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CHAPTER PREVIEW

You’ve now got an idea of how to acquire XEDS data from thin foils. You understand what factors may limit the
information in them and what false and misleading effects may arise. Also, you know how to be sure that a cer-
tain peak is due to the presence of a certain element and the occasions when you may not be so sure. Having
obtained a spectrum that is qualitatively interpretable, it turns out to be a remarkably simple procedure to con-
vert that spectrum into quantitative data about the elements in your specimen, and this is what we describe in
this chapter.

This chapter is rather long. You will find that you can skip parts of it as you work through it the first time.
We have decided to keep the material together so as to be a more useful reference when you are actually do-
ing the analysis on the microscope.

D. B. Williams et al., Transmission Electron Microscopy 597
© Springer Science+Business Media New York 1996
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35.1. HISTORICAL PERSPECTIVE

Quantitative X-ray analysis in the AEM is a most straight-
forward technique. What is surprising is that, given its sim-
plicity, relatively few users take the trouble to extract
quantitative data from their spectra, despite the fact that
numerical data are the basis for all scientific investigations.
Before we describe the steps for quantification, you should
know a little about the historical development of quantita-
tive X-ray microanalysis, because this will emphasize the
advantages of thin-foil microanalysis over analysis of bulk
specimens.

Historically, X-ray microanalysis in electron-beam
instruments started with the study of bulk specimens in
which the electron beam is totally absorbed, as opposed to
“thin” specimens through which the beam penetrates. The
possibility of using X-rays generated by a focused electron
beam to give elemental information about the specimen
was first described by Hillier and Baker (1944), and the
necessary instrumentation was built several years later by
Castaing (1951). In his extraordinary Ph.D. dissertation,
Castaing not only described the equipment but also out-
lined the essential steps to obtain quantitative data from
bulk specimens. The procedures that Castaing proposed
still form the basis of the quantification routines used to-
day in the EPMA and may be summarized as follows. Cas-
taing assumed that the concentration C, of an element i in
the specimen generates a certain intensity of characteristic
X-rays. However, it is very difficult in practice to measure
this generated intensity so Castaing suggested that a known
standard of composition ¢, be chosen for element i. We
then measure the intensity ratio /,/1;, where /, is the mea-
sured intensity emerging from (not generated within) the
specimen and I, is the measured intensity emerging from
the standard.

Castaing then proposed that, to a reasonable ap-
proximation

G/ Cy=[K|L/1, [35.1]
where K is a sensitivity factor that takes into account the
difference between the generated and measured X-ray in-
tensities for both the standard and the unknown specimen.
The contributions to K come from three effects:

n z The atomic number.

m A The absorption of X-rays within the
specimen.

H F The fluorescence of X-rays within the
specimen.

The correction procedure in bulk microanalysis is often re-
ferred to as the ZAF correction. The necessary calculations,
which have been refined over the years since Castaing first
outlined them, are exceedingly complex and best handled
by a computer. (If you’re interested, there are several stan-
dard textbooks available which describe the ZAF and re-
lated procedures in detail, for example, Heinrich and New-
bury 1991.)

It was soon realized that if a thin electron-transpar-
ent specimen was used rather than a bulk specimen, then
the correction procedure could be greatly simplified be-
cause, to a first approximation, the A and F factors could
be ignored and only the Z correction would be necessary.
In addition, if thin specimens were used, the analyzed vol-
ume would be substantially reduced, giving a much better
spatial resolution. (We discuss this latter point in detail in
the next chapter.)

These two obvious advantages of thin-foil micro-
analysis led to the development of the so-called electron
microscope microanalyzer (EMMA), pioneered by Dun-
cumb in England in the 1960s. Unfortunately the EMMA
was ahead of its time, mainly because the WDS was the
only X-ray detector system available. As we have seen, the
WDS is handicapped by its poor collection efficiency, rela-
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tively cumbersome size, and slow, serial operation. These
factors, particularly the poor efficiency, meant that a large
probe size (~0.2 um) had to be used to generate sufficient
X-ray intensity for quantification, and therefore the gain in
spatial resolution over the EPMA was not so great. Also,
the poor stability of the WDS meant that it was necessary
to measure the beam current to make sure that the X-ray
intensities from both standard and unknown could be sen-
sibly compared. As a result of all these drawbacks, the
EMMA never sold well and the manufacturer (AEI) went
out of the EM business.

It is ironic that around this time the commercial de-
velopments that would transform TEMs into viable AEMs
were all taking place. We’ve seen that the XEDS detector
was developed in the late 1960s, and about the same time
the development of commercial TEM/STEM systems was
beginning. However, before the demise of the EMMAs,
they were to play a critical role in the development of the
thin-foil microanalysis procedures that we use today. The
EMMA at the University of Manchester, operated by Cliff
and Lorimer, was refitted with an XEDS system and they
soon realized that the pseudo-parallel collection mode, the
greater collection efficiency, and the improved stability of
the XEDS removed many of the problems associated with
WDS on the EMMA. Cliff and Lorimer (1975) showed that
quantification was possible using a simplification of Cas-
taing’s original ratio equation, in which there was no need
to incorporate intensity data from a standard, but simply
ratio the intensities gathered from two elements simultane-
ously in the XEDS. This finding revolutionized thin-foil
microanalysis.

35.2. THE CLIFF-LORIMER
RATIO TECHNIQUE

The basis for this technique is to rewrite equation 35.1 for
two elements A and B in a binary system.

B We have to measure the above-background char-
acteristic intensities, /, and I, simultaneously.
This is trivial with an XEDS and therefore there
is no need to measure the intensity from a stan-
dard.

B We assume that the specimen is thin enough so
that we can ignore any absorption or fluores-
cence. This assumption is called the thin-foil
criterion.

The weight percents of each element C, and C; can be
related to the measured intensities by the so-called
Cliff-Lorimer equation

IV N SPECTROMETRY

C I

?‘; = kABﬁ [35.2]
The term k, ; is often termed the Cliff-Lorimer factor. It is
actually not a constant, so don’t be fooled by the use of “k.”
It varies according to the TEM/XEDS system and the kV,
as we will see later. Because we are ignoring the effects of
absorption and fluorescence, k, is related to the atomic-
number correction factor (Z) in Castaing’s original ratio
equation. (We will derive this relationship rigorously in
Section 35.4.C.) Now to obtain an absolute value for C,
and C; we need a second equation, and in a binary system
we simply assume that A and B constitute 100% of the

specimen, soO

C, +C;=100% [35.3]

We can easily extend these equations to ternary and higher-
order systems by writing extra equations of the form

C I

B _} ‘B
o kBCIC [35.4]
and
Cy+ G+ Co=100% [35.5]

You should also note that the k factors for different pairs of
elements AB, BC, etc., are related, thus

[35.6]

It is a convention that we define the units of com-
position as wt.%.

So long as you are consistent, you could define the compo-
sition in terms of atomic %, or weight fraction, or any ap-
propriate units. Of course the value of the k factor would
change accordingly. Thus the Cliff-Lorimer equation is the
basis for quantitative microanalysis on the AEM. Let’s see
how we use it in practice.

35.3. PRACTICAL STEPS FOR
QUANTITATIVE MICROANALYSIS

First of all, you should try to use only the K, lines for the
measured intensity. (The K is combined with K if it can-
not be resolved.) Use of L or M lines is more difficult be-
cause of the many overlapping lines in each family, but
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may be unavoidable if the K, lines are too energetic for
your Si(Li) detector.

We can break the process down into four accumula-
tion steps:

B Accumulate enough counts in the characteristic
peaks, I,, I, etc. As we will see below, for ac-
ceptable errors, there should ideally be at least
10* counts above background in each peak.
While you can’t always obtain this number in
a reasonable time before specimen drift, dam-
age, or contamination limit your analysis, you
should always choose the largest probe size
which is consistent with maintaining the de-
sired spatial resolution, so you get most current
into your specimen.

B Keep your specimen as close to 0° tilt as possi-
ble to minimize spurious effects.

B Orient your specimen so the thin portion of the
wedge faces the detector to minimize X-ray ab-
sorption (see Section 35.5).

B If the area of the specimen is close to a strong
two-beam dynamical-diffraction condition, you
should tilt the specimen slightly to kinematical
conditions.

Anomalous X-ray generation can occur across bend con-
tours or whenever a diffracted beam is strongly excited.
This point is not too critical because we quantify using a
ratio technique. If the beam has a large convergence angle,
which is usually the case, any diffraction effect is further
reduced. We will see in Section 35.8 that under certain con-
ditions there are advantages to be gained from such crystal-
lographic effects.

Having accumulated a spectrum under these condi-
tions, how do you quantify it? All you have to do is measure
the peak intensities /,, I, etc., and then determine a value
for the k,, factor. To determine the peak intensities you first
have to remove the background intensity from the spectrum
and then you integrate the peak intensity. In a modern com-
puterized MCA system, both these steps are accomplished
by one of several available software routines. There are ad-
vantages and disadvantages to each approach, so you
should pick the one that is most suited to your problem.

