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A B S T R A C T   

The performance and suitability of a new electron energy filter in combination with a hybrid pixel, direct 
electron detector for analytical (scanning) transmission electron microscopy are demonstrated using four ex-
amples. The STEM-EELS capabilities of the CEOS Energy Filtering and Imaging Device (CEFID) were tested with 
focus on weak signals and high spatio-temporal resolution. A multiferroic, multilayer structure of REMnO3 (RE =
Yb, Er, Tb, Y), grown on yttria-stabilized zirconia (YSZ), is used to exemplify that this new instrumental setup 
produces valuable electron energy-loss spectroscopy (EELS) data at high energy losses even when using short 
acquisition times, providing detailed chemical information about the interfaces in this complex multilayer 
sample. Another functional oxide, namely a ferromagnetic La2NiMnO6 thin film grown on SrTiO3, demonstrates 
that atomically resolved spectrum images can be recorded, using short dwell times and moderate beam currents 
in order to warrant the integrity of the sample. In a third example, inhomogeneously Er-doped YSZ shows by 
EELS spectrum imaging that elements at low concentrations can be detected semi-quantitatively, uncovering the 
expected layered Er distribution but revealing substantial interdiffusion. In a final example, we simply demon-
strate that the hybrid pixel detector in combination with the energy filter can also be used for energy-filtered 
imaging and thus for elemental mapping complementary to EELS in scanning transmission mode.   

1. Introduction 

Disruptive technological advancements over the past two decades 
have gone hand in hand with the development of new advanced mate-
rials with enhanced properties for applications in the fields of telecom, 
medicine, energy storage and optoelectronics, to name a few (Kenyon, 
2002; Langer and Tirrell, 2004; Liu et al., 2010; Romagnoli et al., 2018; 
Nezakati et al., 2018; Zhou et al., 2019; Weiss et al., 2021; Shastri et al., 
2021). To modify and fine-tune the functional properties of such ma-
terials, and the performance of nanodevices made therefrom, a 
comprehensive understanding and precise control of their chemical 
properties is critical. Illustrative examples are dopant distributions and 
compositional gradients in semiconductors, surface elemental arrange-
ments in catalyst nanoparticles and grain boundary segregation phe-
nomena. Numerous dedicated, highly sensitive analytical methods are in 
use, which reliably provide quantitative information on sparse elements 
on the micron scale. The challenge in transmission electron microscopy 
(TEM) is to translate this high analytical sensitivity to the nanometer or 

even the atomic length scale. Collection of spectroscopic data in TEM 
faces two main challenges. First, an electron-transparent sample pro-
vides merely a tiny volume of matter, where elements at low concen-
trations are sparse in number. Secondly, moderate electron dose and 
short acquisition times are required to warrant the integrity of that tiny 
volume of matter, which might otherwise be damaged under electron 
beam irradiation. Both these constraints often result in data of low 
signal-to-noise ratio (SNR). In order to address these challenges, various 
technological breakthroughs, including correctors for the spherical ab-
erration in combination with high-brightness electron sources (see, e.g., 
Erni et al., 2009) as well as improved spectrometers and energy filters 
(Gubbens et al., 2010), have been realized in the past decades, which led 
to the detection of individual atoms by electron energy-loss spectros-
copy (EELS) (Varela et al., 2004) and by energy dispersive X-ray spec-
troscopy (Lovejoy et al., 2012). More recently, revolutionized detectors 
have been implemented in electron energy-loss spectrometers, which 
capture individual electrons allowing for nearly noise-free spectroscopic 
data over a large dynamic range (Hart et al., 2017; Mir et al., 2017; 
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Plotkin-Swing et al., 2020; Cheng et al., 2020). Thus, it is currently 
possible to detect weak signals stemming from individual atoms or EELS 
excitation edges of small and delayed scattering cross-sections that, with 
conventional detection technologies, would have been buried in the 
intrinsic detector noise. Moreover, the high sensitivity and fast readout 
speed of direct electron detectors offer many advantages for a number of 
EELS applications. They have opened up the possibility to acquire 
spatially resolved EELS maps with low beam currents for dose-sensitive 
samples (Maigné and Wolf, 2018; Haberfehlner et al., 2021), as well as 
to use extremely short acquisition times for cryogenic and in-situ hea-
ting/biasing experiments suffering from thermal drift (Maigné and Wolf, 
2018; Goodge et al., 2020). 

