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A B S T R A C T

Recent advances in electron microscopy techniques have led to a significant scale up in volumetric imaging
of biological tissue. The throughput of electron microscopes, however, remains a limiting factor for the
volume that can be imaged in high resolution within reasonable time. Faster detection methods will improve
throughput. Here, we have characterized and benchmarked a novel detection technique for scanning electron
microscopy: optical scanning transmission electron microscopy (OSTEM). A qualitative and quantitative
comparison was performed between OSTEM, secondary and backscattered electron detection and annular dark
field detection in scanning transmission electron microscopy. Our analysis shows that OSTEM produces images
similar to backscattered electron detection in terms of contrast, resolution and signal-to-noise ratio. OSTEM
can complement large scale imaging with (scanning) transmission electron microscopy and has the potential
to speed up imaging in single-beam scanning electron microscopes.
1. Introduction

Electron microscopy (EM) of tissues and cells has gained a signif-
icant track record in the past twenty years due to improvements in
methodology. Volumetric reconstructions with a resolution of several
nanometers offer insight into biological function at different orga-
nizational scales. However, the low inherent throughput of electron
microscopes still restricts the applications of most studies to volumes
smaller than 106 μm3 [1,2]. Recent efforts have focused on improving
the throughput by automating sample collection and loading [3–5],
parallelization of sample processing and simultaneous acquisition on
multiple instruments [6–11] and reducing overhead and increasing the
autonomy of acquisition platforms [4,7,9–12]. Throughput can be in-
creased by more than an order of magnitude with multibeam scanning
electron microscopy (MB-SEM), in which the sample is scanned in
parallel with an array of beams in a single instrument [13–15].

Still, the acquisition speed in every technique remains fundamen-
tally limited by the theoretical minimum exposure time, electron beam
current, magnification, and sample contrasting (i.e. staining) needed to
obtain images that are suitable for biological interpretation. Electron
collection and detector efficiencies further define the practical limit.
The detector orientation determines to a large extent the collection

Abbreviations: OSTEM, Optical scanning transmission electron microscopy; SE, Secondary electron detection; BSD, Backscattered electron detection; BSD-SB,
Backscatter electron detection with negative stage bias potential; ADF-STEM, Annular dark-field scanning transmission electron microscopy; LE, Electron beam
landing energy; SNR, Signal-to-noise ratio
∗ Corresponding author.
E-mail address: A.J.Kievits@tudelft.nl (A.J. Kievits).

efficiency, although immersive magnetic or electrostatic fields may fur-
ther influence both factors [16]. The detector efficiency is determined
by the internal layout of the detector. In segmented backscattered and
transmission electron detectors, semiconductor materials form the ac-
tive layer for conversion of the electron signal into a measurable current
[17]. In such a setup, the detection efficiency is dependent on the
electron energy. For biological SEM with beam energies optimized for
contrast, both the electron yield and detection efficiency are typically
low. This implies relatively long pixel dwell times (>2 μs). Nevertheless,
optimization of detection conditions of backscattered imaging in a
scanning electron microscope (SEM) can reduce acquisition times up
to 20-fold [18].

Transmission imaging may be preferred for imaging ultrathin bi-
ological samples in a conventional SEM [19,20], as this can yield a
higher signal-to-noise ratio (SNR) and improved dynamic range [20].
As an alternative to grid supports, the sample can instead be placed
on a scintillator that directly converts the transmission signal into a
photon signal. This photon signal can then be measured with a photon
detector, as employed previously to image whole cells grown on a scin-
tillator surface [21]. Development of a MB-SEM for imaging ultrathin
biological specimens has further motivated transmission imaging with
vailable online 30 October 2023
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Fig. 1. Optical scanning transmission electron microscopy (OSTEM). A: Schematic illustration of the imaging scheme and substrate. The electrons transmit through the sample and
molybdenum layer, generate photons in the scintillator which are captured by the objective and projected onto the MPPC (outside the vacuum). B: The integrated microscope with
the SECOM fluorescence microscope modified for OSTEM detection. C: Multipixel photon counter (MPPC). D: Sample stage with top plate and objective. E: Sample ring holding
the scintillator substrate with the sections. F: Reflected light microscopy image of zebrafish sections on scintillator.
a scintillator. It allows for straightforward separation of the individual
signals compared to secondary electron (SE) or backscattered electron
detection (BSD) [15,20]. The contrast in this imaging scheme depends
on the transmission coefficient of the sample, providing a readout of
the electron density of the specimen.

