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Abstract
Energy-filtering transmission electron microscopy (EFTEM), developed about ten years ago, is now a routine analysis tool in the characterization of materials. Based on the physical principles of electron energy-loss spectrometry (EELS), but with the addition of in-column or
post-column energy-filters, it forms images of microstructures using a narrow energy band of inelastically scattered electrons. Post-column
energy-filters, developed commercially by Gatan (Gatan Imaging Filter, GIF) in the early 1990s, could be attached to nearly any TEM. Almost
at the same time, the introduction of the EM-912 microscope with an integrated -filter by Zeiss, made it possible to use in-column filters as
well. These two developments made EFTEM possible on an almost routine basis. The operation of these filters is rather straightforward and it
is now possible to acquire element specific images within a few minutes. However, the optimal setup for data acquisition, the judicious choice
of experimental parameters to solve specific materials science problems and the interpretation of the results can be rather difficult. For best
results, a fundamental knowledge of the underlying physics of EELS and a systematic development of the technical details is necessary. In this
work, we discuss the current status of EFTEM in terms of spatial resolution and illustrate it with a few technologically relevant applications
at the nanometer length scale.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Transmission electron microscopy (TEM) is an efficient
tool to explore the microstructure of almost any kind of material provided an electron-transparent thin-foil sample that
is representative of the microstructure of interest can be
prepared. Nowadays, the technique has become even more
important as the structural dimensions in many materials
science applications are rapidly approaching the nanome∗ Corresponding authors. Tel.: +43 316 8738323; fax: +43 316 811596
(W. Grogger)/+1 206 543 3100 (K.M. Krishnan).
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ter length scale and are beyond the spatial resolution limits
of other methods. Analytical capabilities (energy dispersive
X-ray spectrometry, EDXS, and electron energy-loss spectrometry, EELS) with spatial resolution in the nanometer
and sub-nanometer range combined with structural information from high resolution phase contrast imaging (HRTEM)
makes TEM an indispensable tool for researchers in the fields
of semiconductors, ultra fine grain materials or thin films.
Energy-filtering TEM (EFTEM) has proven to be the key
tool for nanoanalytical applications, since it uses the rich
information provided by the energy-loss spectrum in a spatially resolved manner. Even though energy-filtering helps
to improve contrast/resolution for conventional TEM imaging/diffraction, the main application of EFTEM is now the
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acquisition of maps that elucidate the spatial distribution of
any feature in the EEL spectrum [1]. Typically, the spatial
distribution of elements using inner shell excitations and the
variation in chemical bonding can be obtained rapidly (i.e.
within minutes) and at a spatial resolution approaching and,
in some cases, surpassing the nanometer length scale. In this
paper we review the status of EFTEM and demonstrate its
capabilities using some examples of real-world applications
in magnetic recording media, high TC superconductor oxide
heterostructures and semiconductor devices. In addition, the
paper will also focus on the spatial resolution issue of this
technique.

2. Experimental
2.1. Energy-ﬁltering TEM (EFTEM)
Electron energy-loss spectroscopy – as the basis for
EFTEM – is the analysis of the energy distribution of electrons that have passed through the specimen and interacted
inelastically with it [1]. In addition to the composition, an
EEL spectrum also contains detailed information about the
electronic structure of the atoms in the specimen, which in
turn reveals details of the nature of these atoms, their bonding, nearest-neighbor distances, and their dielectric properties. In order to measure the energy-loss spectrum in almost
all cases a spectrometer with a magnetic prism as the dispersing element is used. For EFTEM there are currently two
different alternatives. A dedicated EFTEM microscope with
an in-column filter, the so-called “omega filter”, was developed by Zeiss [2–4] and later by JEOL. Alternatively, postcolumn energy-filters are manufactured by Gatan (GIF) [5,6]
and can be installed as an attachment on the exit surface of
the electron-optical column of almost any TEM. Both types
of energy-filters are devices, that can form an image with
electrons of only a small energy range.
The inelastic scattering process in EELS is strongly localized and, hence, it may be used to obtain analytical information from a small specimen area. By using any spectral
feature in an EEL spectrum the change of this feature’s intensity can be monitored simultaneously (and, at high spatial
resolution) over a broad area of the specimen.
Zero-loss ﬁltering is done by simply selecting the electrons
over a narrow energy window that includes only the zero-loss
peak. The contribution of inelastically scattered electrons to
an image or diffraction pattern leads to a blurring due to
chromatic aberration. Zero-loss filtering removes the contribution of all inelastically scattered electrons to both images
and diffraction patterns. This is more serious for thicker specimens; hence, zero-loss filtering will improve the contrast and
the resolution of such images considerably.
If an energy window at a somewhat higher energy-loss is
selected, the plasmon resonance peak that is proportional to
the number density of valence electrons can be mapped. An
efficient way to increase contrast significantly is to find an

