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Résumé. 2014 Le Réseau Francilien d e Microscopie Electronique en Transmission a initié en 1992
un Atelier de Recherche intitulé "Analyse Chimique". Le but de cet atelier était d’organiser des tests
toumants dans le but de développer les échanges scientifiques et techniques entre les microscopistes
de la région et d’améliorer ainsi le savoir faire général. Le sujet du premier test était : "Analyse quan-
titative de l’olivine". Parmi la vingtaine de laboratoires équipés en microscopes que comptent Paris et
sa région, quinze ont participé à cette experience nouvelle. Cet article expose et analyse les résultats
obtenus et tente d’identifier et de discuter les sources de déviation entre les différentes mesures.

Abstract. 2014 The "Réseau Francilien de Microscopie Electronique en Transmission" has run in
1992 a regional research workshop entitled "Chemical Microanalysis". The purpose of this workshop
was to organise round robin tests in order to develop scientifical and theoretical exchanges within
the electron microscopists community. The subject of the first test was: "Quantitative analysis of an
homogeneous olivine". Among the 20 microscopes of the Paris region, 15 have participated to this
experiment. This present report analyses the obtained results and tries to critically identify and discuss
the sources of deviation between measurements in order to improve the general know-how.
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1. Introduction.

The "Réseau Francilien de Microscopie Electronique en Transmission" (Ile-de-France - TEM
Network), created in 1987, gathers about 20 research laboratories using this technique in the
"Ile-de-France" region around Paris. The main purpose of the creation of the Réseau was to
promote and stimulate scientifical and technical exchanges between the scientists in order to con-
front and improve their ability, and to develop the field of application of transmission electron
microscopy. Within this general content, research workshops have been organized. Different
laboratories work together on a same problem, for example through a round robin test. In this
kind of experimental test, a well-defined specimen circulates among the participating laboratories
which all perform the same experiment. The results are then gathered, analysed, synthetised and
finally discussed between all participants. This paper reports the activity of the "Chemical Analy-
sis Research Workshop". The simple and exploratory subject of the first round robin test, in 1992,
was "Quantitative analysis of an olivine thin foil by X-ray EDS and EELS".
TEM based X-ray EDS and EELS analytical systems are now widely spread in a number of

laboratories. However, many problems, which can be sometimes relatively complex, appear when
one wants to perform reliable quantitative analysis. The present test was therefore mostly devoted
to point out these problems, to rise the questions and to generate a common approach within the
group of users in order to define common and rigorous analysis procedures. This paper shows how
an assembly of microscopists, coming from various horizons, non necessarily specialists or theo-
ricists of micrpanalysis, can use the potential wealth of an interdisciplinary approach to improve
their ability by selfteaching.

2. Test procedure.

2.1 CHARACTERISTICS OF THE OLIVINE SAMPLE. - The choice of the specimen has been deter-
mined by several criteria:

e The natural mineral San Carlos olivine, (Mg, Fc)2Si04, has been extensively studied by the
mineralogical community and is particularly known for its homogeneity. The reference compo-
sition has been obtained by preliminary microprobe analysis and is expressed as (average of ten
analysis under 15 kV, 5 mA):

Mgl. 79:f:O.02 Fe0.200±0.007 N10.008f0.001 Mno.o03±0.001 CaO.002±0.001)
Si1.00±0.01O4

where the uncertainties are the maximum observed deviations; oxygen is deduced by stoichiome-
try.

.The second reason for the choice of this olivine is the presence of both heavy (Fe, Ni, Mn)
and light (0, Mg) elements. Furthermore, minor concentration elements (Ni, Mn and Ca) are
also well characterized and exhibit a suitable distributed range of concentrations in order to test
the detection efficiency of the microanalysis.

Three TEM samples have been prepared by ion thinning with a Gatan ion-mil (5kV 0.5 mA
per gun with an incident angle of 15°) and glued between two copper disks. Finally, the three
foils have been simultaneously carbon coated on one side under high vacuum conditions. These
foils satisfy the last but not the least suitable criterion for such a round robin test: there are strong
enough to survive numerous travels and multiple handlings.

2.2 TEST CONDITIONS. - The three thin foils have been circulated so that each laboratory could
keep one specimen for a period of about one week. Information was provided about the homo-
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geneity of the sample, the rough structural formula (Mg, Fe)2Si04 of the monocrystal and the
conditions of the specimen preparation. The participants were asked to perform analysis in two
modes: 

.