35.3.A. Background Subtraction

We are not very precise in the terminology that we use in
the discussion of the X-ray background intensity, so it can
be confusing. The “background” refers to the intensity un-
der the characteristic peaks in the spectrum displayed on
the MCA screen. Now, as we saw back in Chapter 4, these
X-rays are generated by the “bremsstrahlung” or “braking
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radiation” process as the beam electrons interact with the
coulomb field of the nuclei in the specimen. The intensity
distribution of these bremsstrahlung X-rays decreases con-
tinuously as the X-ray energy increases, reaching zero at
the beam energy. Thus the energy distribution can be de-
scribed as a “continuum,” although, as we’ve seen, the
phenomenon of coherent bremsstrahlung disturbs this con-
tinuum.

Now we tend to use these three terms—“back-
ground,” “bremsstrahlung,” and “continuum”—in-
terchangeably, although strictly speaking they
have these specific meanings.

Remember also that the generated bremsstrahlung inten-
sity is modified at energies below about 2 keV by absorp-
tion within the detector and the specimen, so we are usu-
ally dealing with a background in the spectrum that looks
something like Figure 35.1. The best approach to back-
ground subtraction depends on whether the region of inter-
est in your spectrum is in this low-energy regime, and if the
characteristic peaks you want to measure are close together
or isolated.

Window methods. In the most simple case of iso-
lated characteristic peaks superimposed on a slowly vary-
ing background, you can easily remove the background in-
tensity by drawing a straight line below the peak and
defining the background intensity as that present below the
line, as shown in Figure 35.2. So you get the computer first
to define a “window” in the spectrum spanning the width

10000
Coumts 1 = |77 Calculated continuum
— Observed spectrum
8000
6000 1
4000 1
2000
0 L i T T T T
0 5 10 15 20
Energy (keV)
Figure 35.1. The theoretically generated and experimentally observed

bremsstrahlung intensity distribution as a function of energy. Both curves
are similar until below about 2 keV, when absorption within the specimen
and the XEDS system reduces the experimental intensity. Background re-
moval depends on where in the spectrum your characteristic peaks are
present.
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Figure 35.2. The simplest method of estimating the background con-
tribution (B) to the intensity in the characteristic peak (P); a straight line
drawn beneath the Cr K, peak provides a good estimate if the counting
statistics are good, and the bremsstrahlung intensity approximates to a
slowly varying linear function of energy. There should be no overlap
with any other characteristic peaks, and the peaks should be well above
~2keV.

of the peak, and then draw the line between the background
intensities in the channels just outside the window. As with
all spectral manipulations, this method gives better results
with greater intensity levels in the spectrum. The back-
ground intensity variation is then less noisy, so it is easier
to decide where the peak ends and the background begins.
Furthermore, the background intensity variation better ap-
proximates to a straight line.

Another similarly primitive approach involves av-
eraging the bremsstrahlung intensity above and below the
characteristic peak by integrating the intensity in two iden-
tical windows either side of the peak, as shown in Figure
35.3. You then assume that the average of the two intensi-
ties equals the background intensity under the peak, so you
subtract this average from the total peak intensity. This as-
sumption is reasonable in the higher-energy regions of the
spectrum and when the specimen is thin enough so that the
bremsstrahlung is not absorbed in the specimen, which
would cause a discrete change in intensity under the peak.
When you use this approach it is essential to remember the
window width you used, because identical windows must
be used when subtracting the background both in the un-
known spectrum and in the spectrum from the known spec-
imen used to determine the k factor (see Section 35.4).

A typical choice of window width is FWHM, but this
throws away a substantial amount of the intensity
in the peak. FWTM gives better statistics, but in-
corporates more bremsstrahlung; 1.2 FWHM is the
optimum window.

Iv M SPECTROMETRY
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Figure 35.3. Background subtraction can be achieved by averaging the
bremsstrahlung intensity in two identical windows (B,, B,) either side of
the characteristic (Cr K, and KB) peaks. There should be no overlap with
any other characteristic peaks, and the peaks should be well above ~2 keV.

While the two techniques we just described have the ad-
vantage of simplicity, you can’t always apply them to real
specimens because the spectral peaks may overlap. Also, if
the peaks lie in the low-energy region of the spectrum
where the background is changing rapidly due to absorp-
tion, then neither of these two simple methods gives a good
estimate of the background and more sophisticated mathe-
matical approaches are required. We’ll now discuss these
methods.

Modeling the background. The bremsstrahlung in-
tensity distribution can be mathematically modeled, based
on the expression developed by Kramers (1923). The num-
ber (N;;) of bremsstrahlung photons of energy E produced
in a given time by a given electron beam is given by
Kramers’ Law:

(Eo— E)
E

N, =KZ [35.7]

Here, Z is the average atomic number of the specimen, E,
is the beam energy in keV, and E is the X-ray energy in
keV. The factor K in Kramers’ Law actually takes account
of numerous parameters. These include

Kramers’ original constant.

The collection efficiency of the detector.

The processing efficiency of the detector.

The absorption of X-rays within the specimen.

All these terms have to be factored into the computer cal-
culation when you use this method of background model-
ing. In Figure 35.4, the bremsstrahlung is modeled using
the Kramers—Small cross section in the DTSA software
(see Section 1.5).
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Be wary when using this approach because
Kramers developed his law for bulk specimens.
However, the expression is still used in commercial
software and seems to do a reasonable job.

A more satisfactory approach, from a scientific standpoint,
is to use the modified Bethe—Heitler formula, as discussed
by Chapman et al. (1984). This formula is explicitly de-
rived for thin foils and high-keV electrons. This model
yields an expression for the bremsstrahlung cross section
as a function of the X-ray energy (E) and the atomic num-
ber (Z) of the specimen. The slow variation of the cross
section with Z leads to the possibility of fitting a simple
quadratic expression of the form

49

N = (E +a, + azE)e [35.8]

where a, are simply fitting parameters and € is the detector
efficiency (plotted back in Figure 32.7). The term is only
important when modeling the background below ~1.5 keV,
and we discuss it in detail later on in Section 35.4.

Modeling the spectrum produces a smooth curve fit
that describes the shape of the complete spectrum. This ap-
proach is particularly valuable if many characteristic peaks
are present, since then it is difficult to make local measure-
ments of the background intensity by a window method.
Figure 35.4 shows an example of a spectrum containing
three adjacent low-energy peaks, with the background in-
tensity estimated underneath all the peaks.

Filtering out the background. Another mathemati-
cal approach to removing the background uses digital fil-
tering. This process makes no attempt to take into account
the physics of X-ray production and detection as in
Kramers’ Law. Rather, it relies on the fact that the charac-
teristic peaks show a rapid variation of intensity as a func-
tion of energy (dI/dE is large), while the background ex-
hibits a relatively small dI/dE. This approximation is valid
even in the region of the spectrum below ~1.5 keV, where
absorption is strong. In the process of digital filtering, the
spectrum intensity is “filtered” by convoluting it with an-
other mathematical function. The most common function
used is a “top-hat” filter function, so called because of its
shape.

When the top-hat filter is convoluted with the
shape of a typical X-ray spectrum, it acts to pro-
duce a second-difference spectrum, i.e., d?//dE?.

After the top-hat filter, the background with small dI/dE is
transformed to a linear function with a value of zero (thus
it is “removed”), while the peaks with large dI/dE, al-

603
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Figure 35.4. The bremsstrahlung intensity modeled using a modified
Kramers’ Law, which includes the effects of absorption of low-energy X-
rays in the specimen and the detector. This method is useful when the
spectrum contains overlapping peaks, particularly in the low-energy
range, such as the Cu L, and the Mg and Al K_ lines shown in this spec-
trum.

though distorted to show negative intensities in some re-
gions, are essentially unchanged as far as the counting sta-
tistics are concerned. Figure 35.5A shows schematically
the steps required for the filtering process and Fig-
ures 35.5B and C show an example of a spectrum before
and after digital filtering.

In summary, you can remove the background by se-
lecting appropriate windows to estimate the intensity under
the peak, or use one of two mathematical modeling ap-
proaches. The window method is generally good enough if
the peaks are isolated and on a linear portion of the back-
ground. The mathematical approaches are most useful for
multi-element spectra and/or those containing peaks below
~1.5 keV. You should choose the method that gives you the
most reproducible results and you must always take care to
apply the same process to both the standard and the un-
known. After removing the background, the next thing you
have to do is integrate the peak intensities 1, I, etc.

35.3.B. Peak Integration

If you used a window method of background estimation,
then the peak intensity is obtained simply by subtracting
the estimated background intensity from the total intensity
in the chosen window. Therefore, if you drew a line under
the peak as in Figure 35.2, then the peak intensity is that
above the line.