energy range where certain features can be clearly seen. For
biological tissue, such contrast tuning can be maximized at
an energy-loss just below the C–K ionization edge (around
250 eV) which reduces the contribution of C to the image.
The most extensive analytical use of energy-filters is for
core-loss imaging and elemental mapping. The ability of an
energy-filter to show a two-dimensional distribution of a specific element, albeit integrated over the thickness of the thinfoil specimen, makes it a powerful tool for analytical studies.
In our work, all the elemental maps were acquired with a postcolumn energy-filter (GIF); therefore, this technique will be
explained in some more detail in the next section.
It should be mentioned that when specific features in
the electron loss near-edge structure (ELNES) are used for
EFTEM a chemical bond map is obtained. This technique
can be applied to several ionization edges, the only requirement being a usable feature. In the case of the C–K ionization
edge, there is a clear difference between carbon in diamond
and amorphous (or diamond-like) carbon, which was successfully used for imaging (e.g. [7,8]).
2.2. Acquisition of EFTEM images
The data presented here was either acquired on a Philips
CM20/STEM with a LaB6 cathode (FELMI, Graz) or on a
Philips CM200/FEG with a Schottky field emission source
(NCEM, Berkeley). Both microscopes were equipped with a
Gatan Imaging Filter (GIF) and a 1024 × 1024 CCD (YAG
scintillator). Most of the TEM bright field images were not
binned; however, virtually all EFTEM maps used a binning
of 2 × 2 resulting in 512 × 512 images for reasons of better
statistics in the images. All EEL spectra and EFTEM images/maps were acquired using the Digital Micrograph software. All images were corrected for the CCDs dark current
and gain variations. However, no correction was performed
neither for the point spread function of the detector [9] nor
image distortions arising from electron-optical aberrations of
the energy-filter.
Several important issues were taken into consideration
during data acquisition. Since the focus of an EFTEM image differs significantly from the focus of the elastic image
[10,11], we always focused the images at an energy-loss between 100 and 200 eV. We also took into account considerations about the influence of the different angles [11], in
particular the collection angle was carefully chosen to allow
for optimum spatial resolution. Another important parameter
is the width of the energy-selecting slit. This and the positions of the pre-edge and post-edge windows were chosen to
maximize SNR values. Calculations of SNR as a function of
the various acquisition parameters and their optimal values
are discussed in the literature [11,12].
2.3. EELS background removal
Energy-filtering using core-loss ionization edges is a very
efficient method to measure the chemical composition and
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its spatial distribution in a specimen. By choosing an energy
window around an ionization edge, elemental mapping can
be performed yielding a signal that is correlated to the concentration of a certain element. This results in an elemental
distribution map where the intensity distribution in the image
can be correlated with the elemental concentration.
The elemental signal, however, is superimposed on other
signals like diffraction contrast, thickness variations, elastic
contrast, and a strongly varying background that contains no
elemental information. The EEL background can be readily
accounted for; so the first processing step usually involves a
background removal procedure.
Two images, obtained with energy windows before and
after the ionization edge of interest, can be divided to yield
a jump ratio image [13–15]. Such a jump ratio image is
not very sensitive to non-elemental variations arising from
diffraction contrast but is capable of minimizing the influence of the background. However, specimen thickness variations may create non-elemental contrast in a jump ratio image, and these images cannot be used to quantitatively extract
chemical compositions [15,16]. An advantage is that this process requires minimal mathematical processing of the data –
compared to more sophisticated methods (see below), and
therefore, the noise in the resulting jump ratio image is not
substantially increased.
For extracting elemental concentrations from EFTEM images it is necessary to completely remove the background under an ionization edge in order to obtain the net edge signal
(elemental map) [17,18]. In this case at least two images need
to be recorded in front of the ionization edge. For the background usually a power-law shape is assumed: Ibkg = AE−r ,
with an r value that typically lies in the range between 2 and 6.
Specific circumstances can make it necessary to use
more sophisticated background calculations and extrapolation methods. For instance, if the data is noisy or if small elemental concentrations are to be detected, the three-window
method may fail due to noise. This method also does not work
if there is not enough space in front of the ionization edge to
place the two pre-edge windows. Therefore a four-window
method has been proposed [19] for the case of closely spaced
edges. For certain elemental combinations this method has
turned out to be extremely useful, such as the simultaneous
detection of the O–K and Cr–L23 edges.
Other methods using more than three-windows and/or
other background shapes (e.g. for low energy-losses) have
also been proposed. However, the three-window technique
is quite simple and yields sufficiently accurate results that
can be used for quantification. Together with the two-window
method (jump ratio images) it is the most commonly used procedure to eliminate the EELS background for energy-losses
greater than 100 eV.
2.4. Quantiﬁcation of EFTEM elemental maps
For the quantification of EFTEM images it is necessary
to obtain the net edge intensity signal (i.e. elemental map)
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by accurately removing the background contribution. The
quantification procedure of EFTEM elemental maps is almost
identical to the way EEL spectra are quantified.
For an absolute quantiﬁcation, the measured net signal
under an ionization edge collected inside a collection angle
β and within an energy range E (Iedge (β, E)) is directly
related to the number of scattering atoms per unit area N:
N=