In this contribution, we present data collected on a FEI Titan Themis 
transmission electron microscope retrofitted with a novel post-column 
electron energy filter CEFID (CEOS Energy Filtering and Imaging De-
vice) from CEOS GmbH (Kahl et al., 2019; Rose and Krahl, 1995) and a 
hybrid-pixel detector ELA from Dectris Ltd. (Plotkin-Swing et al., 2020). 
The small residual non-isochromaticity of this energy filter combined 
with a large field of view makes the CEFID attractive for zero-loss 
filtering applications in life science and elemental mapping by 
energy-filtered imaging in materials science. Furthermore, in spectros-
copy mode, a small non-isochromaticity allows for employing physically 
large entrance apertures, improving collection efficiency for core-loss 
spectroscopy without compromising energy resolution. With electron 
beam currents in the range of 0.2–1 nA, the CEFID’s large entrance 
aperture along with the high sensitivity of the ELA detector makes EELS 
signal detection with acquisition times in the order of 1–5 ms feasible, 
even for capturing data of elements at low concentrations or with cor-
responding high-energy excitation edges. Here, we exemplify the high 
sensitivity of this instrumental setup by demonstrating its performance 
on four samples, namely a superlattice of multiferroic hexagonal 
rare-earth manganites REMnO3 (RE = Yb, Er, Tb, Y) grown on YSZ, a 
ferromagnetic double perovskite La2NiMnO6 thin film on SrTiO3, an 
Er-doped YSZ thin film for photonic applications, and a (Ca,Ce) 
MnO3/BiFeO3/CaMnO3 heterostructure grown on LaAlO3. 

2. Instrumentation 

EELS and energy-filtered imaging (EFI) data were acquired using the 
above mentioned transmission electron microscope equipped with a 
probe aberration corrector and operated at 300 kV. The CEFID is 
mounted to the bottom of the pre-filter camera housing. The optical 
performance and the detailed setup with all optical elements are 
described by Kahl et al. (2019). Here, we provide a short summary. A 
pneumatic actuator, placed at the entrance of the energy filter, allows 
for selecting between four different aperture sizes; namely a 12.5 mm 
diameter aperture for EFI, 5 and 2 mm apertures for EELS and a 11 × 11 
hole mask for the filter alignment (holes of 0.2 mm diameter arranged in 
a square lattice with a spacing of 0.8 mm and a central hole of 0.4 mm 
diameter). The entrance aperture is followed by the pre-slit optics; it 
consists of an optimized 90◦ sector magnet and three multipole ele-
ments. The multipole lenses in front and behind the sector magnet act as 
focusing elements and the third multipole lens in front of the energy 
selection plane is used to adjust the dispersion introduced by the sector 
magnet. A hexapole is used to correct for the inclination of the spectrum 
in EELS mode. Behind the sector element, the energy selection slit and a 
four-piece quadrupole projective form the post-slit optics. In order to 
compensate for the unavoidable geometrical aberrations of the pre-slit 
optics two dodecapole elements, which minimize the residual 
non-isochromaticity, and six weak stigmators, which correct for 
two-fold and three-fold aberrations, are installed and used for appro-
priate alignment routines. At the end of the energy filter, a drift tube 
couples to the electron detector. 

In our configuration two detectors are used. The CEFID is commonly 
equipped with a TVIPS TemCam XF416 camera, which in its retractable 
version allows for installing an additional detector behind that primary 

camera. In our case, a hybrid-pixel ELA detector from Dectris Ltd. was 
installed (Plotkin-Swing et al., 2020). For details about its performance 
and operation modes see Plotkin-Swing et al. (2020). The ELA detector is 
composed of a silicon sensor, a two-dimensional array of diodes pro-
cessed in a high resistivity semiconductor, bump bonded to eight tiled 
CMOS readout application specific integrated circuits, of 256 × 256 
pixels each, arranged in a 2 × 4 module. This hybrid pixel detector thus 
has 1024 vertically arranged energy channels with 512 pixels in hori-
zontal direction, with small gaps between the 2 × 4 modules. Could you 
please make this corrections as I cannot implement these changes 
anymore. These gaps have a width of about 2 pixels, which in principle 
can be interpolated in the data. Nevertheless, although an interpolation 
scheme can reduce the apparent impact of the gaps on the spectra, one 
needs to be aware that these channels do not carry unbiased data, and 
thus could truncate fine structure information if the excitation edges are 
sub-optimally positioned on the 1024 channels. Although not visually 
attractive, in order to avoid unwanted artifacts in the spectra, it is 
suitable to make these channels visible in the spectra. Aside, the silicon 
sensor of the ELA detector is not ideal for the detection of 300 keV 
electrons. Detecting 300 keV electrons degrades its point spread func-
tion, meaning that each electron not only excites one pixel, but normally 
small clouds of 3–5 pixels. As the base microscope is operated with a 
high-brightness Schottky field emission source without electron mono-
chromator, of nominal energy spread of about 0.8 eV, high-energy res-
olution was not a main target in the herein reported applications and the 
sub-optimal point spread function of the detector was acceptable for our 
studies. The STEM-EELS workflow requires the scan generator to be 
synchronized with the detector. For this purpose an external scan 
generator from TVIPS (Universal Scan Generator, USG) is used for 
STEM-EELS data acquisition. The USG allows for recording dark-field 
STEM signals simultaneously during the STEM-EELS workflow. We 
explored this new instrumental setup for the analysis of functional ox-
ides, with focus on detecting small quantities of trace elements and for 
atomic-scale mapping of high-energy core-loss excitation edges. The 
focus of this article is to demonstrate high-resolution STEM-EELS ap-
plications, particularly for systems with weak signals, and one EFI study. 
The materials-scientific aspects of the experimental results are not dis-
cussed in detail here. For the applications presented herein, the CEFID 
filter exhibited high stability over long time periods, its 
software-controlled fine tuning was fast and reliable, and all data were 
recorded with routines provided by the corresponding filter software 
CEOS Panta Rhei. 