B If you chose a window of FWHM and averaged
the background on either side of the peak, then
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Figure 35.5. (A) Digital filtering involves convolution of a top-hat fil-

ter function with the acquired spectrum. To obtain the filtered spectrum,
each channel has the top-hat filter applied to it. The channels either side of
that being filtered (#8 in this case) are multiplied by the appropriate num-
ber in the top-hat function. So channels 1-5 and 11-15 are multiplied by
-1 and channels 6-10 by +2. The sum of the multiplications is divided by
the total number of channels (15) and allotted to channel #8 in the filtered
spectrum at the bottom. The digital filtering process in (A) applied to a
spectrum from biotite (B) results in the filtered spectrum (C) in which the
background intensity is assigned to zero at all places, and the characteris-
tic peaks remain effectively unchanged.
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the average value must be subtracted from the
total intensity in the FWHM window.

B If you used a Kramers’ Law fit, the usual
method of peak integration is to get the com-
puter to fit the peak with a slightly modified
Gaussian, and integrate the total counts in the
channels under the Gaussian.

B If a digital filter was used, you have to compare
the peaks with those that were taken previously
from standards, digitally filtered, and stored in
a “library” in the computer. The library peaks
are matched to the experimental peaks via a
multiple least-squares fitting procedure and the
intensity determined through calculation of the
fitting parameters.

Each of these curve-matching processes is rapid. Each can
be used to deconvolute overlapping peaks, and each uses
all the counts in the peak. The Kramers’ fit and the digital
filter have much wider applicability than the simple win-
dow methods. However, these computer processes are not
invariably the best, nor are they without error.

The Gaussian curve fitting must be flexible enough
to take into account several variables:

B The peak width can change as a function of en-
ergy or as a function of count rate.

M The peak “tailing” due to incomplete charge
collection can vary.

B There may be a low-energy background “shelf”
and an absorption edge if the specimen is too
thick.

The digital-filter approach requires comparison of experi-
mental peaks with library standards, and this means that
you have to create a library of stored spectra under condi-
tions that match those liable to be encountered during mi-
croanalysis (particularly, similar count rates and dead
times). This is a tedious exercise. However, you do get a
figure of merit for the “goodness of fit” between the un-
known spectrum and the standard. Usually a chi-squared
value is given which has no absolute significance, but is a
most useful diagnostic tool. Typically, the chi-squared
value should be close to unity for a good fit, although a
higher value may merely indicate that some unidentified
peaks were not accounted for during the matching process.
What you have to watch out for is a sudden increase in chi-
squared compared with previous values. This indicates that
something has changed from your previous analyses. Per-
haps your standard is not giving a good fit to the experi-
mental spectrum and either a new library spectrum needs
to be gathered or the experimental peak should be looked
at carefully. For example, another small peak may be hid-



A

35 H QUANTITATIVE X-RAY MICROANALYSIS

500
Counts
400 7

CrKa

‘CrKp

300 7

4

200

100 1

5.7 6.1
Energy (keV)

4.9 53 6.5

500
Counts
400 7

CrKa .CrK B

300 7

200

5.7 6.1
Energy (keV)

4.9 53 6.5

Figure 35.6. (A) A filtered Cr spectrum showing the residual back-
ground intensity after the peaks have been removed for integration. The
approximately linear residual intensity distribution indicates that the peak
matched well with the library standard stored in the computer. (B) A simi-
lar filtered spectrum showing the distorted residual counts characteristic
of a poor fit with the library standard.

den under the major peak and would need to be deconvo-
luted from the major peak before integration proceeds. If
you suspect a poor fit, you should make the computer dis-
play the “residuals,” that is, the intensity remaining in the
spectrum after the peak has been integrated and removed.
As shown in Figure 35.6, you can easily see if a good fit
was made (Figure 35.6A) or if the library peak and the ex-
perimental peak do not match well (Figure 35.6B).

The point we are making is that any of the above
methods is valid for obtaining values of the peak
intensity. They should all result in the same answer
when used to quantify an unknown spectrum, so
long as you apply the same method consistently to
both the standard and the unknown.
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The next step is to insert the values of the peak intensities
in the Cliff-Lorimer ratio equation and know the correct
value of the k factor. So we now need to discuss the various
ways to obtain k.

35.4. DETERMINING kK FACTORS

Remember that the & factor is not a constant. It is a sensi-
tivity factor that will vary not only with the X-ray detector,
the microscope, and the microanalysis conditions, but also
with your choice of background-subtraction and peak-inte-
gration methods. So values of k factors can be sensibly
compared only when they were obtained under identical
conditions. We will return to this point at the end of this
section when we look at various sets of k factors published
in the literature. There are two ways you can determine k
factors:

B Experimental determination using standards.
M Calculation from first principles.

The first method is slow and laborious but gives the most
accurate values. The second method is quick and painless
but the results are less reliable.

35.4.A. Experimental Determination of k,

If you have a thin specimen of known composition, C,, G,
etc., then all you have to do, in principle, is place that spec-
imen in the microscope, generate a spectrum, obtain values
of I A Iy ete., and insert those values in the Cliff-Lorimer
equation (equation 35.2). Since you know C, and Cj, the
only unknown is k Ap- HOWever, there are several precau-
tions that you must take before this procedure can be used:

B The standard must be a well-characterized
specimen, and it is usually best if it is single
phase.

B The standard must be capable of being thinned
to electron transparency. Ideally, when the
specimen is thin there should be no significant
absorption or fluorescence of the X-rays from
the elements A, B, etc. that you wish to analyze.

B You must be sure that the thinning process did
not induce any chemical changes (this is dis-
cussed in some detail in Chapter 10).

B It must be possible to select thin regions that
are characteristic of the bulk.

B You must be sure that the thin foil is stable un-
der the electron beam at the voltage you intend
to use for microanalysis.
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This last point may often be the limiting factor in your
choice of standards because, as we saw in Section 4.6, you
have to take care to avoid not only direct knock-on dam-
age, but also sputtering effects which occur at voltages
substantially below the threshold for direct atom displace-
ment. Obviously, both these problems become greater as
the beam voltage increases.

The National Institute of Standards and Technology
(NIST) has issued a thin standard containing the elements
Mg, Si, Ca, Fe, and O (SRM #2063). Unfortunately, X-rays
from the lighter elements in this standard film are absorbed
significantly in the film, and also in the detector, and so a
correction to the measured k factor is necessary. In fact,
there are no generally accepted standards that meet all the
above criteria for ideal k-factor determination. It is best to
use your own judgment in this respect, and also make use
of the knowledge gained in previous k-factor studies. The
original work of Cliff and Lorimer (1975) was based on
crushed mineral standards. Their approach has two advan-
tages:

B Crushing does not affect the chemistry; the sto-
ichiometry is well known.

M Minerals contain Si, thus permitting the cre-
ation of a whole series of &, ¢; factors.

The drawbacks are that the mineral samples often contain
more than one phase, or may be naturally nonstoichiomet-
ric. Clearly, some prior knowledge of the mineralogy of the
sample is essential in order to be able to select the right
spectrum to use as a standard. Also, Si K X-rays at
~1.74 keV are liable to be absorbed in the XEDS detector,
so there may be a systematic difference in k factors deter-
mined with different detectors. Finally, silicate minerals
often exhibit radiolysis, i.e., chemical changes due to
beam-induced breaking of bonds.

Several alternative approaches that attempt to avoid
the problems with k, ; have been proposed:

B Wood et al. (1984) generated a series of k, .
factors to overcome the Si absorption and the
beam sensitivity problems.

B Graham and Steeds (1984) used crystallized
microdroplets.

B Sheridan (1989) demonstrated the value of the

NIST multi-element glasses.

In all cases the bulk chemistry has to be determined by
some acceptable technique, such as EPMA, atomic absorp-
tion spectroscopy, or wet chemistry. Since all these tech-
niques analyze relatively large volumes of material, it is
best that the standard be single phase. However, because
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none of these techniques can determine if the specimen is
homogeneous on a submicron scale, the only way to find
out the level of homogeneity is to carry out many analyses
within the AEM to confirm that any variation in your an-
swer is within the expected X-ray statistical fluctuations. A
typical k-factor determination therefore involves taking
many spectra from different parts of the thin-foil standard
to check both the homogeneity and the stability of the
specimen. Each spectrum should contain sufficient counts
in the peaks of interest to ensure that the errors in the k-fac-
tor determination are at least less than +5% relative and, if
possible, less than + 3%. So, now we need to consider the
errors associated with the X-ray spectra.