Iedge (β, E)
IZL σ(β, E)

where IZL represents the unscattered (zero-loss) intensity and
σ is the partial scattering cross-section [1]. For the quantification one would acquire an elemental map at the ionization
edge and divide it by a zero-loss filtered image and the appropriate ionization cross-section. This absolute quantification
scheme works pretty well for biological and amorphous specimens [20,21]. However, diffraction contrast in crystalline
samples will cause serious problems [22].
On the other hand, atomic ratio images can be obtained
by using the above equation simultaneously for two elements
A and B (relative quantiﬁcation). For the quantification of
elemental maps it offers the additional advantage of minimizing non-element specific effects, like diffraction contrast
and thickness variations, since the division cancels them – at
least partially – out
Iedge,A (β, E) σB (β, E)
NA
cA
=
=
NB
Iedge,B (β, E) σA (β, E)
cB
gives the atomic concentration ratio of the elements A and B.
The quantification in this case consists of the acquisition of
two elemental maps and the determination of the appropriate
ionization cross-sections [1,23].
The quantification of both EEL spectra and EFTEM elemental maps strongly rely on the accurate knowledge of the
partial ionization cross-sections σ. Several models have been
proposed for the calculation of σ like the hydrogenic model
[24] and the Hartree–Slater model [25] both of which exist
in various versions taking into account additional effects like
white lines.
On the other hand, a more experimentally oriented approach has turned out to yield more accurate results, especially for heavier elements. Similarly to EDX spectrometry,
sensitivity factors (k-factors) can be used for the EELS and
EFTEM quantification and can be measured using standards
with well defined composition [26,27]. This k-factor method
is very well suited for the quantification of EFTEM elemental
maps
kAB =

σB (β, E)
σA (β, E)

