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Abstract

In the previous work we have developed a
series of theoretical corrections for calculating
the emitted X-ray intensity in multi-layer films.
By the use of these theories, along with careful
experimental operation of the electron probe
microanalysis (EPMA) and Monte Carlo iteration
calculation, the thickness of each layer in multi-
layer films can be determined.

To test the reliability of this method, the
multi-layer film specimens Au/Cu/Si, Cu/Au/Si and
Ag/Cr/Si of known thicknesses were analyzed at 20,
25, 30 and 35 keV. The percentage relative errors
between the thicknesses determined using the
correction procedures and those measured using
nuclear backscattering are less than 10%, the
average value of the errors is 4.6%.

The method may be extended to the calcula-
tions of determining element concentrations for
the multi-layer specimens of known thicknesses.

KEY WORDS: Multi-layer film thickness, Electron
scattering, Electron probe microanalysis, Monte
Carlo simulation, Iteration calculation.
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Introduction

The thickness of a thin film on a substrate
can be determined using the electronlm}cgoprobe
analysis and Monte Carlo simulation.”’”’" However,
the quantitative analysis of multi-layer films on
a substrate has proved to be quite difficult.

This paper describes the preparation of
multi-layer specimens, the experimental technique
of electron microprobe analysis and theoretical
correction procedures for determining thicknesses
of multi-layer films. Finally, the percentage
relative errors and the limitations of this work
are discussed.

Preparation of Multi-layer Specimens

In order to reduce the experimental errors,
multi-layer film specimens must be carefully
prepared.

Choice of Substrate

The substrate on which the multi-layer films
are deposited should be smooth, flat, conductive,
and stable under electron beam, and not contain
the same elements which are to be analyzed for in
the multi-layer films. A silicon wafer meets
these requirements.

The multi-layer films specimens were depo-
sited on a suitable substrate. For example, the
preparation process of the films Au/Cu/Si is: Si
substrate was finely polished, then Cu and Au
films were deposited on Si plate by vacuum evapo-
ration.

The single-layer film specimens Au/Si and
Cu/Si (on Si substrate) were simultaneously pre-
pared for measuring the thicknesses of each thin
layer in the sample Au/Cu/Si (Fig. la.). The thick-
nesses of the single-layer films Au/Si and Cu/Si
(Fig. 1b) were measured by using nuclear back-
scattering and shown in table 1. Since nuclear
backscattering method can accurately give the
mass thicknesses of the single-layer films, the
calculated error resulted from the difference
between the film density and theoretical density
may be avoided. Therefore, it is suitable to take
the single-layer films as the standards for deter-
mining thicknesses of the multi-layer specimen
Au/Cu/Si, i.e. the thicknesses of the single-




layer films are those of the corresponding thin
layer in the films Au/Cu/Si.
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Fig. 1 Schematic diagram of multi-layer films
Au/Cu/Si and single film specimens Au/Si,
Cu/Si.

Analysis by Electron Microprobe

Choice of Standard

Thick polished specimens have been used as
standards for multi-layer film analysis. The
standards have the same compositions and physical
state as every thin layer of the multi-layer
films being analyzed.

Experimental Condition

Usually, in EPMA of film specimens, use of
a defocussed beam covering a larger surface of
multi-layer films tends to average out some of
the effects of variation in film composition and
thickness. In this work, the evaporated multi-
layer film specimens show such homogeneity that
the measured intensity value of X-rays for the
specimens maintains constancy while the diameter
of electron beam is changed from 1 um to 50 um.
We take the diameter of Electron beam to be 5 um.
Probe current is 2 X 10

Experiment of Microprobe

The composition of every layer in the ana-
lyzed multi-layer films is known. Beam energy is
high enough to penetrate well into the substrate
(Fig. 2), and the intensities of X-rays Au-Ly
and Cu-Ky from the first layer and the second
layer are measured, respectively. Then, the
ratios, k, and k. , of X-ray intensities
of elemenes Au an% Cu in the specimen to those 1n
the standards are obtained. Finally, the thick-
nesses of Au film and Cu film in the specimen
Au/Cu/Si can be determined by using Monte Carlo
iteration method.