3. Test specimens 

The first material system investigated is a multilayer structure of 
multiferroic hexagonal rare-earth manganites REMnO3 (RE = Yb, Er, Tb, 
Y) on a (111)-oriented yttria-stabilized zirconia (YSZ) substrate. The 
multilayer was grown using pulsed laser deposition (PLD) with a 248- 
nm KrF excimer laser at a repetition rate of 8 Hz. A laser fluence of 
0.7 J/cm2 was set using a beam attenuator while keeping the laser spot 
size constant. The substrate was kept at 790◦C in an oxygen partial 
pressure of 0.12 mbar. The growth mode was monitored in-situ using 
reflection high energy electron diffraction (RHEED). The second sample 
analyzed is a ferromagnetic double perovskite La2NiMnO6 thin film 
grown on a SrTiO3 substrate using off-axis radio frequency magnetron 
sputtering in a flowing gas mixture of argon and oxygen stabilizing a 
pressure of 0.18 mbar. La2NiMnO6 was grown at 720◦C. After the 
deposition, the thin film was cooled to room temperature in the same gas 
environment (De Luca et al., 2021). The third examined sample is a 
multilayer thin film with alternating 0.5 and 4 at.% Er–doped YSZ layers 
grown by PLD on a C-cut sapphire (Al2O3) substrate. A 5 Hz repetition 
rate, KrF excimer laser at a wavelength of 248 nm and at an incident 
optical fluence of 3 J/cm2 were used for the ablation of the rotating 
targets under an incident angle of 45◦. The Al2O3 substrate was placed 
on a heated holder at 50 mm from the target and heated from room 
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temperature to 800◦C at a rate of 10◦C/min at an initial pressure of 10-6 

Torr. A constant oxygen flux at a pressure of 30 mTorr for the chamber 
was used during deposition. After deposition, the substrate was cooled 
down at a rate of 10 ◦C/min under oxygen atmosphere at 300 Torr 
pressure. Finally, a (Ca,Ce)MnO3/BiFeO3/CaMnO3 heterostructure 
grown on a (001)-oriented LaAlO3 substrate by PLD was used for EFI in 
broad-beam transmission mode. The (Ca,Ce)MnO3 layer was grown at a 
substrate temperature of 700◦C with a KrF excimer laser fluence of 1.15 
J/cm2 and a laser repetition rate of 2 Hz, whereas BiFeO3 was deposited 
at 670 ◦C with a 1.3 J/cm2 laser fluence, at 8 Hz. Both layers were grown 
and cooled down to room temperature at 0.15 mbar oxygen partial 
pressure. 

TEM electron transparent samples were prepared in cross-section by 
means of a FEI Helios 660 G3 UC focused ion beam (FIB) instrument at 
accelerating voltages of 30 and 5 kV after deposition of C and Pt pro-
tective layers. 

4. Acquisition parameters 

STEM-EELS data were acquired at 300 kV using a probe current of 
0.8 nA. For the high-angle annular dark-field (HAADF) STEM data 
acquisition, a probe convergence semi-angle of 26 mrad was set and the 
inner angle of the annular semi-detection range was 171 mrad. The EELS 
data were obtained with a collection semi-angle of 35 mrad, given by the 
5 mm entrance aperture, yielding an effective collection angle of about 
29.5 mrad considering the energy range of the spectra (see, e.g., Eger-
ton, 2011). The large difference between the EELS entrance aperture and 
the annular detection angle in STEM is reasoned by the fact that the 
HAADF detector above the fluorescence screen was used for image 
acquisition, while meanwhile also STEM detectors closer to the entrance 
aperture have been implemented in the STEM acquisition options of the 
CEFID software. Details on the size of the acquired spectrum images (SI), 

the full energy range, energy dispersion, pixel dwell time and electron 
dose are given separately for each example. Elemental maps were 
generated from the SIs after background subtraction by fitting a 
decaying power-law function to an energy window just in front of the 
core-loss edge onsets. In the examples shown, no drift correction was 
used during the acquisition of the single-scan spectrum images (SI). 

Energy-filtered imaging (EFI) (see, e.g., Reimer, 1995) was carried 
out in TEM mode at 300 kV using the ELA detector as well. After 
fine-tuning, the filter’s residual non-isochromaticity on the ELA detector 
was measured to be 129 meV (max) and 30 meV (rms) for a field of view 
of 117 × 58 nm2 projected onto the ELA’s detector area of about 7.7 ×
3.8 cm2. 