However, the tabulated cross-sections and k-factors for EELS
cannot be directly used for EFTEM maps, since they are usually measured for rather large energy windows (E > 50 eV),
whereas for EFTEM, E is typically between 10 and 50 eV.
These small energy windows are much more sensitive to
changes in the near-edge fine structure and so results are ex-
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pected to be less accurate. However, this can be accounted
for by properly recalculating the k-factors from similar experimental EEL spectra [22].
In practice, the quantitative analysis of elemental distributions needs some experimental prerequisites: the exposure
times, energy slit widths, and collection angles for both image series must be known, and the illumination conditions
of the TEM must not be changed in between the acquisition.
Especially, the latter might impose a severe limitation, when
for instance widely spaced edges are used, where a reduction
of beam intensity might be advantageous. To get around this,
one can even go a step further and neglect all differences in
acquisition parameters. In this case, the quantification is only
possible with the help of “external” quantitative information
from either an EDX or EEL spectrum or if the overall composition or the composition of a particular region is accurately
known (e.g. [43]).
2.5. Spatial resolution in EFTEM images
The spatial resolution obtained in an EFTEM image is influenced by the specific details of the experiment itself: the
energy and the shape of the ionization edge of interest, experimental parameters such as the collection angle, the energyselecting slit width, and the exposure time, and instrumental
parameters (e.g. aberrations of the TEM objective lens, high
voltage). Additionally, there are other experimental factors
that also influence the spatial resolution such as specimen
drift, radiation damage, characteristics of the electron detector (point spread function), instrumental instabilities (energy
drift) and the electron dose that the electron source can deliver onto the specimen. There are a number of different ways
to compute EFTEM spatial resolution that are described in
the literature. The problem can be treated from a purely statistical point of view [28] provided the signal has a minimum
magnitude compared to noise in order to reveal details in the
image. Other authors calculate the contributions of chromatic
aberration, delocalization of the inelastic scattering process,
spherical aberration and the diffraction limit separately and
then sum them quadratically [29,30].
When doing EFTEM at high magnifications elastic contrast (similar to an HRTEM image) that is always present in
EFTEM images may become visible. As mentioned before,
the goal of EFTEM using core-loss ionization edges is the
visualization of pure elemental/chemical contrast. A detailed
analysis of the effect of elastic contrast transferal to inelastic
EFTEM images was done by Navidi-Kasmai and Kohl [31].
They found that for crystalline specimens elastic contrast in
EFTEM images is unavoidable and increases with increasing
specimen thickness. Furthermore, a reliable image contrast
interpretation is only possible by comparing the experimental images with simulated ones. However, simulations seem
to be only possible for thin specimens. A rough method for
checking the contrast in a jump ratio image is to calculate
another jump ratio using the two pre-edge images. If this
pre-edge jump ratio image does not show any contrast and

the real jump ratio image does, the contrast can be assumed
to be element specific only. However, this question cannot be
easily solved for elemental maps, since elastic contrast is not
cancelled in elemental maps.