35.4.B. Errors in Quantification;
the Statistics

An unfortunate aspect of the simple Cliff-Lorimer ratio
equation is that it has relatively large errors associated with
it. The thin foil that removes the problems of absorption
and fluorescence usually results in relatively few X-ray
photons per incident electron, compared with bulk speci-
mens. This effect is compounded by the small collection
angle of the XEDS detector. The end result is that poor
counting statistics are the primary source of error in the
quantification. The best way you can limit these errors is to
use higher-brightness sources, large electron probes, and
thicker specimens, unless absorption is a problem, or spa-
tial resolution is paramount. In any case you should be pre-
pared to count for a long time, assuming that specimen
drift and/or contamination don’t compromise the data.

Experimental results show that the X-ray counts in
the spectrum obey Gaussian statistics. Hence we
can apply simple statistics to deduce the accuracy
of any quantification.

The rest of this section is purely statistics. If you know it,
then jump ahead.

Given that our characteristic peak is Gaussian, then
the standard deviation ¢ is obtained from

c=N? [35.9]
where N is the number of counts in the peak above the
background. For a single measurement there is a 67%
chance that the value of N will be within 1¢ of the true
value of N. This chance increases to 95% for 26 and 99.7%
for 3c. If we use the most stringent condition, then the rel-
ative error in any single measurement is

3N

Relative Error = = 100% [35.10]
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Clearly the error decreases as N increases, and hence the
emphasis throughout this chapter is on the need to maximize
the X-ray counts gathered in your spectra. Since the
Cliff-Lorimer equation uses an intensity ratio, we can get a
quick estimate of the error by summing the errors in /,, I,
and k,, to give the total error in the composition ratio C,/Cy,.
Summing the errors in fact gives an overestimate of
the error and, strictly speaking, we should add the relative
standard deviations in quadrature using the expression

2 2 2 2
O | (S| (O] (%
(CA/CB) —(kAB) +(IA ) +(IB

So we can determine the error for each datum point in this
manner. If we are determining the composition of a single
phase, for example during the determination of a k factor,
then we can reduce the error by combining the results from
n different measurements of the intensity ratio /,/I;. The
total absolute error in /,/I; at a given confidence limit is
obtained using the student “¢” distribution. For example, in
this approach the error is given by

(t5)""'S

1
n2

[35.11]

Absolute Error = [35.12]

66l 9
t

where t95"'1 is the student value at the 95% confidence
limit for n measurements of k, ; (see any statistics text for a
list of student “¢” values, e.g., Owen 1962). Obviously, you
could choose a lower or higher confidence level. Here, S is
the standard deviation for n measurements of the intensity,
N, which on average contain Ni counts.

3
n N_ 2
S = 21% [35.13]

n—

=2

Hence by increasing the number of measurements n, you
can reduce the absolute error in k, ;. With enough measure-
ments and a good homogeneous specimen you can reduce
the errors in the value of k Ap 10 £1%, as we will see in the
example below. However, remember that this figure must
be added to the errors in /, and . From equation 35.9 it is
easy to determine that if we accumulate 10,000 counts in
the peak for element A, then the error at the 99% confi-
dence limit is [3 (10,000)"2 / 10,000] x 100%, which is
~3%. A similar value for I gives a total error in C,/Cy of
~+4.5%, using equation 35.11. If you take the time to accu-
mulate 100,000 counts for / A and I, the total error is re-
duced to ~+1.7%, which represents about the best accuracy
that can be expected for quantitative analysis in the AEM.
It is appropriate here to go through an illustration of a k,
determination using actual experimental data.
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Before deciding that a particular specimen is suit-
able, it should be checked for its level of homogeneity, and
there is a well-established criterion for this. If we take the
average value N of many composition determinations, and
all the data points fall within £3(N)2 of N, then the sample
is homogeneous. In other words, this is our definition of
homogeneous. There are more rigorous definitions, but the
general level of accuracy in thin-foil microanalysis is such
that there is no need to be concerned about them.

Example

A homogenized thin foil of Cu-Mn solid solution was
used to determine k., . The sample was first analyzed
by EPMA and found to be 96.64 wt.% Cu and 3.36
wt.% Mn. Since our accuracy is increased by collecting
many spectra, a total of 30 were accumulated (n = 30 in
equation 35.13). In a typical spectrum, the Cu K, peak
contained 271,500 counts above background and the
Mn K, peak contained 10,800 counts. So if we insert
these data into the Cliff-Lorimer equation we get

96.64 _, 271,500
3.36 ~ “CuwMn 10,800
ko= 1.14

To determine an error on this value of the k factor,
equation 35.12 must be used. The student “¢t” analysis
of the k factors from the other 29 spectra gives an error
of +£0.01 for a 95% confidence limit. This error of about
+1% relative is about the best that can be achieved us-
ing the experimental approach to k-factor determina-
tion.

Tables 35.1 and 35.2 summarize many of the available k-
factor data in the published literature. You should go and
read the original papers, particularly if you want to find out
what standards and what conditions were used in their de-
termination.

35.4.C. Calculating k,,

While it is clear that many of the values in the tables are
very similar, the differences cannot be accounted for by X-
ray statistics alone. Some of the differences arise due to the
choice of standard and the reproducibility of the standard.
Other differences arise because the data were obtained un-
der different conditions, such as different peak-integration
routines. Therefore, the point made at the beginning of this
section is worth repeating.

The k factors are not standards, but sensitivity fac-
tors.
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Table 35.1. Experimentally Determined k,¢, and k, ., Factors for K X-ray Lines®

Element kg (1) kys; (2) ky 3) ko, (4) ki (5) Ky, (5) Ky (6) Ky ()

(A) 100kV 100kV 120kV 80kV 100kV 200kV 120kV 200kV

Na 577 32 3.57+0.21 2.8+0.1 2.17 2.42 397+232

Mg 2.07+0.1 1.6 1.49 +0.007 1.7+0.1 1.44 1.43 1.02 +0.03 1.81 £0.18

Al 1.42+0.1 1.2 1.12+0.03 1.15+0.05 0.86 +0.04 1.25+0.16

Si 1.0 1.0 1.0 1.0 1.0 1.0 0.76 + 0.004 1.00

P 0.99+0.016 0.77 + 0.005 1.04 +£0.12

N 1.08 +0.05 1.008 0.989 0.83 +0.03 1.06 +0.12

Cl 0.994 0.964 1.06 + 0.30

K 1.03 1.12+£0.27 1.14+0.1 0.86 +0.014 1.21+0.20

Ca 1.0 £0.07 1.06 1.15 +£0.02 1.13+0.07 0.88 + 0.005 1.05+0.10

Ti 1.08 +0.07 1.12 1.12 +£0.046 0.86 + 0.02 1.14 +0.08

v 1.13+£0.07 1.3+0.15 1.16+0.16

Cr 1.17 £0.07 1.18 1.46 +0.03 0.90 + 0.006

Mn 1.22+0.07 1.24 1.34 +0.04 1.04 +0.025 1.24+0.18

Fe 1.27 +0.07 1.30 1.30 +0.03 1.48+0.1 1.0 1.35+0.16

Co 0.98 +0.06 1.41+£0.20

Ni 1.47 +£0.07 1.48 1.67 +0.06 1.07 +0.006

Cu 1.58 +0.07 1.60 1.59 +0.05 1.72 1.50 1.17+0.03 1.51+0.40

Zn 1.68 +0.07 1.74 1.55 1.19+0.04 1.63+0.28

Ge 1.92 1.91 +0.54

Zr 3.62+0.56

Nb 2.14 £ 0.06

Mo 4.3 4.95+0.17 3.8+0.09

Ag 8.49 12.4 +0.63 9.52+0.07 6.26 + 1.50

Cd 10.6 9.47 6.2

In 7.99 +1.80

Sn 10.6 8.98 +1.48

Ba 29.3 17.6 21.6+2.6

Table 35.2. Experimentally Determined k

ASi

and k, Factors for L X-ray Lines®

Element kg (8) kg (5) ko (3) ks 9) kype (6) kg, (1)
(A) 100kV 100kV 200kV 100kV 120kV 200kV

Cu 8.76 12.2

Zn 6.53 6.5 8.09 + 0.80
Ge 4.22 +1.48
As 3.60+0.72
Se 347+ 1.11
Sr 1.21 +0.06

Zr 1.35+0.1 2.85+0.40
Nb 0.9 +0.06

Mo 2.0

Ag 2.32+0.2 1.18 + 0.06 2.80+1.19
In 2.21+0.07 2.86 +0.71
Cd 2.92 2.75

Sn 3.07+0.2

Ba 3.38 2.94 3.36 +0.58
Ce 14

Sn 3.1+0.2 1.3

W 3.11+0.2 1.8 397+1.12
Au 4.19+0.2 4.64 3.93 3.1+0.09 493 +2.03
Pb 53402 4.85 4.24 2.8 5.14 +0.89

2Sources: (1) Cliff and Lorimer (1975), (2) Wood et al. (1981), (3) Lorimer et al. (1977), (4) McGill and Hubbard (1981), (5)
Schreiber and Wims (1981), (6) Wood et al. (1984), (7) Sheridan (1989), (8) Goldstein et al. (1977), (9) Sprys and Short (1976).
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The only conditions under which you can expect the k fac-
tors obtained on different AEMs to be identical are if you
use the same standard at the same accelerating voltage,
same detector configuration, and same peak-integration
and background-subtraction routines. Even then there will
be differences if one or more of the measured X-ray lines is
not gathered by the detector with 100% efficiency; the X-
ray may be either absorbed by the detector or it may be too
energetic and pass straight through the detector.

