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Contribution of the thesis
The scientific contribution of this doctoral thesis is supported by 22 scien-
tific publications in total. It consists of 7 publications in impacted journals
of which 2 of them as the first author, 2 in non-impacted journals and 13
in conference proceedings and abstracts. The core of the thesis are: analysis
of accuracy and error sources of quantitative scanning transmission electron
microscopy, application of quantitative scanning transmission electron mi-
croscopy in epoxy resin mass-loss study and the development of new and in-
novative methodologies/techniques for quantitative imaging using annular
back-scattered electron and pixelated scanning transmission electron mi-
croscopy detectors, which were published in high-quality scientific journals.
The new approaches may be summarised in following points:

• Epoxy resin sensitivity depends on many conditions, optimal sample
preparation and imaging settings may be found and used for suppres-
sion of real sample mass-loss caused by electron beam irradiation.

• The use of electron deflection on electron mirror solves a problem with
back-scattered electron detector calibration which is situated sensi-
tive side down and just under a pole-piece of final demagnifying lens
in a vacuum chamber of a scanning electron microscope.

• The use of pixelated detector of transmitted electrons overcomes a prob-
lem with imperfect and drifting calibration values of classical intensity
based quantitative scanning transmission electron microscopy tech-
nique.

Design activity and development of equipment is documented by two in-
dustrial designs, which were used in individual applications. The educational
contribution of the thesis is represented by author’s co-teaching of the course
Physical methods in anthropology (2019; Faculty of Science, Masaryk Uni-
versity), supervising one bachelor student, who successfully defended her
work in 2017, consultations for one master student (2016) and reviewer
of two bachelor students in 2018. Contribution to the popularisation of sci-
ence is in author’s participation in lectures and excursions within the Brno
Days of Electron Microscopy, the Week of Science and Technology and a few
workshops within Strategy AV21 of the Czech Academy of Sciences.
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Aims of the Thesis
The classical imaging in the field of electron microscopy brings spatial distri-
bution of imaged physical or chemical properties of a sample without exact
information about the amount of this feature. Nowadays, imaging carrying
exact information about chosen quantity is becoming more common. Ac-
cordingly to this progression from qualitative to quantitative imaging, a wide
group of techniques and methods has been developed in last decades.

This thesis deals with the possibilities of quantitative imaging in a scan-
ning (transmission) electron microscope (S|T|EM). There are many combi-
nations of techniques which give information about different chemical, phys-
ical or geometrical properties of investigated samples. The aims are divided
into separate chapters according to their focus.

• Scintillator based fully calibrated quantitative STEM detec-
tion system – the detection system is designed as not requiring cal-
ibration images and resistant to beam current fluctuation with sup-
pression of associated errors.

• Quantitative STEM in general – investigation of accuracy and
errors together with its application on EMbed 812 epoxy resin, where
sensitivity to irradiation by the primary electron beam accordingly
to various conditions is studied.

• Calibration of retractable back-scattered electron detector –
development of a standardless absolute calibration method, which de-
scribes a response of the detector to the electron beam energy and po-
sition of an impact.

• Calibration-less qSTEM using pixelated detector – thanks to this
type of detector, the STEM detector calibration, which is in case
of classical qSTEM needed before each imaging session, is not nec-
essary.

The aim of this Ph.D. thesis is methodological development, de-
sign, construction and testing of equipment and techniques for
quantitative imaging with subsequent proposal of calibration pro-
cedures in SEM. The developed methods and procedures are than
used in a wide range of applications including the samples from
both fields of life and material sciences.
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1 State of the Art
The field of electron microscopy offers many types of imaging techniques.
In general, it is possible to divide all imaging techniques into two groups
by dimensionality of the provided information. The first group gives 3D
information about the investigated sample. Scanning electron microscopy
is represented by techniques using repeated scheme "remove sample and take
image", where the remove of sample parts is used in order to expose next
parts of a sample. The remove of sample may be performed by focused ion
beam milling (FIB-SEM; the technique provides high resolution in 𝑧 direc-
tion which enables creation of isotropic voxels, but it takes long time and
due to that it is suitable for lower sample volumes) or by repeated cutting
of a sample by ultramicrotome mounted inside of the microscope chamber
(serial block-face imaging; SBF-SEM offers higher investigated volumes but
with anisotropic voxels – the size of 𝑧 is given by lowest slice thickness pos-
sible to cut). In the case of transmission electron microscopy, it is possible
to use array tomography, where a sample is cut to series of thin sections
and than imaged, stage tilt tomography using the subsequent sample recon-
struction from its projections at different angles or single-particle analysis,
where identical copies of sample in different orientations are imaged and its
3D structure is computed.