Here, we present a detailed investigation and benchmarking of
this detection technique for SEM, which we name optical scanning
2

transmission electron microscopy (OSTEM). Of particular interest for
EM applications is the fastest imaging rate that can be achieved without
compromising on image quality. We find that the signal-to-noise ratio
of OSTEM images exceeds that from most conventional SEM detection
techniques for short (<1 μs) dwell times. Moreover, SEM imaging of
zebrafish and rat pancreas tissue with OSTEM yields images with
similar contrast and SNR as BSD.
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Fig. 2. Landing energy optimization of OSTEM. A: Images taken with increasing landing energy (increments of 0.5 keV) but fixed 3 μs dwell time and 0.4 nA beam current. Scale
bar: 500 nm. B: Mean SNR with standard deviation of images per landing energy, showing a peak at 3.5 keV. A single SNR value is calculated for each image by averaging the
SSNR over the full frequency spectrum Unser et al. [23]. C: Intensity histograms of images in A (median corrected), illustrating a decrease in contrast for higher landing energies.
2. Results and discussion

2.1. Single beam optical scanning transmission electron microscopy (OS-
TEM)

In OSTEM, ultrathin biological sections are directly placed on a
thin film-coated, cerium-doped single-crystal yttrium aluminum garnet
(Ce:YAG) scintillator (Fig. 1A). The thickness of the scintillator crystal
(0.15 mm) ensures the objective lens correction collar can be used,
while not making the scintillators too thin and thus too fragile for
use during sample preparation. OSTEM is implemented in a modi-
fied integrated fluorescence microscope (SECOM [22], Fig. 1B); the
impinging focused electron beam transmits through the sample and
coating layer to reach the scintillator. The resulting photon signal from
the scintillator is collected by an air objective and projected onto a
multipixel photon counter situated outside of the vacuum (Fig. 1C).
The geometry of the SECOM, with the objective directly situated under
the sample carrier (Fig. 1D-E), allows for a high collection efficiency.
Prior to EM, low magnification images are taken with a digital light
microscope to guide navigation and region-of-interest selection inside
the SEM (Fig. 1F).

2.2. Optimizing OSTEM landing energy

Before comparing OSTEM to other detection techniques, we exper-
imentally determined the optimal landing energy (LE) by acquiring
images of zebrafish larval tissue at increasing landing energies (Fig. 2A)
and measuring the SNR and image histograms (Fig. 2B-C). The SNR is
expected to increase with the LE due to the generation of more signal
photons per electron. Images under 2.5 keV were not recorded because
the recorded photon signal was too low. The SNR rises with increasing
3

landing energy until it peaks at 3.5 keV (Fig. 2B). The trend in the
histograms, towards a narrower spread in intensity values (Fig. 2C),
corresponds to the qualitative observation that the image contrast
seems to visually deteriorate (Fig. 2A) for landing energies higher
than 4 keV. This is accompanied by a decrease in SNR. Based on these
results and the fact that the resolution is expected to increase with the
landing energy, we chose 4 keV as the landing energy for all subsequent
experiments unless noted otherwise.

2.3. Qualitative comparison to backscattered electron imaging

After determining the optimal LE for OSTEM, we then acquired
OSTEM and BSD images of rat pancreas and zebrafish larval tissue
with different LEs and detectors but otherwise identical acquisition
parameters. The image contrast for BSD was experimentally found to
be best at 2 keV LE (rat pancreas) and 1.5keV (zebrafish) respectively.
A comparison between inverted BSD images and OSTEM images shows
apparent similar contrast (Fig. 3). BSD and OSTEM resolve the same ul-
trastructural details, such as insulin granules in the islet of Langerhans
of the rat (arrows in inset top row of Fig. 3) and mitochondrial cristae
in the zebrafish larval liver (arrows inset bottom row), demonstrating
the qualitative similarity between images obtained with both detection
methods.