5. Results and discussion 

Despite the limited amount of energy channels of the ELA detector 
(1024, plus 4 virtual channels due to the gaps between the modules), 
suitably adjusted post-slit optics of the CEFID filter allows for evaluating 
excitation edges over large energy ranges. This is exemplified in Fig. 1, 
which shows an HAADF-STEM image (Fig. 1a) of the multilayer struc-
ture consisting of multiferroic hexagonal rare-earth manganites 
REMnO3 (RE = Yb, Er, Tb, Y) grown on a (111)-oriented YSZ substrate. 
The image contrast reveals brighter REMnO3 layers containing heavy RE 
elements, namely Tb (Z = 65), Er (Z = 68), and Yb (Z = 70), alternating 
with darker YMnO3 layers. The exact location of each element is 
revealed by EELS spectrum imaging. By using an energy dispersion of 
1.23 eV/channel, we could simultaneously assess excitation edges 
ranging from Tb-M5,4 (at 1240 eV) to Zr-L3,2 (at 2220 eV). Elemental 
EELS maps of the Tb-M5,4, Er-M5,4, Yb-M5,4, Y-L3,2 and Zr-L3,2 edges 
obtained from the spectrum image are displayed in Fig. 1(a) as well. 
Further, intensity line profiles were extracted over the full width of the 
elemental maps along the growth direction (bottom to top). Both the 

Fig. 1. (a) Survey HAADF-STEM image of the 
REMnO3 (RE = Yb, Er, Tb, Y) multilayer grown 
on YSZ and corresponding maps of the Tb-M5,4, 
Er-M5,4, Yb-L3,2, Y-L3,2 and Zr-L3,2 edges 
extracted from a 400 × 123 pixel SI with en-
ergy dispersion 1.23 eV/channel, full energy 
range 1264 eV and pixel dwell time of 1 ms. 
The scale bar is 10 nm. Right: normalized in-
tensity profiles extracted over the full elemental 
map widths. (b) Full summed spectrum. Right: 
magnified views of the Er-M5,4 and Yb-M5,4 
edges (top) and Y-L3,2 and Zr-L3,2 edges 
(bottom).   
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elemental maps and the normalized line profiles reveal the multilayer 
REMnO3 (RE = Yb, Er, Tb, Y) sequence and a minimal RE interdiffusion 
limited to one unit cell only. The YSZ substrate is visible at the bottom as 
disclosed by the Zr and Y elemental maps. The EELS spectrum integrated 
over the entire field of view is given in Fig. 1(b). It shows all five edges in 
one energy window covering about 1260 eV. The insets are enlarged 
views around the less intense edges. Besides, three intensity minima are 
also detected at 1467, 1778 and 2089 eV. These dips correspond to the 
above mentioned gaps between the 2 x 4 modules of the ELA detector, 
which are observable in the integrated spectra as well as in single 
spectra. The map contains 400 × 123 pixels and was recorded with a 
dwell time of 1 ms, and thus a total acquisition time of about 50 s. This 
example demonstrates that the CEFID in combination with the ELA 
detector provides near atomic-scale chemical information in a rather 
high and large EELS energy range. 

The STEM-EELS atomic-column imaging capabilities of the CEFID 
filter were tested using a ferromagnetic double perovskite La2NiMnO6 
thin film grown on a SrTiO3 substrate. Fig. 2(a) shows an atomically 
resolved HAADF-STEM image of the La2NiMnO6/SrTiO3 sample along 
the [110] pseudocubic direction, which was acquired simultaneously 
with the EELS spectrum image. The map contains 650 x 130 pixels and 
was recorded with a dwell time of 1 ms, and thus a total acquisition time 
of less than 90 s. No drift correction was applied. The bright atomic 
columns correspond to heavy La and Sr ions, and the weaker columns 
(between each La- or Sr-cation pair) to Mn/Ni and Ti ions. The atomi-
cally resolved elemental maps of the Sr-M5,4, Ti-L3,2, Mn-L3,2, Ni-L2, La- 

M5,4 and La-M3,2 edges extracted from the EELS spectrum image are also 
displayed. They allow for determining the plane stacking at the 
La2NiMnO6/SrTiO3 interface: the SrTiO3 substrate is terminated by a 
TiO2 surface layer, and consequently, the La2NiMnO6 film starts 
growing with a LaO layer. Note that the Ni map appears rather noisy as 
the Ni elemental map was extracted from the Ni-L2 white line only, 
because the Ni-L3 line strongly overlaps with the intense La-M4 line (see 
inset in Fig. 2(b)). Nevertheless, the rock-salt ordering of the Mn and Ni 
cations is disclosed and it is also possible to appreciate the existence of a 
transition region of approximately 5 unit cells located directly above the 
La2NiMnO6/SrTiO3 interface where Mn/Ni-site disorder is observed, in 
good agreement with energy dispersive x-ray data (De Luca et al., 2021). 
The EELS spectrum integrated over the entire field of view is given in  
Fig. 3(b). It shows seven edges in one energy window of 1264 eV: Sr-M5, 

