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Quantitative elemental analysis by scanning transmission electron microscopy combined with 
energy dispersive X-ray spectroscopy (STEM EDS) is essential for nanoscale materials 
characterization, yet its accuracy is often limited by specimen thickness and Xray absorption, 
especially in materials containing both light and heavy elements such as ZnO. Here, we 
evaluate the influence of specimen thickness on quantitative EDS. A wedge-shaped electron 
transparent lamella containing a ZnO layer with an expected 50:50 Zn:O composition was 
prepared by focused ion beam milling. STEM EDS measurements were performed at 200 kV, 
and an elemental line profile across the ZnO layer was quantified using standardless Cliff-
Lorimer, standard-based Cliff-Lorimer, and Zeta-factor methods (available in the ESPRIT 
software). Cliff-Lorimer approaches exhibit thickness-dependent deviations, with oxygen 
increasingly underestimated in thicker regions. In contrast, only the Zeta-factor method yields 
a constant Zn:O ratio matching the expected stoichiometry. Based on these results we discuss 
under which conditions the Zeta-factor method can enable reliable, thickness-independent 
quantitative EDS. 

 

 

 

 
Fig. 1: Side-view diagram of the 
wedge-shaped sample. During the EDS 
analysis, the electron beam probes regions 
of increasing thickness. 

 Fig. 2: Atomic concentration along a line profile 
acquired over a Zn0.5O0.5  electron-transparent 
sample of increasing thickness using the Zeta-
factor quantification methods. 
Sample and data courtesy: X. Jin, KIT 
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Energy dispersive X-ray (EDX) spectroscopy in the transmission electron microscope is a key 
tool for nanomaterials analysis, providing a direct link between spatial and chemical 
information. However, using it for precisely determining chemical compositions presents 
challenges of noisy data from low X-ray yields and mixed signals from phases that overlap 
along the electron beam trajectory. To address these limitations, we develop PSNMF (non-
negative matrix factorization based pan-sharpening) [1], an innovative machine learning 
approach that enhances STEM-EDX analysis by simultaneously separating overlapping 
phases and reconstructing a high-quality dataset. By leveraging the Poisson nature of EDX 
spectral noise and binning operations, PSNMF retrieves high-quality phase spectral and 
spatial signatures via consecutive non-negative matrix factorizations (NMF), enabling precise 
and robust dataset reconstruction. 
We validate PSNMF using synthetic datasets with varying noise levels, as well as 
experimental STEM-EDX data from nano-mineralogical samples and Au-Cu2O catalytic 
nanoparticles. These datasets represent two major categories of samples commonly analyzed 
in STEM-EDX: 1) lamellae of uniform thickness that are prepared from bulk materials using 
ion beam milling and/or mechanical thinning; 2) nanostructures of irregular thickness that are 
supported on amorphous carbon films. Our results demonstrate that PSNMF not only obtains 
accurate phase signatures, outperforming the benchmark method, NMF, in identifying minor 
phases within complex materials, but also reconstructs datasets with significantly lower noise 
and higher fidelity than the benchmark denoising method, principal component analysis 
(PCA), particularly for trace element quantification. The superior phase decomposition 
accuracy and enhanced clarity of the denoised elemental maps highlight PSNMF’s strong 
potential for improving STEM-EDX analytics across a variety of nanoscience domains. 

 

 

 

Fig. 1: PSNMF applied to a simulated data set 
having a very low SNR (average of 18 X-ray 
counts per pixel), compared to standard NMF for 
phase identification and to PCA for data set 
denoising. 