The second group is imaging in 2D. This big group contains a conven-
tional imaging in SEM using a variety of detectors and signals or a planar
projection of a sample in TEM and STEM. Quantitative STEM or BSE
imaging comes up with a way how to get more quantitative information
about the thickness of a sample at each pixel from a single image, but also
offers other information about the sample such as a mass per length of fil-
amentous structures, mass per area of sheets, or mass of particles. qSTEM
is not the only possibility how to measure the thickness of a sample using
transmitted electrons – EELS can be used as well. The difference is in the use
of mainly inelastic scattering instead of elastic scattering used in qSTEM [1].
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1.1 Quantitative STEM imaging
The application area of qSTEM is very wide and consists of different types
of samples, imaging strategies and studied features. It can be divided accord-
ingly to the detector type. The annular detector gives information about
the amount of electrons impacting the detector in given scattering angle
ranges (schematically shown in Fig. 1.1 A). In opposite, the pixelated STEM
detector gives a full scattering pattern captured by the rectangular matrix
of pixels (shown in Fig. 1.1 B; classical STEM segments like BF, DF and
HAADF can be calculated from individual pixelated data).

A B

HAADF ADF BF ADF HAADF

Sample Sample

e-beam e-beam

pixelated detector

4D dataset

x
y ..

..

Fig. 1.1: Comparison of annular (A) and pixelated (B) STEM detector.

In a nutshell, the method compares the captured electron intensity nor-
malised between 0 (mean pixel value of the “dark” image) and 1 (mean
pixel value of the “bright” image) with a simulated intensity calculated from
the number of electrons captured by the detector at a known detection angle
and the total number of simulated electrons (principle shown in Fig. 1.2).
qSTEM measurement can be done using commercially available detectors.
The disadvantage is neglecting of electron beam current changes and the cor-
responding change of the captured signal.
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Fig. 1.2: Principle of qSTEM. Electrons scattered by a sample are captured
by the detector with known detection angles. The intensity of de-
tected signal normalised accordingly to calibration images (yellow
scan shows signal in blue line due to the signal range in green) car-
ries information about mass/thickness of a sample. The resulting
thickness is determined by Monte Carlo simulations.

The main assumptions of the method are:
1. Known geometry of the detection system that usually contains the ge-

ometry and position of the detector, the sample holder and the pole
piece of the final demagnifying lens.

2. Known density and composition of an investigated sample.
3. Linear response of the detector to the electron beam current.
For quantitative measurement, it is necessary to calibrate data before pro-

cessing them. We used two images captured during each imaging session, one
of them for no electrons impacting on the STEM detector, which is shaded
by a grid holder (signal in the image is given by brightness settings), and
the other for all primary electrons impacting on the STEM detector (which
has to be under saturation level). All measured images of real samples are
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somewhere between those extreme values. Using this calibration and nor-
malisation of all data to the real probe current in each imaging session,
the influence of fluctuations in measurement conditions among individual
measurements are eliminated. There are of course other calibration options
like a comparison of image intensity at standard samples as used in [2].
As clear from the principle of STEM imaging, the samples are mounted
on TEM grids. It depends on the type of the sample if the supporting
film is used. It is necessary e.g. for imaging of individual nanoparticles
or clusters. On the other hand, standalone sheets may not need any sup-
port. It is desirable to use a film as thin as possible with sufficient endurance
to the electron beam.