2.4. Characterization of background texture in OSTEM

Of particular concern is the background texture in OSTEM result-
ing from a non-uniform detection efficiency of the scintillator across
the field-of-view. To address differences in and between individual
scintillator plates, images were acquired simultaneously using OSTEM,
BSD, and secondary electron detection (SE) (Fig. S1). To isolate the
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Fig. 3. Qualitative comparison of OSTEM versus BSD imaging (inverted contrast). The data were acquired from rat pancreas (top row) prepared with rOTO protocol and zebrafish
larval liver tissue (bottom row) prepared with reduced osmium and en bloc NdAc staining. Images were acquired with 4 nm pixel size, 10 μs dwell (top row), 5.1 μs dwell (bottom
row), and 0.4 nA beam current. Scale bar: 2 μm.
background texture, the substrate without tissue was imaged. For three
different scintillator plates, each using similar detection settings, im-
ages were acquired 50 μm apart to illustrate large-scale spatial dif-
ferences in the scintillator efficiency. A Gaussian filter with a large
sigma was then applied to blur out smaller scale variations caused by
surface defects. Subsequently, the remaining intensity variations were
measured (Table S1).

Within every scintillator plate, the difference between the mini-
mum and maximum image intensity was not larger than 12% of the
mean, with two scintillator plates exhibiting differences below 5%. To
account for outliers, the standard deviation over the mean intensity
was calculated, which yielded a maximum intensity spread of 2.6%,
1.5%, and 0.80%, respectively. Thus, the background texture caused
by variations in detection efficiency within the scintillator is low.
Notably, we observed that one scintillator exhibited a mean intensity
approximately 20% higher than the other two, despite the use of nearly
identical detection settings.
4

2.5. Quantitative comparison to other detection methods

We then performed a systematic comparison to other detection
methods: BSD with and without the use of a negative stage bias po-
tential (BSD-SB and BSD respectively) and secondary electron detection
(SE). Additionally, the results were compared with annular dark field
detection in a scanning transmission electron microscope (ADF-STEM).
The performance was quantified by acquiring images of zebrafish tissue
with increasing dwell times (Fig. 4A) and evaluating the SNR (Fig. 4B)
in both field-free and immersion modes of the SEM.

It was found that the short dwell time (<1 μs) images from OSTEM,
SE and ADF-STEM are characterized by streaking. Streaking appears
at fast scan rates and can originate from both the detector or readout
electronics response and scintillator afterglow [24,25]. Signal from
the previous scan position is carried on to the next, which results in
artifacts parallel to the scan direction. This translates to a vertical
band in the Fourier transform of the image (Fig. S2). The method for
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Fig. 4. Quantitative comparison of OSTEM to other detection methods. A: Representative high magnification images taken with different detectors at increasing dwell times. Scale
bars: 500 nm. Intensity values of all images are min–max normalized from the original 16-bit range (8-bit for ADF-STEM). B: Mean SNR and standard deviation of images in A.
BSD: Backscattered electron imaging (1.5 keV LE). BSD-SB: Backscattered electron imaging with a −1 kV negative stage bias (1.5 keV keV LE). OSTEM: optical scanning transmission
electron imaging (4 keV LE). SE: secondary electron imaging (1.5 keV LE). ADF-STEM: annular dark field scanning transmission detection, performed in a separate microscope
(25 keV LE). Contrast was inverted for BSD, SE and BSD-SB. All images were acquired with a 400 pA beam current, except for ADF-STEM (345 pA).
calculating the SNR by Lane et al. [18] is sensitive to streaking as it
uses adjacent lines (which have correlated signal) parallel to the scan
direction. Streaking artificially increases the correlated signal, therefore
leading to a false SNR value (Fig. S3). To circumvent this, only adjacent
image lines orthogonal to the scan direction were compared.

The SNR values of OSTEM, BSD and SE images were found to be
comparable. Moreover, the SNR for images with short (<1 μs) dwell
times is higher for OSTEM than for all other detection methods except
5

ADF-STEM. At longer dwell times, however, the SNR of BSD-SB im-
ages increases significantly, outperforming BSD, SE as well as OSTEM.
Overall, ADF-STEM yielded images with the highest SNR. The trends
and relative differences for the immersion mode were similar (Fig. S4).

While the trends of the SNR curves appear similar between the
different detectors, there are subtle differences. The SNR curves for
OSTEM and SE remain constant at short dwell times (<1 μs) and then
start to gradually increase for longer dwell times (>1 μs), while the SNR
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Fig. 5. Comparison of measured 35%–65% edge width distributions of detection methods on 20 nm gold nanoparticles. Box plots depict the median value (in orange), 1st and
3rd quartile (vertical box edges) and the first and 3rd quartile minus 1.5 times the inter-quartile range (whiskers). OSTEM has a higher image resolution than BSD with 1.5 keV
landing energy.