 Fig. 2: PSNMF applied to an experimental 512 × 
512 pixel data set that was acquired from Au−Cu2O 
nanoparticles supported on a carbon film. 
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Scleractinian corals build highly ordered aragonite (CaCO3) skeletons vital for marine 
ecosystems, but face multiple challenges through global climate change, unsustainable 
human activity, and coral-specific diseases. Stony Coral Tissue Loss Disease (SCTLD) has 
recently emerged as one of the most destructive coral diseases [1], however, its potential 
impact on skeleton mineralization has not yet been explored. We use a multiscale electron 
microscopy approach to characterize healthy and SCTLD-afflicted skeletons (Fig 1). On the 
micro-scale, we find calcite next to spherulitic aragonite fibers radiating from centers of 
calcification (CoC) in healthy coral, while no calcite persists in diseased coral. At the 
nanoscale, a healthy CoC contains aragonite grains together with pockets of amorphous 
calcium carbonate (ACC). In contrast, 4D STEM data reveals diseased coral also contains 
calcite and calcium carbonate hemi-hydrate (CCHH) nanoparticles. HRTEM and STEM 
imaging show planar defects along aragonite [100]. In healthy coral, a planar feature parallel 
to the (001) plane (bright in ABF) exhibits no corresponding contrast in HAADF, indicating 
continuity of the Ca sublattice with localized modification of carbonates. In diseased coral, 
HAADF images suggest Ca depletion. Alltogether, we find SCTLD alters skeletogenisis. 
Moreover, coral growth is expected to decrease as oceans become more acidic due to the 
uptake of anthropogenic CO2. We have developed an in-situ platform to potentially address 
how corals can be affected through this process. Through initial introduction of water vapor, 
and introduction of CO2 gas as a second to lower the local pH, we were able to dissolve 
aragonite particles as a proof of principle (Fig. 2a-f). By preparation of sections of corals 
sandwiched between SiNx-based chips (Fig 2g-h), we intend to explore coral dissolution 
mechanisms as a proxy for ocean acidification at the nanoscale. 
 

  
Fig. 1: a,b) SEM image & EBSD map of healthy, 
and c,d) diseased coral. e,f) TEM images of 
healthy, and g) TEM image and h-j) 4D STEM data 
of diseased coral. k-m) HRTEM, ABF & HAADF 
image of healthy coral, and n-p) diseased coral 

Fig. 2: a-f) TEM snapshots showing 
dissolving aragonite particles (white 
arrow); growing crystals (red arrow). 
g) SEM and h) TEM image of coral 
lamella on SiNx chip 
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Teeth represent a unique natural composite material, incorporating optimally arranged, closely 
intertwined simple inorganic and organic compounds. The continuously growing elongated 
rodent incisors display adaptations and optimizations that surpass those of human teeth. They 
can be identified by their orange-brown color and their particular construction, in which hard 
enamel covers only the labial side of the incisor, rendering the tooth self-sharpening [1]. Fully 
formed enamel consists of approximately 96 wt% elongated hydroxyapatite (HA) crystals, with 
the remaining being organic material and water [2]. 
In this study [3], we followed the structural and chemical development of rodent incisors from 
seven species (beaver, coypus, marmots, squirrels, voles, rats and mice) from macro-scale to 
nano-scale. 
We primarily recognized ferritin nanoparticles filling ameloblasts during their pigmentation 
stage. The crystalline ferrihydrite nanocore, with Fe in a 3+ oxidation stage, indicates an iron 
storage mechanism that protects cells from potential toxicity. 
Furthermore, iron-rich material from ameloblasts infiltrates the outer layer of the radial enamel 
that occupies the empty spaces between elongated HA crystals (Fig. 1a). The infiltrated iron-
rich material forms a connected 3D network that represents a secondary phase with a 
ferrihydrite-like composition (Fig. 1b). This results in the creation of iron-rich enamel (Fe-EN). 
Finally, we discovered an inorganic-organic surface layer (SL) formed parallel to the surface 
of the incisors for all examined species (Fig. 2a). Fine structural details of Fe-L2,3 ELNES 
reveal that iron is in a predominantly 3+ oxidation state (Fig. 2b). We examined the evolution 
of the SL from the non-erupted part to its fully developed state in the erupted part of the incisor. 
Moreover, we noticed a direct correlation between the color of the rodent incisor and the 
thickness of the SL. Consequently, we propose replacing the term ``pigmented enamel`` with 
``iron-rich enamel (Fe-EN)``. 
Our findings have significant implications for the development of dental materials and the 
potential for innovations in restorative dentistry. 

 

 

 
Fig. 1: (a) HAADF-STEM image of Fe-EN; 
(b) 3D reconstruction of pockets in Fe-EN.  

 Fig. 2: (a) HAADF-STEM image of the 
interface between the SL and Fe-EN; 
(b) Fe-L2,3 ELNES acquired from the SL.  
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The surfaces of airless bodies, such as the Moon and asteroids, are exposed to charged 
particle irradiation and micrometeorite bombardment over time periods of hundreds to millions 
of years. The combined effects of the irradiation and hypervelocity particle impacts are called 
space weathering [1]. Space weathering features include radiation damage rims from 
implanted solar wind H+ and He+ in the top ~ 100 nm of the exposed mineral and glass regolith 
material, and melt deposit layers from the vaporization and redeposition of impacting grains. 
Observations of these effects in lunar and asteroid samples are important for constraining the 
evolution of rocky bodies and interpreting optical spectra from planets, and also for assessing 
the potential abundance of volatiles that could be extracted for technological use. Coordinated 
electron energy loss spectroscopy and energy dispersive x-ray spectroscopy in aberration-
corrected scanning transmission electron enable direct imaging of the space weathering 
effects at the atomic scale and spectroscopic detection of the implanted H and He. Recent 
measurements show that the He concentrates in vesicles in nanophase Fe particles in silicate 
glasses [2], and in chromite (FeCr2O4) and ilmenite (FeTiO3) [3]. 