1.2 Quantitative BSE imaging
Although qSTEM is an excellent method for measuring the thickness in the
nanometer scale, it has one crucial limiting factor. The samples have to be
thin enough for penetration by primary electrons. This limits the method
for the use on thin films, nanoparticles distributed on the support layer,
standalone lamellas etc. It would be appropriate to use a similar concept for
thickness coating measurement on substrates. The principle of quantitative
BSE imaging is the same as in the case of quantitative STEM. The signal
captured by the BSE detector is dependent on several factors such as elemen-
tal composition and its corresponding back-scattering coefficient, the local
thickness of individual layers or grains, the local density, the energy of the
primary electron beam, the collecting angle of the BSE detector and the ap-
plication of beam deceleration [3, 4, 5]. The maximum measurable layer
thickness by qBSE imaging is given by the acceleration voltage and the cor-
responding penetrability into the sample [6]. Higher acceleration voltage
brings a wider measurable range of thicknesses, but with lower modulation
of the signal by unit thickness change. It follows that for high-precision
with thin layers, the lower acceleration voltage is preferred and, for a high
measurable range of thicknesses, higher beam energy should be used as we
reported in [7].
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1.3 Correlation of various signals in SEM
When quantitative information comes from a different detector than from
the primarily chosen image, the results can be considered as pseudo quan-
titative imaging or all-in-one correlative microscopy. There are many com-
binations in the case of well equipped SEM but unfortunately, no SEM can
be equipped with all available techniques. In our lab EDX, CL, SE, BSE,
STEM and EBSD detectors are available. Also, the standard sample hold-
ers are not suitable for all performed experiments and some new types were
developed for special usage.

In the case of EDX analysis on a bulk sample, surface roughness and elec-
tric conductivity are very important, because they can influence the resulting
accuracy. They can be optimised by polishing and covering the sample with
a conductive layer. In the case of a thin sample placed on a TEM grid, there
is one more difficulty. The primary electron beam goes through the sample
and impacts the stage or bottom part of the vacuum chamber, where addi-
tional X-rays are generated. This background limits the quality of acquired
spectra. The problem was solved by using a sample holder specially designed
to shade the X-ray photons originated under the sample plane.

In the case of CL, placing the sample to the focal point of parabolic
collecting mirror of a CL detector plays crucial role. Higher setting accuracy
becomes more important in case of weakly emitting samples. Standard TEM
grid holder is not applicable because of unsuitable construction, where TEM
grids are placed deep under the highest point of the holder. For generation
of a sufficient amount of signal higher probe currents may be needed and so
lowering sample temperature will be useful.

The developed sample holder assemblies are described in the following doc-
umentations (construction part, documentation drawing and some of the main
ideas were made by the author of the thesis):

• Cryo-EDX-CL-STEM sample holder is described in functional speci-
men Cryo-SEM holder for imaging of thin samples in the transmission
mode with elemental and cathodoluminescence analysis.

• Cryo-CL-SEM is described in functional specimen Cryo-SEM holder
and anticontaminator system for cathodoluminescence analysis in SEM
at very low temperatures.
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2 Achieved results

2.1 Quantitative imaging using scintillator based
STEM detector

The developed method of quantitative STEM imaging using home-made
detector (model of the detector is shown in Fig. 2.1) is based on simultaneous
capturing of an investigated sample image and information about actual
probe current (primary beam current is changing, in case of field emission
gun, by decreasing of emission current; Fig. 2.2 A).

Fig. 2.1: Model of two inch scintillator based STEM detector.

This information can be used for normalisation of the captured data
in postprocessing and elimination of the beam current drift caused system-
atic error. The detector is designed as single electron counting and so very
fast and sensitive plastic scintillator was used. This approach has the lim-
itation in the usable probe current range (< 2 pA), because the scintillator
is highly beam current sensitive and it is necessary to separate individual
light peaks from the scintillator. Construction and manufacturing of me-
chanical parts of the detector (for the SEM JSM 6700F, JEOL) were done
in collaboration with Crytur company (Czech Republic). The calibration
process starts with measurement of the actual probe current at different
microscope settings by installed Farraday cup. Direct measurement is pos-
sible only when the electron probe is focused into the Farraday cup, but not
in case of real sample imaging. Actual beam current is monitored by record-
ing the current on the condensor aperture, which is in a constant ratio
to the probe current (Fig. 2.2 B).
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Fig. 2.2: (A) Time dependence of beam and emission current after flash.
(B) Long term ratio of condenser aperture (CA) and Farraday cup
(FC) measured currents.