Fig. 6. Relationship between dwell time, beam current and SNR in OSTEM. A: OSTEM images with increasing beam current and fixed dwell time (10 μs). B: OSTEM images with
increasing dwell time and fixed beam current (0.8 nA). C: Mean SNR and standard deviation of images with increasing beam current showing a stagnation of the SNR. D: Mean
SNR and standard deviation of images with increasing dwell time, showing that the SNR keeps increasing. The used landing energy is 4 keV.
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for BSD, BSD-SB and ADF-STEM consistently increases with dwell time.
Only for dwell times longer than 1 μs do the SNR curves follow a similar
trend, albeit with different absolute values.

Following the SNR measurements, the image resolution of OSTEM
was measured and compared to the other detection methods consid-
ered. Factors that determine the image resolution are the probe size
of the SEM, the electron–sample interaction, SNR and pixel size [26].
By choosing a pixel size smaller than the probe size and a long dwell
time, the image resolution should only depend on the probe size and
electron–sample interaction. Popular methods by which the resolution
can be determined are measuring the separation between two adjacent
objects and recording a line profile of the signal across a sharp (knife)
edge. Traditionally this is done on a high contrast sample such as
gold-on-carbon. Because an electron-transparent sample is required
for OSTEM, 20 nm gold colloid particles were used instead. A knife
edge experiment was then approximated by determining the distance
between two percentiles of a line intensity profile over these particles,
also called the edge width. To minimize the effect of their spherical
shape, the 35% and 65% percentiles were chosen. The edge width
was calculated for various detection methods and landing energies in
immersion mode (Fig. 5), as this yields the smallest probe size and
thus the best resolution possible. It was found that OSTEM provides
slightly higher image resolution than BSD (4 keV vs 1.5 keV LE). Indeed,

STEM provides nearly identical image resolution to BSD at 4 keV LE.
SE images yielded lower image resolution than OSTEM and BSD.

2.6. Local saturation in the OSTEM scintillator

In OSTEM, the transmitted electron beam directly generates a pho-
ton signal by electron scattering in the scintillator. Signal generation
thus occurs in a tightly confined volume in the scintillator approxi-
mately equal to the electron interaction volume of a focused electron
beam. In fact, the focused electron beam interaction volume extends
from the ultrathin tissue sample through the conductive coating layer
into the scintillator. Signal generation in the scintillator thus occurs in
the lower part of the interaction volume (see also inset in Fig. 1A).
A higher density of electron scattering events may possibly lead to
local saturation of the scintillator, thus the signal generation could be
sensitive to the beam current.

The current and dwell time dependence of the OSTEM signal was
therefore assessed as reflected by the SNR (Fig. 6). Series of images
were acquired with either increasing beam currents and a fixed dwell
time (Fig. 6A), or increasing dwell times and a fixed current (Fig. 6B).
By definition, the SNR is expected to increase by

√

𝑁 for an 𝑁-fold
ncrease in either beam current or dwell time. The signal generation is
roportional to the total number of scattering events, which increases
ith both the beam current and dwell time. The relationship between

he SNR and dwell time or beam current is therefore expected to be
imilar. However, with an increasing beam current but fixed dwell time,
he experimental SNR consistently stagnates for currents of 0.4 nA and
arger (Fig. 6C). When increasing the dwell time and keeping the beam
urrent constant, the SNR keeps increasing, following the expected
rend for the theoretical SNR (Fig. 6D). Thus, increasing the beam
urrent does not have the same effect on the SNR as increasing the
well time.

. Discussion

The deposition of ultrathin sections directly onto a scintillator sub-
trate is a viable alternative to placing tissue on thin foil spanned across
rid, as traditionally performed in (S)TEM. The TEM grid bars obscure
arts of the sample potentially leading to missing data, though a single
lot grid can be used to circumvent this. Nevertheless, the scintillator
rovides a much larger unobstructed area of view in comparison to a
ingle slot grid. This allows the collection and imaging of more sections
7

on a single substrate. Thus, placing ultrathin sections on a scintillator
substrate for OSTEM is suitable for high throughput applications.

