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Infroduction

Electron probe microanalysis (EPMA) is a nondesivacanalytical technique widely used for
determining the local composition of solid sampj&s 2, 3]. The technique is based on the
measurement of characteristic x-ray intensitiegtechby the elements present in the sample when
the latter is bombarded with a focused electronnbeBor each element, the ratio of the
characteristic x-ray intensity emitted from the géamto that emitted from a standard of known
composition is measured. This ratio is usually mefit to as k-ratio. The transformation from
measured k-ratios to concentrations is performedmmans of relatively simple, analytical
algorithms, which assume that the sample regiom fachich x rays emerge has a homogeneous
composition. For keV electron beams, this regiatypscally about Jum, depending on the density
of the material and the analytical conditions. Adigly, EPMA is suitable for the analysis of
samples that are homogeneous on the micron scale.

Using wavelength-dispersive (WD) spectrometeranelgs from Be to U can be analyzed by
EPMA with detection limits for most elements down 200 ppm or lower, accuracy of 2% for
major element concentrations and a spatial resolutf few microns. EPMA also couples
quantitative analytical capabilities with the imagjicapabilities of a scanning electron microscope
(SEM), allowing detailed x-ray mapping of compasiticontrast. Moreover, EPMA can also be
used to determine the thickness and compositighinffilms and multilayers with thickness in the
sub-micron range, providing information on the fatevariation in thickness and composition at
the micrometer scale. EPMA is extensively used emynfields and has been central for the
microanalysis of ceramic, metallurgical, geologidablogical, and other materials.

The first electron microprobe was developed by RaidhCastaing in 1950 by fitting a crystal
spectrometer to a modified electron microscope.ngsihe developed instrument, Castaing
established the basic principles of quantitativd/lBH4]. A few years later, in 1958, the French
company CAMECA manufactured the first commerciaction microprobe. Since then, many
improvements in the probe-forming system, as wesllira the x-ray spectrometers have been
performed, which have advanced electron microproiveterms of stability, reproducibility and
detection limits. Recently, the incorporation aldi-emission electron sources in EPMA equipment
has opened the possibility of obtaining x-ray mapghemical contrast and point analyses with
sub-micron spatial resolution.

This article summarizes the basic principles oMBP with examples of applications that
illustrate the capabilities of the technique.

1. Methodology

1.1. Physical principles

When an electron beam impinges on a sample, efecinteract repeatedly with the sample atoms
until they come to rest or emerge from the surfdoethe keV energy range, the possible
interactions of electrons with atoms are elastattecing, inelastic collisions and bremsstrahlung
emission [5, 6]. Elastic interactions are those/imch the initial and final states of the atom tre
same, normally the ground state. These interactatrasge the direction of movement of the
electrons. Inelastic collisions are those in whitedatom is brought to an excited state, i.e. agiar
the electron’s kinetic energy is taken up by themat electrons. Inelastic collisions include
excitation of electrons in the conduction or vakermands, plasmon excitations and inner-shell
ionization, i.e. the production of a vacancy inimmer-electron shell (see Fig. 1). After inner-shel
ionization, the atom de-excites by migration of tfaeancy to outer shells through a cascade of
electron transitions and energy is released asactaistic x rays or Auger electrons. Inner-shell
ionization is thus responsible for the emissiomlwiracteristic x rays. Emission of bremsstrahlung
takes place when the electron is decelerated in elkeetrostatic field of the target atom.
Bremsstrahlung emission has almost no effect orligetron trajectories but it is the source of the
continuous background in an x-ray spectrum.
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Emitted photons (either as characteristic x raybremsstrahlung) originate at sample depths
extending from the surface to some maximum deptiichvdepends on the material and on the
energy of incident electrons. Before emerging ftbmsurface, generated x rays may interact with
the sample atoms through different mechanisms, lyngimotoelectric absorption, and as a result,
fluorescent x rays may be emitted.
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1.2. Instrumentation
The electron microprobe essentially consists of eactron column and several x-ray
spectrometers, which can be WD and/or energy-dispe(ED) spectrometers.