Calculation Procedure

X-ray Intensity of Multi-layer Films

For the multi-layer film specimen of known
compositions, when the thicknesses of each layer
have been given, we can evaluate the X-ray inten-
sities emitted from the elements in each thin
layer using our theoretical calculation method™.
Considering the absorption and fluorescence of
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Fig. 2 Schematic diagram of emission of X-rays in
multi-layer specimen Au/Cu/Si

characteristic X-rays, the general equation of
the emitted X-ray intensity of element i from the
nth layer film of multi-layer specimens is:

th layer
I =21 . . +(" (p_z)dp 2
n.i n.i.f njﬁn-l)th layer n n
. exp(—Z: yp.d cscy ), (1)
where a1 and the integration term are the

emitted flliérescence intensity and the generated
intensity of characteristic X-rays, respectively,
n
ol _ ae i a ot
and  exp( %;l umpmdmcuc~p) is the absorption

term; ¢>n ' P » Mo and d are the in-
stribution in depth of M- rays, the density of
the nth (or mth) layer medium, the mass attenu-
ation coefficient of the mth layer medium, and
the thickness of the mth layer film respectively,
and ¥ 1s Lhe X-ray take-off angle.

A detailed calculation process of Eq.(1l) is
shown in Refs. (3), (4) and (5): electron scat-
tering in multi-layer media is evaluated by using

%quivalent single medium scattering model'4, and

Monte Carlo method, the fluorescence intensity
AIn . emitted from the nth layer is strictly
Calcﬂiéged by using the formulae developed by us™.

Iteration Calculation

Since there is a certain proportionalrela—
tionship between the X-ray intensity ratio, k
of element i in the nth layer to that of stanaard
1 and the thickness of the nth layer, we may take

.d. as the first approximate value T' of
thlckness of the nth layer, d. is the excitation
depth of X-ray of element i in solids, it can be
calculated by using Monte Carlo method™. The
electron scattering and X-ray excitation are simu-
lated by Monte Carlo technique for the multi-layer
specimen with thickness T, to get the ratio

value k' .. Let ak' .:k' . k then the
12
secondary appr0x1mate vaide of T is
1% - T'(l————/‘kr; S (2)
noon K. .
n.i

Repeat the above Monte Carlo calculation
until the nth iteration, for a given arbitrarily
small quantity ¢ ,
if

(R Lt R IPE (3)
n n
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Fig. 3 Schematic flow chart of determining thicknesses of multi-layer
films using Monte Carlo simulation.

then T
layer

1s the desired thickness of the nth
ilm of the multi-layer specimen.

In this work, we let £ be 0.02. This pre-
cision is high enough for determination of film
thicknesses. Generally, the simulated result will
converge after iterating four or five times.
Figure 3 shows a diagram of the method employed.

Results and Discussion

In order to examine the reliability of the
method, we have carried out the electron micro-
probe experiments and theoretical calculations
for the multi-layer films specimens Au/Cu/Si,
Cu/Au/S1 and Ag/Cr/Si of known thicknesses. As
noted above, the specimen have been carefully
prepared with vacuum evaporation. The thicknesses
analyzed by using our method are in good agree-
ment with those measured with a nuclear backsca-
ttering equipment for the multi-layer specimens
(table 1).

We know from table 1 that the differences
between the thicknesses determined using our
method and those measured using nuclear back-
scattering for the multi-layer specimens are
less than 10%, and the average value of the
errors is 4.6%. The accuracy may be higher for
film thickness measurement in EPMA. In addition,
agreement among the analyzed results for a
multi-layer specimen at different accelerated
voltages is fairly good. It will be seen from
this that the method proposed in this paper is
reliable.

However, if thickness of a multi-layer
specimen is very thin, it is quite difficult to
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determine the thickness of each layer. In X-ray
quantitative analysis of thin film specimens, the
thinner the thickness of any layer, the larger
the error will be. The error chiefly results from
the experiment of electron microprobe analysis.
The X-ray intensity emitted from a very thin
layer is quite low, so that there is a large
error in measuring X-ray intensity. According to
thickness of a layer and incident electron
energy, in order to obtain enough scattering step
number, one should select a suitable step length
to reduce the statistical error in Monte Carlo
simulation.

The work may be easily extended to the
analysis of EPMA for multi-layer film specimens
with polybasic compaosition.

EPMA experiments were carried out in JCXA-
733 Electron Probe. Monte Carlo simulation was
calculated on Vax 8350 Computer, the simulated
electron number is 2000.
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