The determined optimal landing energy of 4 keV is the same energy
at which the product of the simulated SNR and contrast-to-noise ratio
(CNR) was previously found to be maximized [20]. It should be noted
that this optimum may shift somewhat depending on the specific sam-
ple composition, staining, section and coating thickness. The relation
between the landing energy and the SNR and image contrast is not
trivial. Similar to Zuidema and Kruit [20], a stabilization of the SNR
beyond 5 keV is observed. While we report a lower absolute SNR,
shorter dwell times, a lower beam current and a different tissue with
less heavy metal staining were used. The sample from Zuidema and
Kruit [20] consists of tissue on a TEM grid fixed onto a different type
of scintillator and coating. These factors all have an effect on the final
SNR and contrast.

We addressed to what extent the added background texture of the
scintillator influences OSTEM image quality. The contribution from the
non-uniform detection efficiency of the scintillators is acceptably low,
but notable differences in mean intensity may exist between individual
scintillator plates. The latter observation implies a variance in total
photon yield, possibly attributable to differences in crystal growth con-
ditions. In BSD and SE imaging schemes, the electron energy is chosen
such that most of the scattering events take place in the biological
section and thus the substrate’s underlying surface topography is not
revealed. In ADF-STEM, the biological section lies on a formvar layer,
which is electron-transparent at 25 keV beam energy. While the SE im-
ages reveal some surface defects, these are less pronounced in OSTEM.
We attribute this to the different contrast mechanism in OSTEM, which
is less sensitive to surface roughness than SE. Furthermore, the electron
beam will spread in the biological section, thereby blurring out defects
in the underlying substrate. Thus, the contribution of the substrate
surface to the total background texture is minimal. Nonetheless, the
polishing quality of the scintillator is important in minimizing the
background texture.

In our experiment, the SNR of BSD-SB outperformed OSTEM for
dwell times longer than 1 μs. At shorter dwell times, however, OSTEM
outperforms BSD with and without a bias potential. This suggests
that transmission imaging is the preferred option when biasing the
sample (or alternatively the detector) is not an option. Similarly, ADF-
STEM outperforms OSTEM as its 25 keV energy electrons generate
more signal. Furthermore, it was established that streaking leads to
a false signal-to-noise value for short dwell time images. In practice,
the dwell time should be several times the scintillator decay constant
to minimize the streaking contribution to the signal. Scintillators with
shorter decay times are available, but the luminescence wavelength
must be compatible with the optical components and detector.

It was found that OSTEM provides slightly higher resolution than
BSD. This is attributed to decreased chromatic aberration due to the
higher primary beam energy. We attribute the lower resolution of SE
compared to OSTEM mainly to the contribution of so called SE2s,
i.e. SEs generated by backscattered electrons, which are emitted from a
larger area around the primary beam incident point. Furthermore, SEs
may diffuse through the material before being emitted. Therefore, the
position where the SEs originate from may be slightly different from
the primary beam position, which for BSD has a more direct relation.

The image quality in SEM is not only determined by the SNR and
resolution, but also the contrast-to-noise ratio (CNR). However, no
reliable method exists to estimate the CNR from tissue since no two
positions in the sample will have the same composition. Furthermore,
the detector gain has to be adjusted between landing energies, further
influencing the CNR. It is therefore impossible to compare the CNR
between images acquired at different landing energies.

The image quality in OSTEM can be further improved. The main
limiting factors are possible local saturation of the scintillator and
the high backscattered electron coefficient of the molybdenum coating
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layer. In the interaction volume, energy is deposited very inhomoge-
neously with most electron scattering occurring below the electron
beam focus. Thus, for the scintillator, most electron scattering events
are expected just below the coating layer, which may in turn lead to
strongly localized energy deposition. In the scintillator material, the
photon signal is generated by energy transfer to the active Ce dopants
[27], which for high local energy density may be prone to additional
energy loss. We found indirect evidence that this leads to a sub-linear
increase of the photon signal and hence a partial saturation of the
light output. Also, the finite doping concentration and decay time of
the Ce atoms may limit the transfer of electron energy into photon
signal leading to signal saturation. The degree of saturation is not
only influenced by the beam current, but also by the beam energy
and the coating layer composition and thickness. The latter influences
how much the electrons spread out before hitting the scintillator, thus
determining the extent of saturation. Lastly, charging below the coating
layer may play a role since the scintillator itself is non-conductive.