The electron column consists of an electron gunaamdlectromagnetic lens system (see Fig.2).
The electron gun acts as a source of electroms.cltmmonly a thermoionic gun, usually made of
W or LaBs; which is heated to liberate electrons by thern@amiission. The filament is held at a
negative potential by a power supply, which acedés the electrons escaping from the filament
through an aperture. Typical accelerating voltagasge from 1 kV up to 40 kV. The
electromagnetic lenses are used to focus the efeb#am onto the target, with a final diameter of
about 0.1-1um. They are also used to control the electron atiries. the number of incoming
electrons per unit time, with values typically 68@0 nA. The electron current is measured with a
Faraday cup and stabilized by means of a beamatgutlevice. The sample is connected to
ground to ensure electron conductivity.

Conventional high vacuum technology is generallgdug order to prevent oxidation of the
filament, breakdown of the accelerating voltage scaktering of the electrons in the beam by the
residual gas. In order to minimize carbon contatienaat the point of electron impact due to the
cracking of hydrocarbons present in the chambergtactron microprobe is equipped with a liquid
nitrogen “cold finger”, placed close to the speainand an air jet directed towards the point of
electron impact.

An optical microscope co-axial to the electron béarmommonly used to locate the areas of
interest in the sample. For the same purpose, ghetran be scanned as in conventional SEMs.
Images can then be generated by using the sigmmal &n electron detector, which usually records
secondary (SE) and/or backscattered electrons (B&i&)the target.

The WD spectrometer consists of a crystal monochtormand an x-ray detector, usually a gas
proportional counter, arranged in such a way theays impinging on the crystal are diffracted
according to Bragg's law and some of them reachd#tector and are recorded. The Bragg law
readsn A=2d sinB, whereA is the x ray wavelength is the diffraction orderd is the spacing
between atomic planes of the monochromator crgstab is the angle of incidence of the x rays.

With flat crystals and point x-ray sources, Bragfiection occurs only on a small portion of the
crystal surface. Improved reflection is obtainedptacing the target, the crystal and the deteator o
a focal circle of radiuR (the Rowland circle) and bending the atomic plaokethe crystal to a
radius R. This focussing geometry is known as the “Johagpé&. Much improved reflection is
obtained if the crystal surface is bent to theuag (“Johansson” type). With this arrangement, the
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angle of incidence of x rays is constant over the tefined by the intersection of the Rowland
circle plane and the crystal surface. Coordinatedhanical rotation of the crystal and the detector
allows us to record the x-ray spectrum as a funadfowavelength. In the focussing geometries, the
source-crystal distance is proportional toBsamd thus proportional to the wavelength. Therefore
the crystal is simultaneously rotated and movedgila straight line by means of mechanical
linkage. This allows calibration of the wavelengthjust measuring the source-crystal distance and
moreover, the take-off angle is kept constant lovavelengths.
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Figure 2: Cross section of an electron Figure 3: Electron microprobe CAMECA SX0 at
microprobe. the CCiTUB (4 WD spectrometers + 1 EDS).

Besides mechanical limitations of the crystal drithe range of reflected wavelengths is only
limited by the crystal inter-atomic spacingand, therefore, crystals with different spacings a
required to cover a wide wavelength range. Crystatsmonly used for microanalysis are Lithium
Fluoride (LiF), Pentaerythritol (PET), and Thalliuatid Phthalate (TAP). The wavelength range
covered by using these three crystals\iS1-24 A. For longer wavelengths, layered synthetic
multistructures (LSM) consisting of many alterngtiayers of high- and low-materials, such as
W/Si, Ni/C and Mo/BC can be employed. In these sabés equal to the sum of the thickness of
one layer pair of the higi-and lowZ materials.

The gas proportional counter consists of a gasdfitube with a coaxial wire held at a potential
of 1-2 kV with respect to the outer wall of the ¢ulX rays enter the counter through a window;
they are absorbed by the gas molecules throughoeleatric effect and generate free
photoelectrons, which are accelerated by the @efigld and produce a cascade of secondary
electrons. As a result, each incoming x ray producgulse whose height is proportional to the
energy of the x ray. The output pulses are seatfalse-height analyzer (PHA) that counts pulses
with selected heights —usually contained withineatain voltage window-. Visualization of the
PHA display helps us to properly select the valokethe counter high voltage, the gain and the
discriminatory settings (baseline and window). Praéipnal counters can be of flow type, in which
case the gas escapes through the window and thensfiost be supplied continuously, or of the
sealed type. Since WD spectrometers only allow rémording of one wavelength at a time,
electron microprobes are usually equipped with is#\@p to 5) spectrometers (Fig. 3), each with
several interchangeable crystals.