You may not be able to obtain a suitable standard.
For example, you might be working in a system in which
no stoichiometric phases exist or accuracy might not be
critical, but you need a quick analysis. Then you can calcu-
late an approximate k factor. The programs necessary to
calculate k,, are stored in the computer and will give a
value of k in a fraction of a second. The calculated value
should be accurate to within +20% relative. Often, this
level of accuracy is all you need to draw a sensible conclu-
sion concerning the problem.

Calculating k factors is the recommended ap-
proach when a quick answer is required and accu-
racy is not essential.

We will derive the expression for calculating the &
factor from first principles, starting in a manner similar to
the development of the expressions for the analysis of bulk
samples in the EPMA. The derivation gives a good illustra-
tion of the relationship between bulk and thin-film micro-
analysis, and provides insight into the details of X-ray in-
teractions with solids. In addition, the equations will
provide us with the necessary grounding to pursue the
problems of absorption and fluorescence in thin foils,
when they occur. A full discussion of this derivation is
given in the paper by Williams and Goldstein (1991). If
you don’t need to know the details of this derivation, you
may wish to move on to the final expression given in equa-
tion 35.23.

The intensity of the generated X-ray emission from
element A in the specimen, 7,57°<", is

= =0 [Tolpr) e (145, )alpr)  135.14)

B The term ®4et is the X-ray emission (in cps)
generated from element A in an isolated thin
film of the specimen with mass thickness Apt;
the thickness of this isolated film is A and its
mass thickness is pf (it is not the change in pt).

B The term @(pr) is the depth distribution of
X-ray production. We define it as the ratio of
the X-ray emission from a layer of element A of
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thickness Apt at a depth ¢ in the specimen to the
X-ray emission from an identical, but isolated,
film.
B The expression e*?* accounts for X-ray absorp-
tion in the specimen, where ¥ is defined as
A
y=4

p Spec

cosec o [35.15]

B The term p/p]g}pec is the mass absorption coeffi-
cient for X-rays from element A in the speci-
men and o is the X-ray take-off angle.

X-rays from element A may also be fluoresced by other
characteristic X-rays emerging from the specimen. The flu-
orescence contribution to the generated intensity is (1+0,).
We can write an expression for the intensity of X-rays from
an isolated thin film within a specimen as

[35.16]

o = N( Qb )ACA Apt

where N is Avogadro’s number. The subscript A denotes
the element A in each case, Q, is the ionization cross sec-
tion, m, is the fluorescence yield for the characteristic X-
rays, A, is the atomic weight and C, is the weight fraction
of the element.

The use of the weight fraction rather than the
atomic fraction is an anomaly which has persisted
from the earliest days of microanalysis, when it
was thought by Castaing that an atomic number
correction was not required.

@

The remaining term “a” is the relative transition probabil-
ity. This term takes account of the fact that when a K-shell
electron is ionized, the atom will return to ground state
through the emission of either a K or Ky X-ray. The term

7Pt}

a” in equation 35.14 in this case would be given by
I(K,)

a=
I(Ku + Kﬁ)

[35.17]

You may remember that we listed the relative “weights” of
the X-ray lines in Table 4.1. We can easily apply equation
35.14 to thin-film specimens. For such specimens we can
then make some simplifications:

B Assume that the electrons only lose a small
fraction of their energy in traversing the speci-
men. Therefore, Q, is taken as a constant, and
evaluated for the incident beam energy E,.
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B Limit the integral in equation 35.12 to the foil
thickness .

Thus if we substitute equation 35.16 into equation 35.14,
we find

IP*=N ( % )ACAAptL 0a(pr) e(1 +8,) d(pr)[35.18]

The Cliff-Lorimer equation assumes that we can measure
two characteristic X-ray intensities simultaneously and so
we can ratio two equations like equation 35.18, cancel N
and A(pt), and rewrite them thus

C. 2010 | g (pr) (1 +5,) (o)

L’
_= [35.19]
L ®gag [ .
s cBQ_BA? fo 0s(pt) (1 +85) d(pt)
This equation can be conveniently shortened to
IA — CA
1= Zj-;(ZAF) [35.20]

where Z, A, and F stand for the atomic-number, absorption,
and fluorescence corrections, respectively. Now remember
that the Cliff-Lorimer equation (equation 35.2) assumes
that A and F are negligible in a thin foil. We therefore re-
arrange equation 35.20 to look like equation 35.2

Ca_11
G 7L [35.21]
By comparison of the two equations (35.2 and 35.19) we
can write an expression for k,

1_ (Q(Da)BAA

= 35.22
Z7 (0va), A, (35221

Kas

Thus, as we mentioned at the start of the discussion on
quantification, the Cliff-Lorimer k factor for thin-foil
analysis is related to the atomic-number correction factor
(Z) for bulk specimen microanalysis. From equation 35.22
we can easily see which experimental factors determine the
value of k.

B Obviously, the accelerating voltage is a vari-
able since Q is strongly affected by the kV.

B The atomic number affects m, A, and a.

B The choice of peak-integration method will
also affect a.

Therefore, in order to calculate and compare different k
factors, it is imperative to define these conditions very
clearly, as we have taken pains to emphasize.
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Equation 35.20 assumes that equal fractions of the
X-rays generated by elements A and B are collected and
processed by the detector. This assumption will only be
true if the same detector is used and the X-rays are neither
strongly absorbed nor pass completely through the detec-
tor. However, as we have already seen in Chapter 32,
X-rays below ~1.5 keV are absorbed significantly by the
Be window and X-rays above ~20 keV pass through a 3-
mm Si detector with ease. Under these circumstances it is
necessary to modify the k-factor expression, equation
35.22, in the following manner

k =L=(Qma)Aﬁ£_A
AT Z 7 (Qwa), Ax B8

[35.23]

The symbol € represents simply a detector-efficiency term
(plotted back in Figure 32.7) that we can write as follows

A A
Ep = CXP(—%L pBetBe) eXP(—%L pAutAu)
€ u

A A
- exp (’%L'pSitSi) 1—exp (_%L'psit’Si)

Here, the mass absorption coefficient for the X-rays from
element A are required for the Be window, the Au (or
other) contact layer, the Si dead layer, and the Si intrinsic
region (thickness ). We can also write a similar expres-
sion for an IG detector. These various detector parameters
each have density p (available from standard elemental
density tables) and thickness . Typical values of ¢ for each
part of the detector were discussed in Chapter 32. The first
three terms thus account for absorption of weak X-rays
passing through the Be window, the Au contact layer, and
the Si dead layer before entering the detector. The last term
adjusts the k factor for X-rays that do not deposit their en-
ergy in the active region of the detector which has density
p and thickness #’.

While equations 35.23 and 35.24 look simple for a
computer to solve, the values that have to be inserted in the
equations for the various terms are not always well known,
or cannot be measured accurately. For example, we do not
know the best value of Q for many elements in the range of
voltages typically used in the AEM (100-400 kV). There
are considerable differences of opinion in the literature
concerning the best way to choose a value for Q. The two
major approaches used are:

[35.24]

B Assume various empirical parameterization
processes (e.g., Powell 1976).

B Interpolate values of Q to give the best fit to ex-
perimental k factors (Williams et al. 1984).



35 M QUANTITATIVE X-RAY MICROANALYSIS

Table 35.3a. Calculated k, ., Factors for K Lines Using Different

Theoretical Cross Sections?