A full explanation and prediction of the expected SNR as a function
of the dwell time, beam current, landing energy and other experimental
parameters such as the coating thickness would be beneficial for finding
optimized conditions. However, this requires an extensive physical
model of the signal generation process, including electron scattering,
transport of excited energy, conversion, quenching and saturation. This
is a subject of future research. A thorough understanding of the signal
and noise contributions in OSTEM and subsequent optimization may
further improve throughput and lead to faster possible scanning speeds
in single-beam and multi-beam scanning electron microscopes.

4. Materials & methods

4.1. Biological sample preparation

4–4.5 dpf zebrafish larva were fixed overnight in 2% glutaraldehyde
(GA) and 2% paraformaldehyde (PFA) in 0.1M sodium cacodylate
buffer (SCB) at 4 ◦C. Subsequently, the fish were post-fixed in 1%
osmium tetroxide and 1.5% potassium ferrocyanide for 2 hr in 0.1M
CB. Next, en bloc staining was performed with 4% neodymium acetate
n MilliQ for 30min at RT. The neodymium acetate was pre-spun at
1.000 g for 5min [28]. Between each step, the samples were washed
times for 5 min each using MilliQ at RT. Afterwards, the tissue was

ehydrated in 30%, 50%, 70% ethanol (10min per step at RT), followed
y dehydration in absolute ethanol (10min, 20min, 2 × 30min), acetone
dried at MgSo4), 2 × 10 min, RT. The sample was then incubated with
PON:acetone mix (1:1) overnight at RT, followed by incubation with
resh EPON at 3 hr minimum at RT on the next day, then 15min at 58 ◦C,

followed lastly by 1 hr at 200mbar. The fish in EPON were then oriented
in moulds and left overnight at 58 ◦C to polymerize.

Rat pancreas was prepared according to the reduced osmium-
hiocarbohydrazide-osmium (rOTO) protocol [29]. Rat pancreas was
solated, fixed overnight in 2% GA and 2% PFA in 0.1M SCB at 4 ◦C

and subsequently embedded in 4% agarose (in 0.1M SCB), after which
60 μm vibratome sections were cut and washed with 0.1M SCB. The
vibratome sections were post-fixed in 2% osmium tetroxide, 1.5%
potassium ferrocyanide and 4mM calcium chloride in 0.1M SCB for
1 hr at 4 ◦C. Subsequently, the tissue was exposed to 0.22 μm-filtered
thiocarbohydrazide for 20 min at RT followed by 2% osmium tetroxide
for 30 min at RT. The tissue was further contrasted by submerging it
in 2% uranyl acetate in MilliQ overnight at 4 ◦C. The following day,
a solution of lead aspartate was made by combining 10mL of 3mM
spartic acid (pH 3.8) with 0.066 g of lead nitrate and adjusting the pH
o 5.5 with 1N KOH. After removing the uranyl acetate, the sample
as en bloc stained with the Walton’s lead aspartate solution for 30min

at 58 ◦C. Between each step, the tissue was washed 3 times for 5 min
each using MilliQ at RT [30]. Finally, the sample was dehydrated and
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embedded in EPON as described above.
4.2. Specimen preparation

80 nm ultrathin sections were cut from the embedded zebrafish
larvae and rat pancreas tissue using a UC7 ultramicrotome (Leica) with
a diamond knife connected to a water bath (Diatome Ltd). The sections
were transferred directly onto the surface of the scintillator crystal with
the help of Perfect Loop (Diatome Ltd), after which the sample was
dried on a hot plate. The scintillators were stuck to a SECOM ring
holder (Delmic B.V.) with a piece of carbon tape. No further coating
was performed before loading the samples in the microscope. Overview
images of the scintillator were taken prior to EM using a VHX-6000
digital light microscope (Keyence) operated in reflection mode.