4 at 133 eV, Ti-L3,2 at 455 eV, O-K at 532 eV, Mn-L3,2 at 640 eV, La-M5,4 
at 832 eV, Ni-L3,2 partially overlapped with La-M4 at 854 eV, and La-M3, 

2 at 1123 eV. In addition to chemical information at the atomic level, 
valuable energy-loss near-edge structure (ELNES) information is also 
present in the spectrum image. In a similar analysis of a thinner 
La2NiMnO6 film, the oxidation state of Mn across the film was analyzed 
(De Luca et al., 2022). Here, in Fig. 2(c) we show for the thicker film the 
O-K edges, after background subtraction, extracted from the substrate 
and film areas. Even with the dispersion used (1.23 eV/channel), sig-
nificant differences in the fine structure of the O-K edge are discernible. 
Thus, the spectra are used as internal references to fit the entire acquired 
EELS data cube in a linear combination by applying the multiple linear 

Fig. 2. (a) Survey HAADF-STEM image of a La2NiMnO6 thin film grown on SrTiO3 and corresponding maps of the Sr-M5,4, Ti-L3,2, Mn-L3,2, Ni-L2, La-M5,4 and La-M3,2 
edges extracted from a 130 × 650 pixel SI with energy dispersion 1.23 eV/channel, full energy range 1264 eV and pixel dwell time of 1 ms. The RGB map is the 
overlay of the La-M5,4 (red), Mn-L3,2 (green) and Ni-L2 (blue) edge maps. The scale bar is 2 nm. (b) Full summed spectrum and magnified view of the La-M5,4 and Ni- 
L3,2 edges (in logarithmic scale). (c) Left: map of the O-K edge and corresponding EELS maps generated by fitting the components of the substrate (turquoise) and film 
(orange). Right: O-K edges extracted from the substrate and film regions and used as internal references in the MLLS fitting. 
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least-squares (MLLS) fitting routine. This enables the generation of 
two-dimensional component maps of the spectral weights. The results of 
the fitting are displayed in Fig. 2(c). For this material system, we have 
shown that it is possible to obtain atomically-resolved EELS elemental 
maps of edges extending from 133 to 1123 eV in a single frame scan 
using short acquisition times (1 ms/pixel) and a beam current of about 
0.8 nA, resulting in a dose rate and total dose, which ensure the integrity 
of the sample, and are comparable to other reported results (Muller 
et al., 2008; Plotkin-Swing et al., 2020). Further, we have shown that it 
is possible to acquire spectrum images with large energy windows which 
still contain valuable ELNES information. 

Next, we focused on detecting small amounts of dopant elements 
with ionization edges at high energy losses. For this, we examined a 
multilayer thin film for photonic applications consisting of alternating 
nominally 0.5 and 4 at.% Er–doped YSZ layers grown on sapphire. A 
representative HAADF-STEM image of the multilayer film is shown in 
Fig. 3(a) revealing the presence of alternating layers of dark and bright 
contrast. As Er has a higher atomic number than Y and Zr [Z(Er)= 68, Z 
(Y)= 39, Z(Zr)= 40], the layers doped with Er appear brighter in the 
HAADF-STEM image. The presence of Er was confirmed by EELS spec-
trum imaging. An Er map extracted from the Er-M5,4 edge at 1409 eV 
acquired across three Er-rich and four Er-poor YSZ layers is shown in 
Fig. 3(b) together with the simultaneously acquired HAADF-STEM 
image. The observed maxima in the Er elemental map correspond to 
atomic positions with an increased signal detection, possibly due to the 
superposition of Er atoms along the same atomic column. In addition, 
the intensity profile extracted over the full Er map width normalized to 
the maximum intensity value is also provided. It reveals that Er is pre-
sent both in the Er-rich and Er-poor layers. In order to assess Er diffusion 
across the layers, we summed the Er-M5,4 edge signal, shown in Fig. 3(c), 
over the areas indicated with rectangles in the HAADF survey image of 
Fig. 3(b). These areas are the most and least Er-rich areas of the acquired 
spectrum image. By dividing the integrated areas below their respective 
Er-M5 edges one obtains 5, which is considerably smaller than the 
nominally expected value of 8, suggesting a significant Er interdiffusion. 
This is also apparent from the smooth intensity profile of Fig. 3(b). Thus, 
our measurements indicate that the Er poor regions actually contain 
more Er than the nominal 0.5 at.% Er. The SI consists of 333 × 50 pixels, 
recorded with a dwell time of 5 ms, using a dispersion of 0.19 eV/ 
channel. 