The ED spectrometer uses a solid-state x-ray detassually a crystal semiconductor such as
Si or Ge, which discriminates x rays based on theargy. In Fig. 3, x-ray spectra of InSb recorded
with WD and ED spectrometers are compared. In thespectrum, the overlap between adjacent
lines makes it difficult to obtain the corresporglixtray intensities, while for the WD spectrum,
the majority of x-ray lines are clearly resolveecBuse of its better resolution, WD spectrometers
have better (lower) detection limits than ED spauieters (typically ten times).
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The standard procedure to obtain the net peakdityeis to record the counting rate at the
channel corresponding to the maximum of the pemadt,a two background positions at both sides
of the peak. Background intensity is then obtaibgdsimple linear interpolation and subtracted
from the measured counting rate. This procedunessgin general, accurate results because of the
high peak-to-background ratio of WD x-ray spectrigher order reflections, i.en=2,3,4.. in
Bragg’'s law, must not be ignored since they areuace of spectral interference. In general, it is
possible to suppress the influence of high-ordéradition peaks by properly setting a narrow
window in the PHA.

1.3. Quantitative analysis

The starting point of quantitative analysis methadsto establish a relation between the
concentratiort; of elemeni and the intensity of characteristic x ralysmesured in the direction of
the take-off anglé. This relation can be written as

L =€ [/nx ®;(pz) exp(—xi pz) cl(p:)] (1+ ij FJel, (1)
’ j

with xi=(u/p) cscB, where (1/p) is the mass attenuation coefficient for the @ered x-ray line,
(1+ Zf; + fo) is the fluorescence contribution, i.e. the x-r@gnsity resulting from the absorption of
characteristic x raysf) or bremsstrahlungfy, and ®(pz) is the depth-distribution of x-ray
production. The facto€ in Eq. (1) includes instrumental and atomic partansethat are generally
not well known. To minimize the effect of the urteanties in these parameters, the x-ray intensity
is normalized to that emitted from a reference ddash that contains the element of interest. By
doing so, the facto€ cancels out. Thk-ratio is given by

- L _ o /L,’, ®;(pz) exp (—xi pz) d(pz) [ (1 +Zj, + 1)
B | [T w2 exp (ot p2) d(pa) | [ A28 +10)
JO

where superscript “*” indicates that the correspngdjuantity is evaluated on the standard (notice
thatc™* is known). Eq. (2) can be written in a compactrf@as

Ii o .
where [A] and F represent the expressions in brackets in Eq.ré8pectively. ZA] is usually
referred to as the atomic number and absorptiorection factor, whileF is the fluorescence
correction factor. Notice that by choosing suitadtendards, the uncertainties in the calculation of
[ZA] andF can be reduced.

A number of analytical expressions have been pegbas parameterize th@(pz) function,

which makes it possible to obtainfrom |; (see Eq. (1)) by using relatively simple algorighf#].

. (2)
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Examples of such parameterizations are the widedg PAP [8] or X-PHJ9] models. In practice,
k-ratios are measured for all elements present & shmple (except for those estimated by
stoichiometry or by other means) and the resulSggtem of equations is solved by using an
iterative procedure. This is so because the fadidfg and F that occur in Eq. (3) depend
themselves on sample composition. In general, agewnee is quickly achieved using simple
iterative procedures.

As mentioned in the introduction, EPMA can also uUsed to determine the thickness and
composition of thin films and multilayers. Correxti procedures that allow the analysis of thin
films and multilayers are known as thin-film progna [10]. Examples of available thin-film
programs are the widely used STRATAGEM [11] or X4l [12]. For the analysis of
heterogeneous samples such as sub-micron partctésedded inclusions or lamellae structures,
the simplifications underlying correction procedusge not firmly established and there is a need
for more realistic procedures. In this context, thante Carlo simulation method [13] is a valuable
tool as a basis of quantitative procedures.