Element A ym ke k, kgp kgw k,
Na 1.42 1.34 1.26 1.45 1.17 1.09
Mg 1.043 0.954 0.898 1.03 0.836 0.793
Al 0.893 0.882 0.777 0.877 0.723 0.696
Si 0.781 0.723 0.687 0.769 0.638 0.623
P 0.813 0.759 0.723 0.803 0.671 0.663
S 0.827 0.776 0.743 0.817 0.688 0.689
K 0.814 0.779 0.755 0.807 0.701 0.722
Ca 0.804 0.774 0.753 0.788 0.702 0.727
Ti 0.892 0.869 0.853 0.888 0.807 0.835
Cr 0.938 0.925 0.917 0.936 0.887 0.909
Mn 0.98 0.974 0.970 0.979 0.953 0.965
Fe 1.0 1.0 1.0 1.0 1.0 1.0
Co 1.063 1.069 1.074 1.066 1.096 1.079
Ni 1.071 1.085 1.096 1.074 1.143 1.23
Cu 1.185 1.209 1.227 1.19 1.31 1.24
Zn 1.245 1.278 1.305 1.255 1.44 1.32
Mo 3.13 3.52 3.88 3.27 3.84 397
Ag 4.58 541 6.23 491 5.93 6.28
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The other major variable in equation 35.24 is the Be win-
dow thickness, which is nominally 7.5 um but in practice
may be substantially thicker. Tables 35.3a and b list calcu-
lated k factors obtained using various expressions for Q. As
you can see, the value of k may easily vary by >+10%, par-
ticularly for the lighter elements and the heavier elements.
This variation is due to the uncertainties in the detector-ef-
ficiency terms in equation 35.22. The values of k, ; for the
L lines are even less accurate than for the K lines, mainly
because the values of Q for the L lines are somewhat spec-
ulative. There are no data available for calculated k factors
for M lines. Under these circumstances, experimental de-
termination is the only approach. This point again empha-
sizes the advantages of K-line analysis where possible.
When the heavy elements are being studied, the L or M

Table 35.3b. Calculated k., Factors for L Lines
Using Different Theoretical Cross Sections?

Element kyam ky kyp kgw k,

Sr? 1.73 1.33 1.32 1.64 1.39
Zr? 1.62 1.26 1.24 1.51 1.33
Nb? 1.54 1.21 1.18 1.43 1.28
Ag? 143 1.16 1.09 1.26 1.26
Sn 2.55 2.09 1.93 2.21 2.30
Ba 2.97 2.52 2.25 2.49 2.83
w 3.59 3.37 2.68 2.80 3.88
Au 3.94 3.84 2.94 3.05 4.43
Pb 4.34 4.31 3.05 3.34 4.97

*k factors use the L intensity from the L and L; lines. MM = Mott-Massey;
GC = Green-Cosslett; P = Powell; BP = Brown-Powell; SW = Schreiber—
Wims; Z = Zaluzec.

lines, which may be the strongest in a spectrum from a
Si(Li) detector, will undoubtedly give rise to greater errors
than the K lines, which may only be detectable with an IG
system.

The combination of uncertainties in Q and in the
detector parameters is the reason why calculated k factors
are not very accurate, usually no better than +10-20% rela-
tive. The computer system attached to the AEM will have
predetermined values of all the terms in equations 35.21
and 35.22 stored in its memory. You don’t usually have
control over which particular parameters are being used.
However, you should at least ask the manufacturer to list
the sources of the values of Q, ®, and a in the computer.
You should then carry out a cross-check calculation with a
known specimen to ensure that the calculated k factor gives
the correct answer.

If you replace or service a detector, which is not an
unusual occurrence on an AEM, then the new de-
tector parameters must be inserted into the soft-
ware.

We cannot recommend a “best” set of values for Q, ® and
a, but the values of Q given by Powell (1976), ® by Bam-
bynek et al. (1972), and a by Schreiber and Wims (1982)
have been used in the past. Also, we can’t give you specific
detector parameters, so you should obtain an estimate from
the manufacturer. The values of pw/p which we recommend
are those determined by Heinrich (1986), although there is
still considerable uncertainty in the mass absorption coeffi-
cients for the low-energy X-rays from the light elements. If
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you use the DTSA program from NIST (see Section 1.5),
you may find that it predicts a worse value.

Remember that the problem is that all software
packages use preset values in their calculations
and these may vary from package to package.

Figures 35.7A and B show a comparison of the two
methods of k-factor determination. The experimental data
are shown as individual points with error bars, and the
solid lines represent the range of calculated k factors, de-
pending on the particular value of Q used in equation
35.21. The relatively large errors possible in the calculated
k factors are clearly seen, and comparison of the K-line
data in Figure 35.7A with the L-line data in Figure 35.7B
again emphasizes the advantages of using K lines for the

IS L 1 L Il 1 L L L J
0 2.0 4.0 6.0 8.0 10.0
Characteristic X-ray energy from element A (in keV)

Lyl 1 1 J
0 20 3.0 4.0 9.0 10.0
Characteristic X-ray energy from element A (in keV)

Figure 35.7. (A) Experimental k, factors for the K X-rays from a
range of elements A with respect to Fe. The solid lines represent the
spread of calculated k factors using different values for the ionization
cross section. (B) Similar data for L, lines from relatively high-Z ele-
ments. The errors in the calculated values of k are large, reflecting the un-
certainties in L-line ionization cross sections.
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analysis where possible. Similar data for M lines are al-
most nonexistent, but data for the K lines from the heavier
elements will become more common if IG detectors are
more widely used.

We can summarize the k-factor approach to micro-
analysis in the following way:

B The Cliff-Lorimer equation has the virtue of
simplicity. All you have to do is specify all the
variables and treat the standard and unknown in
an identical manner.

B You are better off calculating k, if you prefer
speed to accuracy. Experimental determination
is best if you wish to have a known level of
confidence in the numbers that you produce.

The point at which the simple Cliff-Lorimer approach
breaks down is when the thin-foil criterion is invalid. Ab-
sorption is far more common than fluorescence in thin
foils. You must be wary of absorption when you have X-
ray lines in your spectrum that differ in energy by >5-10
keV, particularly if any are light-element X-rays. To under-
stand why this is so, we must investigate the absorption
correction factor.

35.5. ABSORPTION CORRECTION

Preferential absorption of the X-rays from one of the ele-
ments in your specimen means that the detected X-ray in-
tensity will be less than the generated intensity and so C, is
no longer simply proportional to /. So you have to modify
your k factor to take into account the reduction in /,. This
is a problem if your specimen is too thick, or if one or more
of the characteristic X-rays has an energy less than ~1 keV
(i.e., light element analysis). If we define k,; as the true
sensitivity factor when the specimen thickness ¢ = 0, then
the effective sensitivity factor for a specimen in which ab-
sorption occurs is given by k, ;* where

kAB* = kAB (ACF) [35.25]

The absorption correction factor (ACF) is the A term in
equation 35.20 and this can be written out fully, incorporat-
ing the expression for % from equation 35.15, to give

" - ( %]B pt cosec (x)
05 (pt) e | Plspec d(pt)
ACF=" [35.26]
_ ( %]A pt cosec Ot)
@a(pt) e | Plspec d(pt)
JO
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In this expression p/p]g‘pec is the mass absorption coeffi-
cient of X-rays from element A in the specimen, o is the
detector take-off angle, p is the density of the specimen,
and ¢ is the thickness. Since the units of u/p are usually
cm?/gm, be sure to use p in gm/cm? and t in cm, rather than
SI units. Obviously, the value of the ACF is unity when no
absorption occurs. Typically, if the ACF is >10% then the
absorption is significant, since 10% accuracy is routinely
attainable in quantitative microanalysis using experimental
k factors. However, accuracy better than 10% can be ob-
tained if you decide what constitutes a “significant” level
of absorption for the problem at hand and the accuracy re-
quired of the data. Let’s now look at each of the terms and
the problems associated with determining their value.

Again, we recommend that you use the values of
wp given by Heinrich (1986). The value of p/p for a partic-
ular X-ray (e.g., from element A) within the specimen is
the sum of the mass absorption coefficients for each ele-
ment times the weight fraction of that element, so

A A
A e
p Lpec - 2 p ]

i

[35.27]

i

where C, is the fractional concentration of element i in the
specimen such that

Z C=1 [35.28]

The absorption of X-rays from element A by all ele-
ments / in the specimen is summed, including
self absorption by element A itself, absorption by
elements that may not be of interest in the experi-
ment, and even by materials whose X-rays might
not be detectable.

An example of this phenomenon occurs when Mg is be-
ing quantified in homogeneous NiO-MgO. The Mg K |
X-rays will be absorbed by oxygen, even if the O K X-
ray is not of interest or cannot be detected because a Be
window detector is being used. This effect is shown in
Figure 35.8, which shows an increase in the intensity
ratio (Ni K /Mg K) as a function of thickness due to
the increased absorption of the Mg K | X-rays. (Absorp-
tion appears in an exponential term.) If we correct for
the absorption by Ni, the slope of the line is reduced,
but only when the effects of absorption by oxygen are
taken into account does the slope become zero, as it
should be for a homogeneous specimen (Bender et al.
1980).