3. Results
3.1. High TC superconductor multilayers
In many materials science applications it is known that
thin films often exhibit physical properties different from
those of bulk samples. In addition, these properties may be
strongly influenced by their growth mechanisms. For example, many fundamental studies of high TC superconductors
(like the nature of superconductivity itself) are based on the
measurement of ultrathin layers. In this example, we describe
EFTEM imaging methods to understand the growth mechanism of complex, ionic oxides exhibiting superconductivity.
Epitaxial YBa2 Cu3 O7−x (YBCO) and PrBa2 Cu3 O7 (PBCO)
multilayer stacks were investigated to distinguish between the
two competing growth models that have been proposed: (a)
layer-by-layer growth mode where each atomic layer grows
independently [32,33], and (b) block-by-block growth mode
where enough material must be present for a whole unit
cell to nucleate [34]. Reports have been presented in recent
years supporting both layer-by-layer [35] and block-by-block
growth [36,37].
In order to answer the fundamental question of the growth
mode of these cuprates, an extensive EFTEM study was
carried out to complement previous X-ray diffraction and
resistivity measurements [38]. For this reason, epitaxial
[YBCOn /PBCO5 ]100 nm superlattice multilayer stacks were
grown on (1 0 0) SrTiO3 in a high pressure sputtering system. In order to find out the appropriate growth model, a
multilayer stack with a non-integer n was fabricated. For example, for n ∼ 1.5, the two different growth models should
yield different resulting stacks: a layer-by-layer growth will
result in a more or less random fluctuation of Y atoms (i.e.
solid solution or alloy) in the last deposited layer. However,
for the block-by-block model the basic growth unit is a whole
unit cell, yielding an island-like coverage (Fig. 1).
Whilst previous X-ray diffraction measurements had been
interpreted in terms of a block-by-block growth model, we
decided to provide a real space verification using EFTEM.
Therefore, jump ratio images of Y and Pr were acquired using the low-loss ionization edges of both elements (Pr–N45 at
113 eV and Y–M45 at 157 eV). The results clearly revealed
a block-by-block growth of these materials by finding the
island-like growth depicted in Fig. 1 [39]. A spatial resolution value of 0.9 nm was estimated in this particular experiment (Fig. 2). The same technique was also used to investigate a couple of [YBCOn /PBCO5 ]100 nm superlattice multilayer stacks with different n. These EFTEM results combined
with results from other methods (HRTEM, X-ray diffraction,
atomic force microscopy) were used to obtain information
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Fig. 1. Schematics of a layer-by-layer (left) and a block-by-block (right) growth mode for a [YBCO1.5 /PBCO5 ]100 nm multilayer stack consisting of nominally
1.5 unit cells of YBCO and five unit cells of PBCO.

on the epitaxial strain and the interface roughness of these
multilayers [40,41].
3.2. Cr segregation in magnetic recording media
For the magnetic recording industry, the composition
of the magnetic thin film recording media is paramount,
as it influences their recording performance. In this application, commercial Co–Cr high density recording media were investigated by means of EFTEM to obtain in-

formation on the segregation of Cr to the grain boundaries. In this media, substantial segregation of Cr to the
grain boundaries to create a non-magnetic phase is desirable. Rendering the local grain boundary phase non-magnetic
(i.e. local Cr content > 24 at.%) is believed to strongly
break the exchange coupling between individual, Co-rich,
magnetic grains and decrease media noise at high recording densities. Therefore, it is critically important to measure the amount of Cr at the grain boundaries at statistical
significance.

Fig. 2. EFTEM series of a [YBCO1.5 /PBCO5 ]100 nm multilayer. (a) TEM bright field image, (b) RGB image composed from (c) and (d), (c) Pr–N45 jump ratio
image, (d) Y–M45 jump ratio image. In (b) and (d) areas can be seen that are only one unit cell high, whereas there are other areas showing two unit cell high
layers. This stepwise behavior clearly indicates a block-by-block growth of YBCO.
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The spatial resolution required in this kind of experiment is
quite small. The typical grain diameter of magnetic recording
media is in the 10 nm range and so the Cr segregation region
at the grain boundaries is expected to be on the sub-nm scale.
Additional constraints in this case included the very small
specimen thickness of about 15 nm (i.e. media film thickness). Such ultrathin specimens correspond to an average of
just 10 Cr atoms that contribute to the signal in one pixel of
the EFTEM image recording device (slow-scan CCD). In addition to imaging the Cr inhomogeneities, the images needed
to be quantified in order to obtain their chemical composition
and to determine the Cr enrichment at the grain boundaries.
The scatter diagram technique [42] turned out to be a very
helpful method for dealing with such noisy signals and extracting quantitative information.
The results for two different CoCrPtB alloy compositions
(10 and 16 at.% Cr content) are shown in Figs. 3 and 4.
The segregation of Cr was quantitatively analyzed and the
distribution of the non-magnetic phases with 24 at.% Cr or
more visualized (Figs. 3d and 4d). It could be shown that almost all grains in a higher Cr content alloy were at least partially surrounded by the non-magnetic phase (Fig. 3), whereas
in the lower Cr content sample (Fig. 4) the non-magnetic
phase covered only a tiny fraction of the images (around