2. Examples of applications

EPMA capabilities include point analysis, line ples and x-ray mappings, both qualitative and
quantitative, as well as the determination of tleengosition and thickness of thin films and
multilayers. Applications of EPMA in the earth amavironmental sciences include the description
and classification of rocks (mineral chemistry)entification of minerals; determination of
temperatures and pressures of rock formation (gewmibbarometry); chemical zoning within
mineral crystals on the micron-scale for petrolagicrystal growth and diffusion studies (e.qg. for
the determination of time scales of magmatic aridaroc processes); study of mineral indicators
in mineral exploration; analysis of minerals of eomic and strategic importance (e.g. ore
deposits, carbon sequestration); study of fossteras, limestones and corals; determination of
rock ages via U-Pb radioactive decays.

In materials science and physical metallurgy, EPM&Xxtensively used for the determination
of the chemical composition and microstructure ltfya, steel, metals, glass, ceramics, composite
and advanced materials; determination of phaseatiag analysis of inclusions and precipitates;
analysis of elemental distributions, e.g. diffuspofiles, depletion zones, nitrided and carburized
surfaces, corrosion and oxidation phenomena; aisadyshin films and coatings.

EPMA can also be used as a scattering chambertdéontae physical quantities related to the
production of x rays (e.g. [14]) which are needediedical and industrial applications.

In this section, we show some of our own exampleapplications of EPMA which briefly
illustrate the capabilities of the technique.

2.1. Characterization of duplex stainless steel
Duplex stainless steels (DSS) are a family of stgatles that have a two-phase microstructure
consisting of grains of ferritica) and austeniticyj stainless steel, with diameters of several
micrometers. These steels are valuable for apjditetwhere good mechanical and anti-corrosion
properties are required simultaneously, such aeemyf pipes or off-shore platforms. The use of
DSS at high temperatures requires knowledge opkiase transformations that they undergo after
heat treatment. The most important phases that @tging heat treatment are the so-catbeand
X phases, which form between 6%D and 1000C mainly at then/y interface, and are associated
with a reduction of anticorrosion and toughnesgperties. Other phases that can occur in the same
range of temperatures are secondary austepjteafid several nitrides and carbides. EPMA is a
valuable tool for the characterization of DSS ainbines micrometer spatial resolution with low
detection limits.

Figure 3 shows the microstructure of a DSS samipée heat treatment (8h, 8%D) [15]. The
following phases can be observed: ferrdg, @ustenitey)), secondary austenitg), and thes and
X phases. Figure 4 displays a portion of the x-ragcspm near the N & line emitted from an
austenite grain. Nitrogen plays an important roldhe properties of DSS as it can patrtially replace
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Ni, which is of economic interest. Accurate measwest of N is difficult mainly because of its low
peak-to-background ratio and the curved backgroumder the peak (see Fig. 4). One way of
overcoming this difficulty is to use a calibratioarve, which can be obtained from (mono-phase)
steel reference samples [16]. Typical EPMA analygdbe observed phases are shown in Table 1.
In this example, the detection limit (DL) of Ni8§0.025 wt.%; the precision of the N determination
is 015-20 % for thex ando phases andl5% for they andy phases [15].
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Figure 3: BSE image showing the Figure4: X-ray spectra around the position of N
microstructure of a DSS after heat measured on an austenite grain (
treatment.

Table 1: Phase composition of a duplex stainless steel ladtat treatment (8h, 85Q)

Phase type
wt.% Austenite{)  Sec. austyf) Ferrite () Phase Phase
N 0.40 <DL 0.05 0.07 0.14
Si 0.21 0.56 0.25 0.38 0.38
Cr 20.28 18.39 22.84 27.65 23.27
Mn 4.48 4.73 3.47 4.25 4.56
Fe 68.81 69.96 68.97 59.01 58.61
Ni 2.97 3.25 1.47 1.40 1.22
Cu 1.14 1.29 0.73 0.31 0.27
Mo 2.30 1.81 2.71 7.92 15.01
Total 100. 59 99.99 100.49 101.09 103.46