Two signals are simultaneously recorded by external scanning unit DISS 5
(Point Electronic, Germany) during the experiment. The first one is digital
signal coming from the fast amplifier and discriminator giving the number
of electrons in each pixel of the captured image (STEM image). The second
one is recording current on the condensor aperture by using the analogue
input of the external scanning unit. The signal is converted into the digi-
tal image with the same size as the image of investigated sample (the in-
put is calibrated by gain and offset estimation for each analogue preampli-
fier/channel pair by capturing the signals with known properties provided
by a signal generator). The digital intensity in the captured image can be
also assigned to specific analogue signal levels and it gives information about
time-resolved probe current.

The signal from the photomultiplier tube (R1828-01, Hamamatsu Photon-
ics, Japan) is amplified by a preamplifier and processed using a discrimina-
tor. We found an optimal voltage on the photomultiplier, where the signal
to noise ratio was measured and its maximum value was chosen. The thresh-
old on the discriminator was estimated from the best signal to noise ratio.
Maximum was found in case of detection efficiency of 0.58. The resulting effi-
ciency of 58 % is influenced by a shadow caused by the Farraday cup mounted
in the middle of the detector (the detector was slightly pulled out from
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the optical axis). The resulting numbers given by the discriminator are then
processed by the external scanning unit into an image. Due to the counting
of individual electrons, the captured data does not need to be normalised
to the detector response when the primary beam is blanked and full primary
beam on the detector as it is necessary in the use of non-counting STEM de-
tector. Our detector is in working state and gives satisfactory images at low
magnification as demonstrated in Fig. 2.3.

Fig. 2.3: Test sample of latex nanospheres with diameter from 10 up to
400 nm imaged by the home-made STEM detector in low mag-
nification mode.

The images are taken before geometrical calibration of an external scan-
ning unit on a sample with known geometry – TEM grid. The image distor-
tion is visible on non-rectangular shape of grid mesh. The use of the detector
for real sample investigation is limited due to complicated primary beam
electron trajectories in a magnetic field (captured images are high qual-
ity – Fig. 2.4 – but there occurs a problem with Monte Carlo simulations)
and the impossibility of magnetic field closure at this type of microscope.
We tried to overcome the problem with high magnification mode by using
low magnification mode, where no magnetic field is around the sample. Un-
fortunately, the maximum magnification in this mode is 10,000 ×, which
is not enough for most of the samples. We used an external scanning unit
for finer scanning to obtain images at higher magnifications. Unfortunately,
focus control of the microscope is stepping and precise focusing is very time
consuming and inaccurate. Due to the above-mentioned issues, the concept
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of fully calibrated qSTEM using SEM JEOL JSM 6700F was suspended
until solving the problem (either by finding a way how perform alignments
in the low-magnification or by closing the field above the sample).

Fig. 2.4: Latex nanospheres with a diameter around 400 nm captured
by home-made STEM detector in high-magnification mode.

2.2 Quantitative imaging using annular STEM
detector

All quantitative imaging using semiconductor annular STEM detector is done
with the detector STEM III (FEI - ThermoFisher Scientific, USA) which
is divided into seven independent segments (BF, DF1 - DF4 and two HAADF
parts as schematically shown in Fig. 2.5). Unfortunately, it is not possible
to acquire images from all segments independently and simultaneously, be-
cause the SEM Magellan (FEI - ThermoFisher Scientific, USA) is equipped
with six independent channels of multipliers and allows only four images
to be recorded. The multipliers are not directly assigned to individual seg-
ments and they are changing in carousel. Although their characteristics are
very similar, some small deviation may occur between them. As the result,
the multiplier used for example with BF segment in experiment A can be
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different than the multiplier used for BF segment in experiment B. The cap-
tured signal would be than different even at the same detector and multiplier
settings. At the beginning of each imaging session, it is necessary to choose
the segments which caries the most important information about an investi-
gated sample (it is possible to combine individual segments in one window).

Fig. 2.5: Schematic drawing of STEM III detector segments layout.