In equation 35.26, the depth distribution of X-ray
production @(p#) is assumed to be a constant and equal to
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Figure 35.8. The upper curve shows the raw Ni K /Mg K_ intensity
ratio as a function of thickness in a homogeneous sample of NiO-MgO.
The slope indicates strong absorption of Mg K, X-rays. The middle curve
shows the effect of correcting for absorption of the Mg K, line by Ni and
the bottom line shows the effect of a further correction for absorption of
the Mg K line by O to give the expected horizontal line.

unity. That is, a uniform distribution of X-rays is generated
at all depths throughout the foil. This is a reasonable first
approximation in thin foils, but in bulk specimens @(p?) is
a strong function of 7. Depending on the thickness of the
foil, it is possible that this assumption may be the limiting
factor in the accuracy of the absorption correction, but for
most thin foils, particularly if Z is < 30, variations in @(pr)
can be ignored. If @(pr) does affect the absorption correc-
tion, then it will result in a slight overcompensation for the
effects of absorption, which will get worse as the thickness
increases.

The measurement of @(p?) for bulk specimens is a
well-established procedure. The few studies in thin speci-
mens show an increase in @(p¢) with specimen thickness,
although the increase is no more than about 5% in foil
thicknesses of <300 nm. Therefore, the assumption that
o(pt) equals unity does indeed appear reasonable. The fact
that we use a ratio of the two @(pt) terms in the absorption
equation also helps to minimize the effects of this assump-
tion.

We assume that @(p7) equals unity. Then we can
simply use equation 35.26 to give

A
u -8 ’ cosec o
Ag] 1 —e (p]Specpt )

ACF = " Spes . [35.29]
- E 1 cosec O
ﬁ]Spcc l-e (preCp )

So we still need to know the values of p and ¢ for our spec-
imens.
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The density of the specimen (p) can be estimated if
you know the unit-cell dimensions, e.g., from convergent-
beam electron diffraction

p= %“N [35.30]
where n is the number of atoms of average atomic weight A
in a unit cell of volume V, and N is Avogadro’s number.

The absorption path length (#) is a major variable
in the absorption correction. Fortunately, it is also the one
over which you, the operator, have the most control. In the
simplest case of a parallel-sided thin foil of thickness ¢ at
0° tilt, the absorption path length, as shown in Figure 35.9,
is given by

t' =t cosecal [35.31]

where o is the detector take-off angle. To minimize this
factor, it is obvious that your specimen should be as thin as
possible and the value of a as high as possible. There are
many ways to determine the foil thickness which we have
discussed at various points in this text; they are summa-
rized in Section 36.6. No method is universally applicable,
and few are either easy or accurate. The value of o with the
specimen at 0° tilt is fixed by the design geometry of the
stage and the only way to vary o is by tilting the specimen.
As we have seen, there are good reasons not to tilt the spec-
imen beyond about 10°, because of the increase in spurious
X-rays, but if there is a severe absorption problem, then de-
creasing ¢’ by tilting the specimen toward the detector is a
sensible first step toward minimizing the problem.

In some AEMs it is necessary to tilt the specimen
toward the detector before any X-rays can be detected.
Matters get even more complicated if your detector axis
is not orthogonal to the tilt axis. Such a design is very
poor from an analytical standpoint but, even under these
conditions, the geometry is relatively straightforward and
Zaluzec et al. (1981) have listed all the necessary equa-
tions.

Incident beam

{ cosec O

| [

-

Figure 35.9. Relationship between the specimen thickness ¢ and the
absorption path length ¢ coseca. for a take-off angle a.
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Fluorescence is usually a minor effect and often
occurs for X-rays that are not of interest.

So far we’ve assumed that the specimen is parallel-
sided, but this is uncommon. Most thin-foil preparation
methods result in wedge-shaped foils, and under these cir-
cumstances the detector must always be “looking” toward
the thin edge of the specimen so that the X-ray path length
is minimized, as we already mentioned in Figure 33.3. The
only way to ascertain if this is a problem is to measure the
thickness at each analysis point. Because this is such a te-
dious exercise, a method has been developed to correct for
absorption without measuring ¢, as we discuss in the next
section.

Because the sample density, p, and the values of
wp vary with the composition of the specimen (see equa-
tions 35.22 and 35.23), the complete absorption correction
procedure is an iterative process. The first step is to use
the Cliff-Lorimer equation without any absorption correc-
tion and thus produce values for C, and C,. From these
values, you perform a first iteration calculation of p/p and
p, and generate modified values of C, and C . and so on.
Usually, the calculation converges after two or three itera-
tions.

In summary, there is substantial room for error in
determining the various terms to insert into the ACF. For
example, the ACF for k,,, in Ni,Al, which is a strongly ab-
sorbing system, varies from ~5.5% to ~12% when the
specimen doubles in thickness from 40 nm to 80 nm. This
change is still quite small and within the limits of all but
the most accurate microanalyses. In FeNi, which is a
weakly absorbing system, a similar change in thickness
would change the ACF for kg, from ~0.6% to ~1.3%,
which is negligible.

eNi

It should always be remembered that large errors
will only occur in strongly absorbing systems and/or

very thick specimens.

35.6. EXTRAPOLATION TECHNIQUES
FOR ABSORPTION CORRECTION

A different approach to the absorption problem has been
developed by Horita et al. (1987) and Van Cappellen
(1990) which neatly avoids the problems of measuring the
thickness at each analysis point, but does require that you
measure the beam current. This is the way you should pro-
ceed with the absorption correction if it is at all possible.
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You still need to know p/p, p, and a, but not ¢. This ap-
proach uses a simplified correction factor

B A
B -8 %'a)

ACFlz e_ [35.32]

Spec Spec

which assumes that all X-rays are generated at #/2, ignoring
o(p1) effects, and requires that the X-rays from one of the
two elements are not absorbed. Applying the ACF’ to the
measured intensity ratios, we can show that, if we measure
k, over a range of thicknesses, we can extrapolate to (k, ),
att=0to give

A
loglO(kAB) = IOglo(kAB)o + #Ix [35.33]
where A, is related to the difference in wp for X-rays
from elements A and B:

p cosec (1)

A B
Ap=0.217 E] —%] [35.34]

p Spec Spec

and

0= CA(%) i, [35.35]
A
for element A, where all the terms are described in equation
35.16, except for the electron probe current i,, which is as-
sumed constant.
So to apply this method, you need to keep the beam
current and X-ray acquisition time constant, and the speci-

k
06} NbK. AIK

¢ Data set 1
s Data set 2

020 TTIXI0T 2x 10, Ax10
Intensity Nb K

Figure 35.10. A plot of two independent sets of k-factor data for a Nb-
Al alloy at 300 kV, showing the variation of the effective k factor with
thickness as indicated by the Nb K X-ray intensity. The Al K X-rays
which are absorbed give increasing effective k factors with thickness. X-
rays for which absorption is insignificant would give a constant k factor
with thickness.
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men must contain one X-ray that shows negligible absorp-
tion, as shown in Figure 35.10.

The method can be extended to the microanalysis
of unknown specimens by using the extrapolation method
to determine the absorption-free intensity ratio at zero
thickness, and using this ratio in combination with the & 4B
factor at zero thickness to give a value of C,/C,. This k fac-
tor is then applied to the calculation of the composition us-
ing the intensity ratio measured at the same thickness.

Obviously, it is very time-consuming to do the full
absorption correction as accurately as we would like, be-
cause of all the uncertainties. You need an absorption cor-
rection if you are dealing with light elements, with K lines
<1 keV. Under these circumstances, the extrapolation tech-
nique of Horita et al. is the best approach; a detailed exam-
ple of the determination of light-element k factors using
this method has been given by Westwood et al. (1992).
Further refinements of Horita’s method have been pro-
posed by Eibl (1993). In the specific case of ionic com-
pounds in which electroneutrality must be maintained (i.e.,
the sum of all anions and cations, times their valence
states, must balance), it is even possible to devise an ab-
sorption correction with no estimate of ¢ (Van Cappellen
and Doukhan 1994).

35.7. THE FLUORESCENCE
CORRECTION

X-ray absorption and fluorescence are intimately related
because the primary cause of X-ray absorption is the fluo-
rescence of another X-ray (such as the fluorescence of
Si K X-rays in the XEDS detector which gives rise to the
escape peak). You might think, therefore, that fluorescence
corrections should be as widespread as absorption correc-
tions. However, this is not the case for the following rea-
sons. Strong absorption effects occur when there is a small
amount of one element whose X-rays are being absorbed
by the presence of a relatively large amount of another ele-
ment. The absorption of Al K X-rays by Ni in Ni,Al is a
classic example. In this case, Ni X-rays are indeed fluo-
resced as a result of the absorption of Al K, X-rays. How-
ever, there is a relatively small increase in the total number
of Ni X-rays because Ni is the dominant element; the rela-
tive decrease in the Al K  intensity is large because Al is
the minor constituent. In this particular example there is a
further reason why fluorescence of Ni X-rays is ignored; it
is the Ni L, X-rays which are fluoresced by the absorption
of Al K X-rays. The Ni L X-rays are not the ones that we
use for microanalysis anyhow, since the higher-energy Ni
K X-rays are not absorbed or fluoresced.
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Fluorescence is usually a minor effect and often
occurs for X-rays that are not of interest.