2.2. Analysis of chemical segregation in ferrgieel

Applications of ferritic stainless steels are comiyarelated to conformation, usually stretching
and deep drawing, of house-hold appliances. Thgg#ications require knowledge of the
deformation mechanisms of these steels and thetaffanicrostructure and microsegregation on
their behaviour during deformation. A convenientimog to analyze microsegregation is by means
of x-ray mapping, which allows to record the distition of elements over an area of the sample.
Depending on the area, x-ray mappings can be autdiy scanning the beam across the sample or,
alternatively, by moving the sample back and famter a fixed electron beam. Mappings can
display x-ray intensity in each pixel (qualitativa) concentration (quantitative). The mappings of
Fig. 5 show the quantitative distribution of Fe, &rd V in ferritic stainless steel after bi-axial
tension deformation [17]. The colormap at the Higind side of each map displays the equivalence
between color and concentration (in wt. %). In #xample, x-ray mapping allowed to correlate
the effect of tension deformation with the intepsind width of microsegregation [17].
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Figure5: Quantitative x-ay mappings showing the distribution of Cr, B&,and V in a ferritic
steel after baxial tensiordeformation Concentration is given in wt..

2.3. Determination of the pressure etemperature of formation of rocks

The temperature and pressiof formation of minerals within rocksan be estimated from tl
composition ofselected mineral paicoexisting in the rock. These mineral pairs disg@agartition
of chemical constituents as a function of tempeeatwr pressure, and are referred to as-
thermometers (if they depend on temperature) o-barometers (if they depend on pressuln
this example, the pressuemperature pa of a mantle xenolith hosted lasaltic rocs from the
Canet d'Adri volcano (Girona, NE Spaiwas derived [18]. Figure 6 shows an optical micoge
image of the studiedample, showing the different minerals occur (spl= spinel; opx
orthopyroxene; cpx = clinopyroxene; ol = olivindRepresentative EPMA analyses of s
minerals are shown in Tab2. Together with the EPMA analyses, thedimamic and calibratio
data areequired in order to ply a particular geothermometer geobarometer. In this examg
temperatures were determined from the compositidn coexisting clinopyrxene and
orthopyroxene crystals. Th€a content in olivinecoexisting with clinopyroxen previously
corrected for the &ct of seondary fluorescenceyas used to estimate pressures Ref. [18] for
details). The esults indicated an adiabatic decompressional faththis sample, with earlie
pressurgemperature conditions of 20+ 0.18 kbar, 116@ 4°C, respectively, followedy 17.0+
0.4 kbar and similar temperatuidown to 12.4+ 0.9 kbar, 1044t 4°C. It was deduced that tf
rock had been extracted frc180 km depth, indicating a minimum lithosphere thieks in the
area at the time of the volcanic activ

Figure 6: Optical microscopy image of a basa
sample. The observed minerals are clinopyroxemne (
olivine (ol), ortopyroxene (opx) and spinel (¢
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Table2: Representative analyses of olivine, clinopyr@emtopyroxene and spinel (in Ox.%).
Mineral phases

Ox.% ol1 Ol12 Cpx1 Cpx2 Opx1 Opx2 Spl1 Spl2

SiO 40.48 40.14 51.29 51.35 54.05 54.83 0.12 0.14

AlO 0.04 0.03 6.84 5.43 5.34 5.44 0.25 0.20

TiO 0.00 0.04 0.38 0.45 0.12 0.13 51.59 51.14

CrO 0.07 0.03 1.02 1.26 0.55 0.57 13.87 13.95 MT.4

FeO 9.78 9.46 3.77 3.34 6.21 6.04 8.84 8.32

FeO 4.38 4.32

MnO 0.08 0.12 0.15 0.07 0.14 0.13 0.10 0.10

MgO 49.24 49.28 16.43 16.94 32.24 32.30 20.07 20.12

NiO 0.40 0.36 0.03 0.03 0.10 0.11 0.36 0.42

CaO 0.12 0.13 17.96 20.90 1.19 1.15

NaC 1.43 1.52 0.16 0.14

Total 100.09 99.46 99.39 100.16 100.10 100.84 99.588.71

2.4. Analisis of rare/complex minerals

Zirconolite is a rare oxide mineral described franfew locations on Earth which is used for
storage of high-level radioactive waste. The contjws of zirconolite can be summarized as
ABCO where A = (Ca, Y, REE, Th, U, Fe, Mg, Mn) iAf@dd coordination, B = Zr in 7-fold
coordination with minor substitution by REE, Hf, Oa, and Ti, and C = (Ti, Nb, Fe, Fe, Zr, Mg,
Ta) in 5- or 6-fold coordination (REE = rare eagtement).