The signal-to-noise ratio (SNR) plays a critical role in any measure-
ment, but it is particularly important for trace element analysis, map-
ping of dose-sensitive samples and time-resolved in-situ EELS 
experiments. In the following, we show that the hybrid pixel direct 
electron ELA detector combined with the CEFID filter displays SNRs 
comparable to other setups equipped with analogous direct detection 
cameras (Hart et al., 2017; Cheng et al., 2020). To qualitatively assess 
the SNR, we acquired EELS spectrum images of the Er-M5,4 (at 1409 eV) 

and Zr-L3,2 (at 2222 eV) edges of the same Er–doped YSZ sample as in 
Fig. 3. Specifically, Er-M5,4 spectrum images were acquired with a 
0.19 eV/channel energy dispersion, while a 0.75 eV/channel dispersion 
was used for the Zr-L3,2 edge. Three dwell times were used: 0.005, 0.01 
and 0.1 s. Background-subtracted EELS spectra extracted from the 
spectrum images integrated over 1 × 1 and 4 × 4 pixels, are shown in  
Fig. 4(a,b) and Fig. 4(c,d), respectively. All EELS spectra show ionization 
edges with a reasonable amount of signal well above the background, 
even at the individual spectrum level. Increasing the dwell time leads to 
an improved SNR. Likewise, the integration of multiple spectra leads to a 
higher SNR. 

In order to semi-quantitatively assess whether the filter impacts the 
spectral energy resolution at high energy losses and when large energy 
windows are captured, we analyzed the width of excitations peaks. For 
negligible instrumental broadening, the peak broadening is directly 
related to the core-hole lifetime and its energy width (see, e.g., Egerton, 
2011). The higher the excitation peak’s energy, the larger its energy 
broadening due to shortening of the core-hole lifetime. Lifetimes of 
excited states in atoms can thus be measured by means of the spectro-
scopic line width in EELS. In the presence of instrumental broadening, 
the peak width is convoluted by the point spread function due to 
instrumental broadening, given by the detector, the energy spread of the 
beam and possibly by the spectrometer resolution. Hence, analyzing the 
width of the excitation peaks as a function of energy loss allows for 
assessing whether instrumental broadening, due to chromatic effects of 
the spectrometer, affects the peak width, aside from the other instru-
mental factors and the natural line width given by the lifetime of the 
core-hole state. In literature, the natural line width for L shells are given 
by Krause and Oliver, (1979) as follows, 

ΔEL3 =
(
6.9

× 10− 4)E − 0.14exp
[

−

(
E − 680

400

)]2

− 0.05exp
(
− (E − 30)

90

)2

,

(1)  

ΔEL2 =
(
7.4

× 10− 4)E − 0.16exp
[

−

(
E − 690

400

)]2

− 0.05exp
(
− (E − 30)

90

)2

.

(2) 

The equations are expressed as function of E as the corresponding 
threshold energy measured in eV. The theoretical values obtained from 
Eqs. (1,2) are plotted in Fig. 5 as solid lines. Experimental core level 
energy widths in Fig. 5 (full squares) were obtained from the REMnO3, 
La2NiMnO6 and Er-doped multilayer samples by deconvolution of the 
Mn-L3,2, Y-L3,2 and Zr-L3,2 edge widths with the point spread function of 
our ELA detector for 300 keV electrons (Gaussian distribution μ = 4.8, 
σ = 1.78) and with the energy spread of the incident electron beam 

Fig. 3. (a) Cross-sectional HAADF-STEM image 
of an Er-doped YSZ multilayer sample revealing 
the presence of nominally 4 and 0.5 at.% Er- 
doped YSZ layers. The scale bar is 5 nm. (b) 
Survey HAADF-STEM image and corresponding 
map of the Er-M5,4 edge extracted from a 
333 × 50 pixel SI with energy dispersion 
0.19 eV/channel, full energy range 192.24 eV 
and pixel dwell time of 5 ms. The normalized 
intensity profile was obtained over the full Er 
map width. (c) Summed spectra of the Er-M5,4 
edge collected from the areas indicated with 
rectangles in panel b. They correspond to the 
most and least Er-rich areas of the acquired 
spectrum image. Dips in the signal due to the 
detector modules are observable around 1360 
and 1410 eV, respectively.   
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(FWHM=0.8 eV). The experimental data follow the expected natural 
line widths for L3,2 edges very well, increasing the core-hole energy 
width with the energy. Besides, in all cases the L2 edges show a higher 
energy width than L3 level due to Coster–Kronig transitions (Chen et al., 
1977). From this analysis, we can conclude that no measurable instru-
mental broadening affects the analyzed peak widths when considering 
the point spread function of the detector and the energy width of the 
electron beam. 

As mentioned above, due to the fact that the ELA detector was used 
with a Si sensor to detect 300 keV electrons, the point spread function of 

the detector is sub-optimal causing the effective energy resolution of the 
system to be impaired by the detector. In Fig. 5(b) three zero-loss peaks 
recorded for different dispersions are shown. Clearly, with decreasing 
dispersion (or decreasing spectrum magnification) the full width at half 
maximum of the peak becomes broader. Plotting the same data as a 
function of energy channels (instead of energy loss), see inset in Fig. 5 
(b), it can be appreciated that the two lowest dispersions show almost 
identical peak widths, revealing that for these spectrum magnifications 
the point spread function of the detector is solely determining the energy 
resolution, while the actual contributions of the energy spread of the 

Fig. 4. EELS spectra of the (a,c) Er-M5,4 and (b,d) Zr-L3,2 edges extracted from the Er-doped YSZ multilayer sample acquired with 0.19 and 0.75 eV/channel energy 
dispersions, respectively. Three dwell times were used: 0.005 s, 0.01 s and 0.1 s. The spectra extracted from (a,b) 1 × 1 and (c,d) 4 × 4 pixel integration regions. 