0.05%). This was correlated with recording performance
[43,44].
3.3. SiO2 layer in a semiconductor device
The final example in this work deals with the detection and
the width measurement of thin silicon oxide layers used as
gate oxides in semiconducting devices. As signal processing
speed in these devices requires very thin gate oxide layers
spatial resolution is again an issue. In most cases, HRTEM
images do not show any difference in contrast between Si
and the gate oxide layer, so the elemental signals obtained
by EFTEM can be used. However, the use of elemental mapping using core-loss edges (O–K, Si–K) is limited due to the
low signal-to-noise ratio. Therefore, the contrast in the low
energy-loss region was systematically investigated between
10 and 99 eV right in front of the Si–L23 ionization edge
[45,46]. This way, contrast maps were plotted as a function
of energy-loss and specimen thickness. Two ideal regions
were found, that show contrast almost independent of specimen thickness: 18 eV (5 eV slit width) and 80 eV (20 eV slit
width).
After these findings, the question was raised whether it
would be possible to measure layer widths from EFTEM im-

Fig. 3. EFTEM series of a Co–16Cr–10Pt–10B alloy. (a) TEM image, (b) map showing areas with more than 24 at.% Cr, (c) Co elemental map, (d) Cr elemental
map.
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Fig. 4. EFTEM series of a Co–10Cr–10Pt–10B alloy. (a) TEM image, (b) map showing areas with more than 24 at.% Cr (compare with Fig. 3b (c) Co elemental
map, (d) Cr elemental map.

ages that were acquired at low energy-losses. From the theoretical calculations it was clear that delocalization is the main
factor determining EFTEM spatial resolution in this energy
regime and yields resolution values between 4 and 5 nm (at
18 eV) [29,30].
However, the experiments for a 1.5 nm silicon oxide
layer revealed a measured layer thickness at 18 eV of just

1.6–1.7 nm corresponding to a spatial resolution of about
1 nm [46]. The corresponding EFTEM images at 18 and
80 eV energy-loss are shown in Fig. 5, with their lineprofiles presented in Fig. 6. The discrepancy seems to lie in
the formulae that are used for calculating the delocalization.
Ref. [29] uses a formula from [47] that was later replaced
by another description [48] yielding much smaller delocal-

Fig. 5. EFTEM series of a 1.5 nm thin SiO2 layer. (a) TEM bright field, (b) EFTEM image at 18 with 5 eV slit width, (c) EFTEM image at 80 eV with 20 eV
slit width.
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Fig. 6. Lineprofiles across the EFTEM images from Fig. 5b and c integrated
over 100 pixels. The measured layer width at 18 and 80 eV is equal (approximately 1.6 nm) [46].

ization values around 0.1 nm. On the other hand, there are
other reports stating that the effect of delocalization is often
overestimated and in practice much smaller than expected
[49]. These authors calculated delocalization values of about
0.5 nm which corresponds nicely to our results.
It should be noted that the influence of delocalization on
spatial resolution is an example where a single value (e.g.
FWHM or d50 ) is not at all sufficient to describe the convolution curve. In many cases the assumption of a Gaussian
or similar “simple” form of blurring is quite reasonable and
the effect can be accurately described by a single number.
However, the convolution caused by delocalization is not of
a Gaussian shape, as there is a lot of intensity located in the
extended tails of the intensity distribution. This topic is the
subject of ongoing investigation in our group and elsewhere.

4. Conclusions
This work tries to highlight the current status of EFTEM in
terms of spatial resolution and its direct applicability to materials science problems. It gives an overview about quantitative
EFTEM at high spatial resolution. The important issues when
going to high magnifications are discussed and practical application examples are described in order to demonstrate the
capabilities of the technique.
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