The analysis of zirconolite by x-ray spectrometrgthods faces several difficulties associated
with the complex character of their x-ray speatvhich include a number of multiple interferences.
Indeed, for each REE element at least ten linesdatectable. Examples of peak interferences
include the following lines: Ho &—Gd LB, Hf La—Er La, La La—Nd Ll and Lu lo-Dy La. Figure
7 shows a BSE image of a zirconolite phase, inaadmwith ilmenite, from Mina Potosi (Cuba), as
well as the corresponding qualitative x-ray mapsTofand Y [19]. The results of our EPMA
analyses, including the analytical error and da&iadimits, are given in Tabl8. As shown in the
table, this particular zirconolite sample has atre¢ly high Y content, which is among the largest
described in Earth and only comparable with lu@ansles.

Figure 7. BSE image and x-ray maps (Ti and Y) of a zircaadlZc) mineral.
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Table 3: Average composition (C), analytical error andegébn limits (DL) of a zirconolite

C(wt.%)  Error (%) DL (wt.%) C(wt%) Error (%) Diwt.%)
Mg 0.32 3.1 0.007 Al 0.25 4.0 0.007
Si 0.073 9.8 0.034 Ca 3.95 1.2 0.030
Ti 19.13 0.5 0.086 Cr 0.32 2.4 0.008
Mn 0.04 36.2 0.236 Fe 5.05 0.07 0.035
Y 8.57 1.2 0.025 Zr 23.86 0.8 0.050
Nb 0.06 87.1 0.054 La 0.02 66.7 0.023
Ce 0.59 3.6 0.024 Pr 0.15 14.8 0.027
Nd 1.18 6.4 0.056 Sm 0.92 3.5 0.031
Eu 0.21 21.7 0.055 Gd 1.20 6.7 0.053
Tb 0.27 17.0 0.056 Dy 1.84 3.6 0.047
Ho 0.41 4.8 0.044 Er 0.99 4.8 0.047
Tm 0.18 17.8 0.042 Yb 0.64 8.7 0.001
Lu 0.10 10 0.020 O 28.68
Hf 0.80 9.9 0.020 Total 99.89

2.5. Thickness and composition of thin films andltitayers

The last example illustrates the analysis of tlliimg by variable-voltage EPMA. The technique
consists of measuring the x-ray intensitiksatios) emitted by the film and substrate atoms at
different electron incident energies. Measuredrisitees are then analyzed with the help of a thin-
film program, which calculates the thickness anthjgosition of the film by least squares fitting of
an x-ray emission model to the measured intendiies EPMA allows to measure the thickness
and composition of thin films and multilayers withickness from few nanometers [20] uplid
micron. Figure 7 shows the variation of the measureay intensity against electron beam energy,
together with the best fit obtained using the fiilim-program STRATAGEM [11], for a C-coated
P-doped glass film deposited on Si [12]. Thesesglagre typically used as inter-metal dielectrics
in microelectronic devices. For P, O and Si, khatios increase with beam energy until they reach
a flat region (approximately from 4-12 keV) from ieh the Si intensity starts increasing again,
while that of P and O decreases. It is therefdwylithat at 12 keV the beam starts penetrating the
Si substrate. The fit resulting from STRATAGEM ylet the following result: C 26 nm / P-SiO
1234 nm / Si (assuming= 2.2 g/cm for C ang= 2.6 g/cm for the P-doped glass), with a P
concentration of 5.2 wt.% and agreed reasonabliwidl the measureld-ratios.

1.20

1.00
5080
% 0.60 . ,
M Figure 8: Comparison between calculated and
0.40 measured k-ratios for a C-coated, P-doped glass
film deposited on Si. Symbols represent
0.20 —___PKa experimental data. Continuous lines are results
T from STRATAGEM.
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