Fig. 5. (a) Experimental core level energy width of the Mn-L3,2, Y- L3,2 and Zr-L3,2 edges in boxes superimposed to the natural core level energy width parametrized 
by Eqs. (1,2) in solid lines. (b) Zero-loss peaks recorded for three different dispersions in vacuum for 0.1 s, plotted as function of the energy loss and as a function of 
the energy channels (inset). 
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beam (nominally about 0.8 eV) and the spectrometer must be negligible. 
Only for the highest dispersion (0.187 eV/pixel), contributions from the 
energy width of the non-monochromatic electron beam and possibly 
from the spectrometer become visible, leading to an effective broad-
ening of the peak, in terms of energy channels, compared to the zero-loss 
peak recorded with the two lower dispersions. 

In our final example, we explored the combination of CEFID and ELA 
for elemental mapping for energy-filtered imaging (EFI) in order to 
demonstrate the feasibility of elemental mapping in this broad-beam 
TEM mode complementary to EELS spectrum imaging. A (Ca,Ce) 
MnO3/BiFeO3/CaMnO3 heterostructure grown on a LaAlO3 substrate 
was used. Energy-filtered images at element-specific energy losses were 
acquired with a 30 eV energy selecting slit and the common three- 
window technique was used for background subtraction (see, e.g., 
Kothleitner and Hofer, 1998). Fig. 6(a) shows a TEM image of the (Ca, 
Ce)MnO3/BiFeO3/CaMnO3/LaAlO3 sample and the resulting 
energy-filtered transmission electron microscopy (EFTEM) elemental 
maps of Ca, Mn, Fe and La obtained from the Ca-L3,2, Mn-L3,2, Fe-L3,2 
and La-M5,4 edges. Acquisition times were 20, 30, 40 and 50 s/image for 
the Ca-L3,2 (at 346 eV), Mn-L3,2 (at 640 eV), Fe-L3,2 (at 708 eV) and 
La-M5,4 (at 832 eV) maps, respectively. The LaAlO3 substrate is located 
at the bottom of the image as revealed by the La map. Likewise, the Fe, 
Ca and Mn maps show the BiFeO3 layer embedded between two CaMnO3 
layers, with the lower BiFeO3/CaMnO3 interface sharper than the upper 
one. For completion, Fig. 6(b) displays the normalized intensity line 
profiles of the elemental maps extracted from the region indicated with a 
blue box in panel a. This brief example shows that the ELA detector is 
also suitable for EFI and that due to its detection characteristics little 
noise is observable in areas where the elements under investigation are 
not present. This will thus provide EFTEM maps that are of high contrast 
and likely are suitable for elemental quantification (Grogger et al., 1998; 
Hofer et al., 2000). Hence, these new detectors coupled to advanced 
energy filters might lead to a revival of quantitative energy-filtered 
imaging, particularly for elements that are difficult to quantify by 
energy-dispersive x-ray spectroscopy. 

6. Conclusions 

The purpose of this short article is to demonstrate the STEM-EELS 
and EFI capabilities of a novel post-column electron energy filter in 
combination with a hybrid-pixel detector. We have tested and explored 
this setup for the analysis of functional oxides, with emphasis on 
detecting small quantities of trace elements and for atomic-scale map-
ping of high-energy core-loss excitations. Based on STEM-EELS data, we 
have attained two-dimensional Er maps from the Er-M5,4 edge (at 
1409 eV) in an Er-doped YSZ sample with Er concentrations below 4 at. 
%. Aside, we have shown that it is possible to acquire spectrum images 
with large energy windows above 1000 eV with all core-loss edges in 
focus and no detectable effect of the filter on the observable energy 
resolution. We have shown that atomically resolved maps can be ob-
tained from edges as low as Sr-M5,4 (at 130 eV) to high-energy edges, 
like Zr-L3,2 (at 2220 eV), and that fine structure information of excita-
tion edges recorded at atomic resolution conditions can be used for 
phase identification. Additionally, first results of elemental mapping by 
EFI-TEM are also provided. 

As our base microscope is operated with a high-brightness Schottky 
field emission source without electron monochromator, we were not 
able to explore here the full potential of the setup in terms of energy 
resolution. Furthermore, our EELS data showing the gaps between the 
chips of the hybrid detector indicate that improvements are still desir-
able. Moreover, our 300 kV data also indicate that a high-Z sensor 
(instead of Si) would be desirable to reduce the impact of the point 
spread function for detecting 300 keV electrons when high energy res-
olution is targeted in applications. Yet, overall we conclude that with or 
without a hybrid pixel detector, this new energy filter (Kahl et al., 2019), 
here used for rather standard materials science applications, provides an 

alternative to other advanced STEM/EELS and EFI platforms (Gubbens 
et al., 2010) and produces data of high quality for nano- and 
atomic-scale analytical (scanning) transmission electron microscopy. 
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Zakharova, A., Döbeli, M., Greber, T., Rossell, M.D., Piamonteze, C., Gibert, M., 
2021. Ferromagnetic insulating epitaxially strained La2NiMnO6 thin films grown by 
sputter deposition. APL Mater. 9 (8), 081111 https://doi.org/10.1063/5.0055614. 