4.3. Experimental setup

We have made several modifications to the sample substrate used
by Zuidema and Kruit [20]. In this protocol, sections are transferred to
a regular TEM grid which is then stuck to a boron-coated CRY-18 scin-
tillator. In this work, cerium-doped yttrium aluminum garnet (ce:YAG)
scintillator screens (Delmic B.V.) were sputter coated with a 30 nm layer
of molybdenum to reduce charging and saturation. To detect scintilla-
tion photons, we use the same setup from Zuidema and Kruit [20] by
modifying a SECOM integrated fluorescence microscope (Delmic B.V.)
retrofitted into a Verios 460 SEM (FEI) (Fig. 1A-B) with a fixed 6mm
working distance. The emission filters of the fluorescence microscope
were removed and the cMOS camera was replaced with a Hamamatsu
multi-pixel photon counter (MPPC, model s13360-3050CS). A 0.95NA
air objective (Nikon) was used for photon collection. The signal from
the MPPC was amplified by a DHPVA-101 voltage amplifier (Femto)
with a 20–30 dB gain and 100 MHz filter before feeding it into the
external detector port of the SEM.

4.4. Imaging

For OSTEM imaging, the SECOM objective was aligned to the de-
tector with x- and y-translations using its dedicated stage. This was
performed while scanning the electron beam at low magnification
until the cathodoluminescence signal from the scintillator was in the
center of the screen. Subsequently, the emission light was defocused
on the MPPC to prevent saturation of the detector by a z-translation
of the objective stage. The operating voltage of the detector, which
controls the sensitivity, was set to a value between 52 and 54 V to
achieve a mean intensity approximately half the bit-depth to prevent
histogram clipping. BSD was performed with the retractable concentric
backscattered detector (FEI), employing a 1.5 keV or 2 keV landing
energy (experimentally found to produce the best images). BSD with
stage bias was performed with the setup as described in Lane et al.
[18], applying a −1 keV stage bias and a 2.5 keV beam energy resulting
in a 1.5 keV landing energy. SE detection was performed with the
Everhart–Thornley detector (FEI) in field-free mode or the through-the-
lens detector (FEI, operated in SE mode) in immersion mode. SE and
BSD images were acquired simultaneously for convenience.

ADF-STEM images were acquired with an annular darkfield quad-
rant detector, mounted in a Supra 55 SEM (Zeiss), at a fixed landing
energy of 25 keV and a measured probe current of 345 pA. To prepare
the sample for imaging, ultrathin sections were picked up from the
water bath after sectioning with a 2 × 1mm slot grid and placed on
a metal plate with holes covered by a thin layer of formvar.

4.5. Quantitative measurements

The signal-to-noise ratio of the images was quantified by averaging
the spectral signal-to-noise ratio (SSNR) [23] over the full frequency
space of every electron micrograph [18]. Additionally, the SSNR was
validated using a method based on cross-correlation [26]. Both methods

require the pixel size to be smaller than the probe size such that
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successive scan lines have a high amount of overlap in signal. A pixel
size of 1 nm was used for all SEM-based detection techniques and 0.5 nm
or ADF-STEM. This is several times smaller than the highest measured
mage resolution (3 nm for OSTEM and 1.3 nm for STEM respectively).
or every measurement, the stage was moved to a fresh region in the
ample. The average SNR value was taken of at least 4 images. The
SNR is calculated using the following formula:

𝑆𝑁𝑅(𝑅) =
∑

𝑟𝜖𝑅 |

∑

𝑘 𝐹𝑘(𝑟)|
2

𝐾
𝐾−1

∑

𝑟𝜖𝑅
∑

𝑘 |𝐹𝑘(𝑟) − 𝐹 (𝑟)|
2
− 1 (1)

where 𝐹𝑘(𝑟) is the Fourier transform of the 𝑘’th image (alternating scan
line), with K images (scan lines) in total. 𝐹 (𝑟) = 1

𝐾
∑

𝑘(𝑟) is the mean of
the Fourier transformed images and 𝑅 is the region of interest. If 𝑅 is
the full image, a single SNR value is obtained. 𝑅 can also be a ring in
Fourier space.

The image resolution of the detection techniques was estimated
from 20 nm gold colloid nanoparticles (Sigma Aaldrich) directly de-
posited on a molybdenum-coated Ce:YAG single crystal. To approxi-
mate a knife-edge measurement, the 35%–65% edge width was de-
termined using the software ’FEI Image’ from images taken in the
immersion mode of the SEM. The histogram of edge widths as produced
by FEI image was exported and combined for all images acquired with
a single detection technique. A pixel size 0.5 nm was used for SEM and
0.2 nm for STEM, which is several times smaller than the measured
resolution. A 10 μs dwell time was used for SEM and 3 μs for ADF-STEM
to obtain images with a high SNR.
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