- a standard mode with a probe diameter of about 100 nm,
- a nanoprobe mode with a probe diameter of about 5 nm.
They were asked to obtain the quantitative analysis of major elements and to detect minor

elements, eventually to quantify them. Details on the analytical equipment and the quantification
proçess have been provided by each laboratory together with the results.

Àfter compilation, analysis and synthesis of the results by the animation group, all encoun-
tered problems were discussed during a meeting of all the participants. A final synthesis and the
prospects have been presented at the .3rd Réseau Conference held in CECM-CNRS Vitry (Dec.
11th, 1992).

Table I. - X ray analyses results and detector characteristics. Standard text corresponds to the results
of standard mode analysis and italic text shows the results of nanoprobe analysis. The k-factors have
been provided by the company (kcomp) or have been calibrated from standard specimens (kcalib). The
concentration values are expressed in atomic fractions.

3. Results.

All results of the test and analysis conditions provided by the laboratories are gathered in tables I
and II, for EDXS and EELS measurements respectively. A first informative way of surveying
these results is to consider the average value and the dispersion of the measured compositions,
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with respect to the nominal reference values, for the three most used analytical modes - only
one laboratory has achieved EELS measurements in the nanoprobe mode. Table III summarizes
these data for the three elements Mg, Fe, Si. Oxygen has been excluded from these average values,
because most laboratories in EDXS have only given the stoichiometry value, being not capable of
real measurements with an ultra-thin window detector.

Table II. - PEELS results and experimental parameters. Standard text corresponds to the results of
standard mode analyses and italic text shows the results of nanoprobe analyses.

Table III. - Summary of the data for Mg, Fe, Si: average values and dispersion of the measured
compositions, with respect to the nominal reference values.

A more detailed observation of these data is to gather within diagrams the deviations obtained
by the different laboratories - see figures 1 for the measured ratios Mg/Si (la), Fe/Si (1b), O/Si
(lc) in EDXS, and Mg/Si and O/Si (1d) in EELS.

4. Discussion of the results and test specificity.

4.1 GENERAL COMMENTS. - Conceming the major constituants (Si, 0, Mg, Fe), two general
comments can be made concerning the results:

2022 the dispersion of the results is quite important,
2022 obvious problems in quantification have been ecountered with the nanoprobe mode.
Before discussing the possible reasons and causes of such effects, more detailed considerations

can be extracted from examination of the above tables and graphs:
e the nominal composition value generally falls within the errors on the measurements for all

elements and all modes, except for Mg in the nanoprobe EDXS mode.
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Fig. 1. - Histograms showing the percentage of deviation of both standard and nanoprobe EDXS
and EELS data of the different laboratories from microprobe composition of San Carlos olivine. a)

EDXS data percentage deviation of Mg/Si ratio: b) EDXS data

percentage deviation of Fe/Si ratio: c) EDXS data percentage de-

viation of O/Si ratio: d) EELS data percentage deviations of Mg/Si ratio:

, and of O/Si ratio:

e however, in EDXS, Mg is underestimated and Fe overestimated with respect to Si, while it is
reserved for EELS analysis.

e when comparing the standard and the nanoprobe EDXS modes, the measured Mg concen-
tration is smaller in the latter case, it is the reverse for Si, and Fe does not seem to be very sensitive
upon the irradiation conditions.
The presence of minor elements has been diversely reported through EDXS results - see

table 1 -. All laboratories have detected the presence of Ni in the standard mode. The failure of
Mn detection by more than one third of the laboratories is likely due to the weaker detection eff-
ciciency of their detector (lower collection solid-angle for 10 mm2 size). A promising observation
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is that 25% of the test participants have detected the presence of Ca with an atomic concentra-
tion lower than 0.03% - see figure 2. Of course, in the nanoprobe mode, the sensitivity of minor
elements detection is greatly reduced. However, Ni and even Mn have been detected in some
cases.

Fig. 2. - San Carlos olivine X-ray spectra (0.00 - 10.00 keV) collected in standard mode (100 nm) with a
time collection of 1000 s. A detail of the higher energy part of the spectrum is enlarged in order to show
the detection of minor Ni, Mn and Ca elements. The smoothed spectrum, is shown below the raw spectrum
in order to underline the presence of this element. Notice that the ArKa peak is due to implantation of Ar
atoms during ionic thining of the sample.