 
 

 
Fig. 1: a. HAADF image of a space weathered lunar soil grain with an amorphous silicate 
melt deposit with nano-phase metallic Fe (npFe0) on adjacent ilmenite (Ilm) and chromite 
(Chr) grains. D. EELS measurements at the He K edge (22 eV) show solar wind He is 
present in the ilmenite and chromite defects. Adapted from [3]. 
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Transition aluminas, particularly η- and γ-Al₂O₃, are widely used in catalysis due to their high 
surface area and tunable acidity. Although both phases are commonly described as defective 
spinels, their exact crystal structures and the origins of their distinct surface properties remain 
debated. The transformation pathways from oxyhydroxide precursors, bayerite for η-Al₂O₃ and 

boehmite for γ-Al₂O₃, strongly influence their microstructure and, consequently, their surface 
atomistic arrangements, which ultimately govern their surface acidity. 
Here, we provide direct atomistic insights into the structural differences between η- and γ-
Al₂O₃ using atomic-resolution ADF-STEM imaging. We reveal that γ-Al₂O₃ can be viewed as 
an assembly of η-phase domains interconnected by antiphase domain boundaries (APBs) 
along the (100) planes. Atomic-resolution imaging shows that these APBs consist of 
alternating O–Al6–O and O–Al6–O–Al4 atomic rows (Fig.1). 
Atomic-resolution ADF-STEM imaging further reveals that the (100) surface of γ-Al₂O₃ 
structurally resembles its APBs but incorporates pentacoordinated aluminum (Al5) instead of 
octahedrally coordinated Al6 (Fig. 2). Moreover, we found that γ-Al₂O₃ predominantly exposes 

(111) and (100) facets, whereas η-Al₂O₃ is mainly terminated by (111) facets and nanosteps. 

This distinct surface termination explains the different acidity of the two phases: γ-Al₂O₃ 
exhibits predominantly Lewis acidity due to undercoordinated Al sites on its (100) surfaces, 
while η-Al₂O₃, being exclusively (111)-terminated, presents oxygen-rich surfaces associated 
with dominant Brønsted acidity. 
 

 

 

 
Fig. 1: ADF-STEM image of APBs  
of γ-Al₂O₃. 

 Fig. 2: ADF-STEM image of the (100)-γ-Al₂O₃ 
surface showing undercoordinated Al sites. 
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In order to enhance phase-contrast especially for biological specimens in cryo-TEM phase 
plates of many different designs can be used to provide a 90° phase shift between scattered 
and unscattered electrons [1]. Apart from a variety of phase plates which relay on a different 
electrical potential for the direct e-beam and scattered electrons, magnetic ring phase plates 
using the Aharonov-Bohm effect have been investigated mainly by Edgcombe and co-workers 
with thin film rings of cobalt [2]. Magnetized micro rings usually can be transferred into a state 
of lowest energy with azimuthal flux where the magnetic flux is confined within the magnetic 
material in the form of a closed loop (vortex state) and a vanishing B-field outside of the ring. 
The phase shift is proportional to the magnetic flux through the cross section of the magnetic 
material and independent from the energy of the electrons. 
As often used quite insulating SiN membranes usually generate problems with charging, we 
used a SiC freestanding tripod supporting structure for amorphous soft magnetic 
Fe67Si18Co14B1 thin film rings deposited on it. As commercial SiC membranes from Norcada 
show a relatively low electrical conductivity (ca. 1 Ω.cm sheet resistance, high thermal 
conductivity and thermally stable up to 800 Co) the charging should be much less severe. 
We started from SiC membrane chips with a thickness of 1 µm which were covered by a 30-
50 nm thick highly permeable Fe67Si18Co14B1 thin film and protected by a ca.10 nm Pt layer. 
This thin film covered SiC membranes were modified by cutting structured holes with FIB to 
produce micro rings hold by tripod arms in a ca. 50 µm aperture hole for the scattered electrons 
(see Fig.1a). The micro ring had holes with a diameter between 0.5 and 1.5 µm for the direct 
e-beam and outer ring diameters between 2-3 µm. The soft magnetic film was removed in the 
FIB by ion etching between 60 and 100 nm deep on a diameter of ca.70 nm except a central 
region with micro rings in the centre (see example in the detail Fig.1b). 
On the sample holder a VCSEL micro laser diode shining on the SiC membrane is mounted 
in order to change the magnetization by temperature of the magnetic ring and therefore 
producing an adjustable phase shift. Heating also can prevent charging by contamination. 
First results of holographic investigations on described thin film rings with a few rad phase 
shifts and a macroscopic magnetic tube producing very large phase shifts will be presented. 
 

