cox's
formula, the mass thickness of the film is
assumed to be much less than that of excited X-
ray depth in a target. So Cox's equation is
suitable for the very thin film.

In this paper, formulae are presented to
calculate the fluorescence intensity from an
element excited by the characteristic X-rays
emitted from another element in multi-layer
films. The formulae are applicable whether the
layer is thin or thick, and are extended to
include multi-layer multi-component films. Figure
2 shows a multi-layer specimen which consists of
film 1,2,..., my.v.y N,.... As we know, the
distribution of the X-ray photons excited by
1ncident electrons 1s symmetr%9a%2§0 the incident
direction of the electron beam' "’ i.e. the
direction of /7 axis. So we suppose the charac-
teristic X-rays of element j in film m are emitted
from mid-point o of film m to simplify the
calculations. Fluorescence X-rays of the film are
also considered to be emitted from the mid-point
of the film. (9)

Then we derive the equations for calcula-
ting the fluorescence intensity of element 1 in
film n, AIniFm" produced by the characteristic
X-ray of elemeff j in film m. It is
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7ig. 2. Schematic diagram of calculating
fluorescence correction for multi-

layer films.

expressed as follows (the derivation is in
reference (9)):
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is the intensity of the character-
emitted from element j in film m,
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In the above-mentioned equations, U is the
mass attenuation ceoefficient of film n for 1
radiation, Um . is the m.a.c of film radiation,
dn is the thilkdess of the nth layer f1ilm, and<§9§
conversion efficiency factor, ¢ , is given by
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g=c¢, , — Wi o, (12)
ﬂn.j 5
where Cn i is the weight fraction of element 1 1n
filmn, = M~ . is the m.a.c of element i for j

radiation in'film n, r. the absorption edge jump
ratio of element 1, and W(1i) the fluorescence
yield of i radiation.

Fquation (8) is still applicable when film n
is above film m.

If mzn, i.e. there are element 1 and element
j in the same layer film, the form of equation (8)
is:
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If layer m is very thick, e.g. 1t 1s a sub-
strate, the assumption that j radiation concentra-
tes on the mid-point of film m (the substrate) is
unreasonable. For this case, j radiation is
assumed to concentrate on the mid-point of the
mean excitation depth, dS y in the substrate. dS «
can be calculated from references (5,6). 1/2 d 7~
in equation (10) will be replaced with dg « m

(1-e (13)

Analytical Results

Results of experiment and calculation

In order to examine the reliability of this
calculation method, we did the experiment of EPMA
for the carefully prepared multi-layer films (Fig.3)
Au/Cu/Si and Cr/Ni/Si (on substrate Si) at 20 kV,
25kV, 30kV. The X-ray intensity ratios, k of the
characteristic X-ray intensity emitted from every
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Discussion with Reviewers

G. Laudron: You have used a simplified Rutherford
equation for elastic scattering and the Bethe
continuous energy loss law for inelastic scat-
tering. Have you investigated the effect of
introducing more appropriate cross sections to
describe electron scattering?

Authors: In the energy range of microprobe
analysis, the continuous energy loss approxima -
tion and use of Rutherford equation are accep-
table. But for lower beam energies, the Ruther-
ford equation 1s a very poor approximation, any
calculations attempting to achieve absolute
accuracy will have to adopt these more precise
theories such as the exact Mott elastic cross-
sectlon or the partial wave expansion cross-
section.

J.A. Small: Why did the authors use so old a
version of the Monte Carlo program? If the
version used was dictated by the XT computer, do
the authors intend to use a larger computer with
an updated Monte Carlo program?

Authors: For the problem of interest in this
paper, the differences between the calculated
results using the Monte Carlo program based on
the simplified model to be run on XT computer
and the wupdated Monte Carlo Program based on a
stricter calculation method are very small. So
it is not necessary to use a larger computer in
these cases.

G. Laudron: Can you describe any developments in
the method of quantitative analysis of multi-
layer films for non normal incident geometries?
Would the calculation become more accurate?
Authors: The method of quantitative analysis of
multi-layer for non normal incident geometries
merits attention. Under this circumstance the X-
ray intensity emitted from multi-layer can be
properly increased, i.e. the accuracy of EPMA
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P.J. Statham:

Authors:

experiment is raised, since the action range of
incident electrons in multi-layer films becomes
larger than that for normal incidence. This
method and that of normal incidence all need to
be developed in the theoretical calculation and
the experimental technique. First, the physical
model describing electron scattering should be
improved. Second, and even more importantly, the
sensitivity of examining X-ray intensity should
be raised to the full for XQMA of very thin multi-
layer specimens.

For some combinations of film
thicknesses and incident electron energy, your
simulations would be entirely inappropriate. In
particular, 1f the step length were of the same
order as film thickness in any one film, choice
of such a "multiple scattering” simulation would
be invalid. Therefore, have you any recommenda-
tion for how the validity can be checked before
one commenced a full simulation?

This 1s one of the important problems
for Monte Carlo simulation in XQMA of film
specimens. According to film thicknesses and
incident electron energy, one ought to select a
sultable step length so that there is enough
scattering number in films to decrease the
statistical error of Monte Carlo calculation.
the thickness in any one film is very thin, in
order to obtain enough scattering number in the
film both points need to be considered: (1) one
should adopt the electron beam with lower energy
to enable the average free path of electron
scattering to be small enough, and (2) increase
the number of simulated electrons.

If
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