As for EELS experiments, two laboratories have detected trace elements using the second
difference acquisition procedure, see figure 3. They have reported Ni but with a slightly lower
concentration than expected ( 160 ppm). Mn and Ca have not been detected. The improved
detection of trace elements by EDXS is due to high signal to background ratio on high energy
K-lines while only L edges with weak signal to background ratio are used in EELS.

All these observed behaviours have different origins. Some of them are related to the exper-
iment itself and in particular to the beam sensitivity of the specimen. Others are due to data

acquisition and processing, which are very different for EDXS and EELS analysis.
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Fig. 3. - Detection of Ni traces from the second difference mode in PEELS.

4.2 EDXS ANALYSIS.

4.2.1 Absorption correction. - Only four laboratories have considered and performed absorp-
tion correction. As a major consequence, it modifies the ratio between the Fe-K line which is
moderately absorbed and the Si-K line which is heavily absorbed. The positive average deviation
of + 14.6% for the Fe/Si ratio (for all measurements displayed in Fig. lb) suggests indeed that
the overestimation of the Fe content is largely due to the absence of any absorption correction.
As a matter of fact, the deviation falls to 1.2% for the four laboratories which have performed
absorption correction, by setting arbitrarily the thin foil thickness to 100 or 150 nm. For olivine
mineral with a density close to 3.2 g/cm2, the TEM thin section remains transparent to 200 kV
electrons for thicknesses up to 400-500 nm, notably greater than what is currently observed for
metallurgical specimens. It can lead the observer to analyse specimen areas thicker than normally
accepted as "thin" films. Moreover, when concemed with the quantitative analysis of very light
element such as oxygen, the deviations may be critical if no absorption correction is applied.

In order to evaluate a critical thickness, the calculation of the absorption factor can be applied
to San Carlos olivine from the expression proposed by Cliff and Lorimer [1] and from the values
of the mass absorption coefficients given in [2-3]. We find that the Kpe/si factor should decrease
by 3.6% and the KO/Si factor increase by 8.4% for a sample thickness of 100 nm and a take-off
angle of 30°. If the take-off angle is greater, for instance 75°, the same absorption correction will
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apply for a sample thickness of about 200 nm.
The absorption correction described here is relatively simple and does not consider the different

geometrical conditions of detectors used by the laboratories which participated to the test; it may
affect notably the absorption corrections [4]. However, it underlines clearly the necessity to realize
such corrections for olivine in order to obtain the true composition of the sample or if possible to
use an extrapolation method as proposed by Horita et al. [5] and Van Cappellen [6].
4.2.2 k-factors calibration - Only one laboratory has used k-factors deduced from calibration
on a test specimen (laboratory n° 4 calibrates the k-factors with FeSi2 and Mg2Si04 standards)
and three of the four laboratories which have realized oxygen measurement have performed this
type of calibration for oxygen only (laboratories n° 1, 5, 9). Most laboratories have introduced the
k-factors proposed by the company which has supplied the detector; a few have used theoretical
k-factors calculated for their specific detector. It is not surprising that the laboratory n° 4 got the
best results. The results of the oxygen measurements (Fig.1c) performed by four laboratories are
indeed very promising; the deviation from the nominal value is very low, especially for the two
laboratories (n° 1 and 5) which have performed both calibration with standards and absorption
corrections.

It is obvious that the people who have initiated quantitative measurements of low Z elements
with ultrathin window detectors have become more concemed with all sources of errors in data

processing.

4. 3 EELS ANALYSIS. - EELS technique is quite sensitive to the spectrum acquisition conditions
and to the data processing schemes. It is therefore motivating to check that the dispersion of
quantitative results can be a-posteriori accounted for by a critical evaluation of those parameters.
The four laboratories have much in common; they have all used the same PEELS Gatan piece of
equipment, they have all used the same principle for quantification, i.e. background modelization
and extrapolation, they have all used the same programs sigmak et sigmal [7] for the calculation of
cross-sections. The major differences concern the EM instrumental parameters (primary voltage,
angle of collection) and the local specimen parameters (thickness).