However, in the rare case that fluorescence occurs to a de-
gree that limits the accuracy of microanalysis, the equa-
tion used for the fluorescence correction factor (FCF) is
that developed by Nockolds et al. (1980); a detailed dis-
cussion is given by Anderson et al. (1995). Practical ex-
amples of the fluorescence correction are hard to come by
and the classic case is Cr in stainless steels, where the
Cr K line is fluoresced by the major peak, the Fe K line,
giving rise to an increase in apparent Cr content as the foil
gets thicker. You can also avoid the problem of thickness
measurement for fluorescence corrections, just as for ab-
sorption, using a similar parameterless correction (Van
Cappellen 1990).

35.8. ALCHEMI

We told you early on in this chapter to take your X-ray
spectra away from strong diffraction conditions. This is be-
cause of the “Borrmann effect.” As we saw back in Sec-
tions 13.8, 13.9, and 14.6, close to two-beam conditions
the Bloch waves interact strongly with the crystal planes,
and so X-ray emission is enhanced compared with kine-
matical conditions, as shown in Figure 35.11A. Now we
can make use of this phenomenon to locate which atoms lie
on which crystal planes. The technique has the delightful
(and wholly inappropriate) acronym ALCHEMI, which is a
selective abbreviation of the expression “Atom Location
by CHanneling-Enhanced MIcroanalysis.”

ALCHEMI is a quantitative technique for identify-
ing the crystallographic sites, distribution, and types of sub-
stitutional impurities in many crystals. The technique was
first developed for the TEM by Spence and Taftg (1983),
who coined the acronym. The derivation of the quantitative
expressions that we give below follows that paper. Chan-
neling is widely used for atom site location in other analysis
techniques (e.g., see Chu et al. 1978).

The way to do ALCHEMI experimentally is to ac-
quire a spectrum under strong channeling conditions, such
that the Bloch wave is interacting strongly with a particular
systematic row of atoms. This channeling orientation
should be chosen so that the planes interacting strongly
with the electron beam also contain the candidate impurity
atom sites, so you must have some a priori ideas about
where substitutional atoms are most likely to sit. This tech-
nique is therefore particularly well suited to layer struc-
tures. When the Bloch wave is maximized on a particular
plane of atoms, the X-ray intensity from the atoms in that
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Figure 35.11. (A) The Borrmann effect: the variation in characteristic

X-ray emission close to strong two-beam conditions as the beam is rocked
across the 400 planes of GaAlAs. The X-rays from Al, which occupies Ga
sites, follow the Ga X-ray emission while the As varies in an approxi-
mately complementary fashion. The backscattered electron signal (BSE)
is inversely proportional to the amount of electron channeling, so the As
signal is strongest where the channeling is weakest. (B) ALCHEMI allows
the determination of the site occupancy of atom X in columns of atoms A
and B. By tilting to s > 0 and s < 0, the Bloch waves interact strongly with
row A and then row B, giving different characteristic intensities shown
schematically in the spectra, from which the relative amounts of X in
columns of A and B can be determined.

A
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plane will be highest. Start by finding the orientations that
give the most pronounced channeling effects for the atoms
A and B, as shown schematically in Figure 35.11B. Usually
a very small tilt is all that is necessary to get a different
spectrum.

If you are looking at two elements, A and B, and a
substitutional element X, follow this procedure:

B Measure X-ray intensities from each element in
orientations 1 and 2.

B Then find a nonchanneling orientation (3) where
electron intensity is uniform for both planes.

In this orientation we define the ratio k as

—_ IB
k—z;’

[35.36]
where I, is the number of X-ray counts from the element B
in the nonchanneling orientation. For the two channeling
orientations 1 and 2, we define two parameters 3 and 7y
such that

B= 1y [35.37]
k1!
and
y= Uy [35.38]
k1

Now assuming we know that the element X sits on specific
sites, say it substitutes for atom B, then we define an inten-
sity ratio term R such that

[35.39]

Hence the fraction of atom X on B sites is given by

R-1

CX:R—1+y—BR

[35.40]

Similar expressions can be generated for X atoms on A
sites, but in fact the fraction of X atoms on A sites must
be 1 -C,.

As you see, ALCHEMI can give a direct measure
of the occupation of substitutional sites. However, the in-
tensity differences in different orientations are often quite
small and you need good X-ray statistics to draw sound
conclusions. This makes it difficult to apply if high spa-
tial resolution is also desired because, as we shall see in
the next chapter, the conditions to give the best spatial
resolution also give the worst counting statistics.

617

35.9. EXAMPLES; PROFILES AND MAPS

The best way to appreciate the value of quantitative analy-
sis is to go and study some applications. In Figure 35.12,
composition data from a complex three-component Ni-Cr-
Mo high-temperature superalloy are plotted to reveal a sec-
tion of the ternary phase diagram (Raghavan et al. 1984).
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Figure 35.12. (A) Cr and Mo composition profiles across a two-
phase p—y interface in a Ni-10Cr-30Mo alloy which has been aged 1000
hr at 1123 K. The profiles show composition changes that define tie
lines in the ternary phase diagram. (B) A corner of the Ni-Cr-Mo ternary
phase diagram determined by XEDS microanalysis of thin foils of heat-
treated specimens containing up to three phases. The limits of the unde-
sirable c—phase regions are the important phase boundaries in this mate-
rial.
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Figure 35.13. (A) Zn concentration profile across a grain boundary in

an Al-4.5 at.% Zn alloy aged at 125°C to produce a solute-depleted region
due to equilibrium grain boundary precipitation. Grube analysis of the
profiles give a measure of D. The low aging temperatures produce such
small profiles that AEM is the only way to measure them. (B) Arrhenius
plot of the diffusivity of Zn in Al, as a function of temperature, derived
from measurements of Zn composition profiles in (A). Extrapolation of
high-temperature diffusion data match up well with the AEM results.

Assuming interface equilibrium, sections such as the three-
phase triangle can be measured from a single thin foil.
In this study the undesirable 6—phase boundaries were
sought, to avoid embrittlement of the alloy in service. In
Figure 35.13, solute profiles measured across grain bound-
aries in Al-Zn (Nicholls and Jones 1983) permitted mea-
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Figure 35.14. (A) XEDS measurements of the distribution of Bi segre-

gated to a grain boundary in Cu. A faceted Cu GB, typical of those to
which Bi is segregated, is shown in the upper-left inset and an XEDS
spectrum from the GB region in the upper right reveals small Bi peaks.
(B) Quantification of similar Bi spectra to that in (A) shows an inverse re-
lationship with temperature, consistent with classical McLean adsorption
isotherm predictions, shown as the fitted line.

surement of the diffusion coefficient of Zn in Al to much
lower temperatures than previously attained with tradi-
tional EPMA methods. In Figure 35.14, the detection of
Bi equilibrium segregation to grain boundaries in Cu is
modeled by a simple McLean-type adsorption isotherm
(Michael and Williams 1984). Previous studies of such
Gibbsian segregation required in situ fracture of embrittled
Cu inside Auger spectrometer systems.

We should also note that individual point analysis,
or profiles across an interface, are not the only way to dis-
play X-ray data. It is possible to produce X-ray images or
maps in which the intensity of the signal in the map is
directly related to the X-ray intensity /,. In a quantitative

A
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A
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Figure 35.15.

map, the X-ray signal is proportional to the concentra-
tion C,. While there are obvious advantages to compar-
ing quantitative maps of elemental distributions with other
TEM images, this process is limited by the relatively poor
statistics of X-ray acquisition. Remember that good quan-
tification requires ~10,000 counts for /,. Even in an effi-

(A) BF STEM image of PD catalyst particles on a carbon support film. (B) Qualitative Pd L, X-ray image of the distribution of Pd.

cient AEM, this intensity may easily take one minute to ac-
quire. At this acquisition rate, even a 56 X 56 pixel image
will take 50 hours to gather, so it is impractical. We need to
increase the efficiency of X-ray acquisition markedly, or
we just have to make do with qualitative, noisy maps, as
shown in Figure 35.15, even when using an FEG-AEM.

CHAPTER SUMMARY

Quantitative microanalysis of spectra from thin foils is straightforward in most cases, so long as you take care
to determine the k factors with sufficient accuracy. The software to handle the more difficult problem of absorp-
tion is well known and commercially available. Perhaps the greatest difficulty remains the need to know the
specimen thickness in order to compensate for X-ray absorption, and extrapolation techniques are invaluable
in avoiding this. We can minimize absorption by making the thinnest possible specimens, but then the possibil-
ity arises that the number of X-ray counts may be so small that errors in the quantification are large. The use of
FEG sources and improved TEM-EDS configurations to maximize the collection angle will help in this situa-
tion.
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