 

 

 
Fig. 1a: SEM picture of phase plate  Fig. 1b: Detail with magnetic ring 
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Cryogenic electron microscopy (cryo-EM) is capable of visualizing beam sensitive biological 
samples at atomic resolution. However, excessive ice thickness introduces significant chal-
lenges: elastic scattering signals decay exponentially with increased sample thickness, lead-
ing to diminished image contrast, elevated noise levels, and ultimately reduced resolution and 
interpretability of 3D reconstruction. Specifically, energy losses from inelastic scattering events 
induce chromatic blurring in conventional post-specimen transmission electron microscopy 
(TEM), thus degrading image coherence. Energy filter transmission electron microscopy 
(EFTEM) can partially solve these chromatic artifacts but also decreases resolution. Notably, 
scanning transmission electron microscopy (STEM) offers a distinct geometric advantage in 
correcting chromatic aberrations. Recently, the integrated differential phase contrast (iDPC)-
STEM has been shown to reach near atomic resolution in biological ice-embedded samples. 
iDPC-STEM is designed to be linear for thin, weakly scattering specimens and yields a signal 
that directly interpretable as projected electrostatic potential. Consequently, iDPC-STEM may 
be more suitable to larger thickness than typical cryo-TEM permits, as it can tune convergence 
semi-angle resulting in a change depth of focus, and use depth-sectioning to preserve contrast 
from the depth ranges of interest. 
 
Therefore, we aim to systematically evaluate the impact of specimen thickness on the attain-
able resolution of tobacco mosaic virus (TMV) in three distinct electron microscopy modalities: 
TEM, EFTEM and STEM. By quantifying resolution thresholds across these imaging modes, 
this work seeks to identify the critical thickness at which chromatic aberration and inelastic 
scattering effects exert the most pronounced limitation on contrast and final resolution. 
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Carbon is ubiquitously present during metal–organic vapor phase epitaxy (MOVPE) of group-
III nitride semiconductors and throughout subsequent device processing, yet its impact on 
electronic properties and long-term device stability remains insufficiently understood. While 
carbon has been implicated in degradation mechanisms (e.g., in laser diodes), it is also 
deliberately introduced to form semi-insulating layers for suppressing leakage and increasing 
breakdown voltage in high-electron-mobility transistors. However, the underlying dynamic 
point-defect processes and reactions involving carbon are still poorly quantified, limiting both 
degradation understanding and durability optimization. 
 
We probe carbon-related point defect reactions in GaN by quantifying the time- and 
temperature-dependent evolution of near-surface Fermi-level pinning during annealing using 
electron holography in a transmission electron microscope. As model system, thin lamellas 
were prepared by focused ion beam (FIB) milling from a silicon-doped n-n+ GaN junction 
grown by MOVPE on c-plane freestanding GaN with low dislocation density. FIB preparation 
leads to near-surface carbon implantation and TRIM simulations indicate an exponentially 
decaying carbon profile extending ~15 nm into the lamella with concentrations exceeding the 
doping level. 
 
Carbon preferentially substitutes nitrogen (CN) which in GaN exhibits a (- / 0) charge transition 
level at ~0.7 eV above the valence band. In n-type GaN this induces Fermi-level pinning and 
pronounced upward band bending near the surface, dominating the phase contrast captured 
by EH. Upon low-temperature annealing, the pinning is lifted. From the kinetics of the 
annealing-induced change, we identify the atomic process responsible for depinning as a 
short-range event with a jump length on the order of one lattice constant, accompanied by 
charge reversal consistent with a site-switching of carbon from substitutional to interstitial 
configuration. The extracted activation barrier is (2.27 ± 0.26) eV. [1] 
 
These results establish electron holography as a quantitative approach to identify and 
parameterize point-defect reactions in GaN. The revealed kinetics of carbon-related site 
switching provide a basis for understanding carbon-driven electronic instability and offer a 
pathway to assess and mitigate degradation processes in nitride-based devices. 
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