4.3.1 Quantification of major elements - The following edges have been used: O-K at 532 eV,
Fe-L23 at 708 eV, Mg-K at 1305 eV, Si-K at 1839 eV. They extend over more than 1300 eV Since the
dispersion generally used for the spectrum acquisition is 1 eV/channel, data have been recorded
in more than one spectrum and scaled afterwards. The standard quantification procedure [7] with
modelization of the pre-edge spectrum with a power-law function (A.E-R) can be straightfor-
wardly used over this domain range. Moreover, there is no real problem of edge overlap, because
the used edges are separated by more than 100 eV It could not have been the case, if the Mg-L23
(51 eV) and Si-L23 (at 104 eV) had been used. One laboratory (n° 5) has actually tried to quantify
Si using this low energy edge but has got unsatisfactory results.

Owing to the small number of participating laboratories, it is difficult to conclude about the
dispersion of the PEELS results compared to EDXS. Furthermore, only EDXS and PEELS com-
parison of data coming from the same microscope (laboratories n° 5, 6,11) could eventually give
reliable informations. In this case, the dispersion is larger for the PEELS results. However, look-
ing at the table II, we can note that the greater deviation in Si content, compared to reference
composition, is observed for the microscope with the lower accelerating voltage for which the Si-
K edge lies at the end of its accessible energy range. It demonstrates the interest of using higher
primary voltage instruments (which offer increased peak to background ratio values) to perform
quantitative analysis with edges in the 1-3 kV range. The other instrumental parameters are the
accuracy in the measurement of the collection angle (/3) and the integration window (A) for signal
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measurement and cross section calculations. As a matter of fact, the collection angles are similar
for the three laboratories (n° 5, 6,11) performing EELS with a TEM microscope and are nearly
maximum by using a short camera length (10-20 cm) in order to record the highest signal. Angu-
lar effects associated to the spectrometer acceptance are therefore limited for these three TEMs.
They do not seem to induce strong variations for the dedicated STEM instrument which accepts
larger angles of collection. The integration window width used by the four laboratories varies from
50 eV to 130 eV and no detailed investigation of the influence of this factor has been achieved
by any experimentalist. The general feeling is that it does not induce noticeable deviations with
respect to the nominal value, as long as a typical 100 eV width is used for such non-overlapping
edges.

Finally, the most critical parameter is the specimen thickness. One knows that noticeable vari-
ations in measured compositions happen when the thickness is of the order or greater than one
mean free path for inelastic scattering, i.e. typically 100 nm at 100 kV, 200 nm at 300 kV To reduce
this effect, deconvolution techniques are available to eliminate multiple events involving plasmon
losses superposed on the characteristic edges. It must be recognized that no participant to the
round robin test has followed a completely satisfactory data acquisition and processing scheme,
including the recording of a non-saturated low loss spectrum for the estimation of the local thick-
ness. The only general rule has been to perform EELS measurements on sufficiently thin areas,
which on the other hand are more sensitive to beam-induced transformation, as it can easily be
demonstrated in nanoprobe studies.

4.3.2 ELNES fine structures - When compared to EDXS analysis, EELS provides extra-
information on the electronic state, local structure, environment of the excited site through the
spectral intensity distribution over the first 50 eV above the ionization edge. All participants have
recorded the edge shapes for the major elements with an energy resolution between 0.7 and 2 or
3 eV No important variations have been noticed apart the smoothing effect associated to the res-
olution functions different from one instrument to another. Although these fine structures were
not typically within the scope of the present round-robin experiment, the general results were as
follows:

e The Si-K edge (Fig. 4a) exhibits a narrow line at the edge characteristic of Si-0 bonds. The
asymmetrical shape of this line corresponds generally to the tetrahedral site [8], which is therefore
consistent with the forsterite mineral (Mg2Si04) .

e One of the best O-K edges is shown in figure 4b. It differs from the Si02 profile by the splitting
by 2.7 eV of the intense peak at threshold which suggests that oxygen are located in two different
types of site (see also [9]). 

’

 The Fe-L23 edge displays the characteristic white line doublet, the ratio of which is known to
be dependent on the oxidation state [10]. The values measured by two distinct participants using
different methods for estimating the intensity of the white lines, range between 3.5 and 4.5. By
comparison with the values measured on standards, it suggests a divalent iron ion.