2.2.1 Determining the accuracy of qSTEM
To compare individual detector segments and their accuracy we used a sam-
ple with a known thickness in each point – a latex nanosphere with a nominal
diameter of 616 nm. We measured the diameter of 583 nm. The accu-
rate diameter was detected at each particle during the image processing.
For the noise limitation and easier comparison of the results, the centre
of the nanoparticle is detected and then a rotation averaging is performed.
In this step, a distance of each pixel to the centre of the sphere is calcu-
lated. Then the pixels with distances in the chosen range are averaged.
The advantage of this method is the absence of the interpolation error.
However, a small amount of pixels in the middle of the particle causes sig-
nificantly higher inaccuracy given by higher noise influence. Unfortunately,
not all used segments gave us the same results. Both BF and HAADF
segments brought results which corresponded very well with the character
of the sample with maximum error around 10 %. BF showed a little bit
higher, and HAADF brought a little bit lower thicknesses than those given

16



by the geometry of the sample. However, it is possible to improve the ac-
curacy of the method by averaging the curves. In case of the "mean" curve,
the accuracy is better than 2 % in nearly all examined ranges of thicknesses.
High errors (shown in Fig. 2.6) in the range of thicknesses under 100 nm are
caused by inaccurate detection of a nanosphere diameter, imperfect spherical
shape and wedge shape MC simulation body.

Fig. 2.6: Relative qSTEM thickness error dependency on the distance from
the particle centre (A) and on the local geometrical thickness (B).

2.2.2 Beam induced mass-loss of embedding epoxy resin
qSTEM was used in the examination of epoxy resin EMbed 812 (Electron
Microscopy Sciences, USA) and their properties under the electron beam.
The study was done in collaboration with Laboratory of electron microscopy
of the Biology Center of the Academy of Sciences in České Budějovice,
where preparation, slicing and mounting of the thin slices on the TEM grids
was done. We focused on several factors (ageing, carbon layer coating,
beam current, staining, plasma cleaning and temperature) which can have
an influence on the stability of the sections under electron beam and on
the quality of the images of samples embedded in this type of resin respec-
tively. More details can be found in R. Skoupy, J. Nebesarova, M. Slouf, and
V. Krzyzanek. Ultramicroscopy Quantitative STEM imaging of electron beam
induced mass loss of epoxy resin sections. Ultramicroscopy, 202(March):44–50,
2019. doi:10.1016/j.ultramic.2019.03.018.
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2.3 Quantitative imaging using pixelated STEM
detector

The disadvantage of classical qSTEM is the need to calibrate the detec-
tor before the actual measurement. This makes impossible to use images
that were taken with contrast and brightness setting adequate for imaging
(using the whole range from black to white). We present a method how
this disadvantage can be overcome and thickness evaluation can be per-
formed even in the case of non-calibrated images. The qSTEM changes
to calibration-free with the use of 2D pixelated STEM detector.
Just setting to avoid under and over-saturation is needed. The method
is based on a change of position of the maximum signal peak on the detec-
tor accordingly to sample thickness.

Regular qSTEM technique uses detector calibration process as a bridge
between a captured image of a sample and a computer simulation of electron
scattering in a model sample with known geometry and composition [8, 9].
Unfortunately, this approach needs the capturing of two calibration images
before each imaging session and it is probe current, beam energy and con-
trast/brightness dependent. We present a simple method for quantitative
imaging using 2D STEM pixelated detector. In this case, no special calibra-
tion is needed. 4D datasets captured by the 2D STEM detectors are often
used for many imaging and analytical techniques including thickness mea-
surement in the field of material science and diffracting samples [10] or less
frequently used for the analysis of amorphous samples [11]. The presented
4D-qSTEM method is based on shifting of the most common scattering an-
gle to the higher angles with increasing sample thickness. As the primary
electron beam is scanned over the sample (Fig. 2.7 A, B), individual scat-
tering maps are captured for each beam position (Fig. 2.7 D). Individual
pixels are summarised by their distance from the centre (it is not rotational
average but the sum of pixels at the same angle; Fig. 2.7 C) and plotted
accordingly to its angle based on the detector/sample geometry (Fig. 2.7 E).