De Luca, G., Spring, J., Kaviani, M., Johr, S., Campanini, M., Zakharova, A., 
Guillemard, C., Herrero, J., Piamonteze, C., Erni, R., Rossell, M.D., Aschauer, U., 
Gibert, M., 2022. Top-layer engineering reshapes charge transfer at polar oxide 
interfaces. Adv. Mater. https://doi.org/10.1002/adma.202203071. 

Egerton, R.F., 2011. Electron Energy-Loss Spectroscopy in the Electron Microscope, third 
ed. Springer. https://doi.org/10.1007/978-1-4419-9583-4. 

Erni, R., Rossell, M.D., Kisielowski, C., Dahmen, U., 2009. Atomic-resolution imaging 
with a sub-50-pm electron probe. Phys. Rev. Lett. 102, 096101 https://doi.org/ 
10.1103/PhysRevLett.102.096101. 

Goodge, B.H., Baek, D.J., Kourkoutis, L.F., 2020. Atomic-resolution elemental mapping 
at cryogenic temperatures enabled by direct electron detection. Mater. Sci. https:// 
doi.org/10.48550/arXiv.2007.09747. 

Grogger, W., Hofer, F., Kothleitner, G., 1998. Quantitative chemical phase analysis of 
EFTEM elemental maps using scatter diagrams. Micron 29, 43–51. https://doi.org/ 
10.1016/S0968-4328(97)00061-9. 

Gubbens, A., Barfels, M., Trevor, C., Twesten, R., Mooney, P., Thomas, P., Menon, N., 
Kraus, B., Mao, C., McGinn, B., 2010. The GIF quantum, a next generation post- 
column imaging energy filter. Ultramicroscopy 110, 962–970. https://doi.org/ 
10.1016/j.ultramic.2010.01.009. 

Haberfehlner, G., Hoefler, S.F., Rath, T., Trimmel, G., Kothleitner, G., Hofer, F., 2021. 
Benefits of direct electron detection and PCA for EELS investigation of organic 
photovoltaics materials. Micron 140, 102981. https://doi.org/10.1016/j. 
micron.2020.102981. 

Hart, J.L., Lang, A.C., Leff, A.C., Longo, P., Trevor, C., Twesten, R.D., Taheri, M.L., 2017. 
Direct detection electron energy-loss spectroscopy: a method to push the limits of 
resolution and sensitivity. Sci. Rep. 7 (1), 1–14. https://doi.org/10.1038/s41598- 
017-07709-4. 

Hofer, F., Grogger, W., Warbichler, P., Papst, I., 2000. Quantitative energy-filtering 
transmission electron microscopy (EFTEM. Mikrochim. Acta 132, 273–288. https:// 
doi.org/10.1007/s006040050020. 

Kahl, F., Gerheim, V., Linck, M., Müller, H., Schillinger, R., Uhlemann, S., 2019. Test and 
characterization of a new post-column imaging energy filter. Adv. Imaging Electron 
Phys. 212, 35–70. https://doi.org/10.1016/bs.aiep.2019.08.005. 

Kenyon, A.J., 2002. Recent developments in rare-earth doped materials for 
optoelectronics. Prog. Quantum Electron. 26 (4–5), 225–284. https://doi.org/ 
10.1016/S0079-6727(02)00014-9. 

Kothleitner, G., Hofer, F., 1998. Optimization of the signal to noise ratio of EFTEM 
elemental maps with regard to different ionization edge types. Micron 29, 349–357. 
https://doi.org/10.1016/S0968-4328(98)00014-6. 

Krause, M.O., Oliver, J.H., 1979. Natural widths of atomic K and L levels, Kα x-ray lines 
and several KLL auger lines. J. Phys. Chem. Ref. Data 8 (2), 329–338. https://doi. 
org/10.1063/1.555595. 

Langer, R., Tirrell, D.A., 2004. Designing materials for biology and medicine. Nature 428 
(6982), 487–492. https://doi.org/10.1038/nature02388. 

Liu, C., Li, F., Ma, L.P., Cheng, H.M., 2010. Advanced materials for energy storage. Adv. 
Mater. 22 (8), E28–E62. https://doi.org/10.1002/adma.200903328. 

Lovejoy, T.C., Ramasse, Q.M., Falke, M., Kaeppel, A., Terborg, R., Zan, R., Dellby, N., 
Krivanek, O.L., 2012. Single atom identification by energy dispersive x-ray 
spectroscopy. Appl. Phys. Lett. 100 (15), 154101 https://doi.org/10.1063/ 
1.3701598. 
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