4.4 BEAM INDUCED SPECIMEN MODIFICATION. - Minerals, and silicates in particular, are sen-
sitive to electron irradiation, mostly through radiolysis mechanisms [11-13]. In olivine, the beam
damage induces a loss of mass which preferentially affects light elements: 0, Mg... [14, 15]. The
mass loss depends on both the dose rate and the total dose received by the sample. However, a
threshold Je for the current density exists for a given element in a given silicate structure at a par-
ticular voltage, below which no loss occurs. It corresponds to a balance between forward damage
processes and reversible events. Typical values for Je are in the 105 - 106 A.m 2 range.

This phenomenon can substantially alter the characteristic X-ray as well as EELS intensity
ratio resulting from analysis performed above this threshold current density. Figure 5 shows an
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Fig. 4. - ELNES fine structures on the a) Si-K edge and b) 0-K edge.
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example of X-ray spectra obtained in the standard mode (~ 100 nm probe). The storage of spectra
acquired with increasing time periods (10 s, 20 s, 40 s, 60 s, 160 s, 320 s and 640 s) clearly reveals
that the 0/Si and Mg/Si ratios decrease noticeably with the acquisition time.

Fig. 5. - Cumulative low energy X-ray spectra (0.00 - 2.50 keV) obtained after 10 s, 20 s, 40 s, 80 s, 160 s,
320 s and 640 s of analysis on the same area. The spectra have undergone a gaussian smooth and have been
rescaled to a common intensity for the Si X-ray peaks. Each spectrum has been shifted of 50 eV relative
to the previous one for the commodity of presentation. The CKa peak is quite constant which means that
contamination remains very small all along the analysis and thus does not affect it.

Considering again the quantitative analysis of major elements, most participants have found
a Mg/Si ratio value well below the nominal one, as shown in figure la. This underestimation is
therefore likely due to a Mg loss during analysis. The average deviation (sum of the deviations
of all data divided by the number of data) in the standard mode 03B4stand is equal to - 9.6% in the
EDXS case and -4.8% in the PEELS one.
The average deviation still increases for the nanoprobe analysis (03B4nano = -21.6% in EDXS

mode and 8nano = -60% in PEELS mode). The drastic increase of the underestimation of the
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Mg content with the nanoprobe mode must be attributed to the important increase of the current
density received by the sample with this mode thus increasing the Mg loss during the analyses.
One-third of the microscopists did not notice that some Mg was lost during their analysis. Another
third were not disturbed by the phenomenon because they worked at low current intensity and/or
they reduced the effect of Mg-escape by working with a nitrogen low-temperature sample holder.
The last third effectively observed the Mg-loss during their analyses; however, only half of them
were able to collect their spectra for a beam intensity below the critical threshold current density
which initiates the loss.

5. Conclusions and perspectives.

This first round robin test has permitted to promote an enthousiastic new kind of communication
and exchange between microscopists sharing common techniques and problems. The present
evaluation is intended not to assess the real potential of the techniques by themselves, but to eval-
uate the way that they are handled by a group of operators with distinct instruments and different
data processing approaches. It has involved two levels of participation: the first one was to per-
form the required measurements individually, the second one has been to gather ail participants
in order to scrutinize the results, to identify the sources of disagreement and to propose new ways
for improving and unifying the general quality of the results.

This collaborative reflexion has led to the following conclusions:
e no drastic difference has been evidenced between the two techniques EDXS and EELS for

quantifying major elements. Nevertheless, improvements should be acquired through the follow-
ing routes:
- generalization of a rigorous procedure for absorption correction in EDXS,
- introduction of the determination of k factors from standards in EDXS,
- development of novel modelization techniques for EELS, including the utilisation of spectra
from standards [16].
e EDXS has revealed to be superior to EELS for the detection of minor elements, with the

presently used data processing techniques. As a matter of fact, all laboratories have detected Ni
with EDXS but only two with EELS, and Mn and Ca could only be detected with EDXS.

e even in the standard mode, one of the major difficulties for the analysis of this type of specimen
lies in the preferential loss of one element or another under the primary electron beam. Evidently,
this effect is the more disturbing as one looks for high spatial resolution in the nanoprobe mode.
Possible ways to circumvent this difficulty have been mentioned such as a more general use of
temperature specimen holders.

Finally, in agreement with all participants, two fundamental aspects of data processing, i.e.
thickness effect and use of standards have been selected to be the subject of the next 1993 round
robin test for the Ile-de-France TEM Network.
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