The computational inputs of the method are similar dependencies based
on the Monte Carlo simulation of the electron scattering in a sample with
known thickness, density and composition. The most probable scattering
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Fig. 2.7: Schematic drawing of 4D-qSTEM method. (A) Test sample of latex
nanospheres. (B) Electron beam scans over a sample and scatter-
ing pattern is captured for each beam position. (C) Highlighting
of pixels with the same chosen scattering angles. (D) Scattering
patterns in beam positions 1 - 4. (E) Principe of calibration-less
qSTEM imaging. Amount of electrons captured by individual pix-
els is summarised accordingly to its position on detector – angular
deviation from optical axis with the vertex in the plane of the sam-
ple. Peak position of summarised annulus signal in mrad carries
information about local thickness/density/composition.
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angle is found at both parts and local thickness is estimated by finding
the experiment-based angle in simulation-based series.

In the first experiments, latex nanospheres with a diameter of 575 nm
(Fig. 2.8 A) were chosen as a model sample for their well-known dimensions
in every point. From the comparison of the experimental scattering angle
dependency and the simulation, the best match was found for the thick-
ness 555 nm (Fig. 2.8 B). The error of estimation is around 3.5 % accord-
ing to the measured nanosphere diameter, but this error could be caused
by the imperfectly round shape of the nanosphere.

A B

Fig. 2.8: (A) Test sample of a latex nanosphere with a diameter of 575 nm
with the measured point in the middle of the sphere. (B) Com-
parison of scattering angle dependencies from the measured point
and simulation for 555 nm thick layer of latex. Position of both
peaks is at 61 mrad.

The main advantage of the method is that no previous detector calibra-
tion is needed. The usable range of the thicknesses, which can be deter-
mined, is given by the creation of detectable peak at low scattering angles
for low thicknesses. In the case of latex, the measurable range is from 185
to 1000 nm. We assume that this method can enrich a number of meth-
ods based on pixelated STEM detectors and extend their use on amorphous
types of samples.
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2.4 Quantitative imaging using annular BSE
detector

The technique of quantitative imaging as described for STEM is usable for
BSE detectors as well, but there occurs a problem with precise calibration
and response measurement of the BSE detector due to its position in SEM
chamber because primary electrons cannot hit the BSE detector directly
as in the case of STEM detector (Fig. 2.9 A). The most of the studies use
a comparison of a captured image with an image of known standard sample
for its normalisation.

2.4.1 Electron mirror calibration
We present a simple method for standard-less BSE detector calibration,
which together with Monte Carlo simulation of BSE signal emitted from
a sample with given geometry, brings a straight forward methodology of thin
cover layer thickness measurement on substrates. The inability to irradiate
the BSE detector by primary electron beam directly is overcome by the ap-
plication of the electron mirror for reversion of electron trajectories as shown
in Fig. 2.9 B.

A B

Fig. 2.9: Diagram of energy-dependent calibration of STEM detector (A)
and BSE detector (B). Taken from [12].
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We tried several types of biased mirror samples (mica, Si wafer and glass)
and the best results we obtained with gold-covered microscopy cover glass.
Resulting selfie image of the BSE detector gives detector response to the full
beam which is used as the upper limit for data normalisation of real sample
images. The Fig. 2.10 shows reversed calibration images of the BSE de-
tector. The bottom limit is obtained from the image captured by the BSE
detector when the electron beam is blanked. It is important to take care
of over/undersaturation during the image recording.

Fig. 2.10: Dependence of pixel intensity of the inner BSE detector segment
A on beam energy. Contrast/brightness settings were the same
across all energies. Adapted from [12].

2.4.2 Mean thickness estimation
We proved this method on a series of samples with different composition
(Cr, Mo, Au) and thicknesses. In case of Cr and Mo the range was from 1
up to 25 nm and from 1 up to 13 nm in case of Au. All samples were pre-
pared by calibrated sputtering on a silicon wafer as the substrate. We found
a high precision of estimation with an error lower than 20 % in most cases
(Fig. 2.11). We assume that real error is different because of the inaccuracy
of thickness determination by measuring the sputtering time. The great
advantage of this method is its magnification independence in a wide range
from a hundred to several hundred thousand times. For more detailed results
of the study see the paper R. Skoupy, T. Fort, and V. Krzyzanek. Nanoscale
Estimation of Coating Thickness on Substrates via Standardless BSE Detector
Calibration. Nanomaterials, 10(2):332, 2 2020. doi:10.3390/nano10020332.
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Fig. 2.11: Results of qBSE imaging – comparison of measured and nomi-
nal thicknesses. Most of the measurements show an error lower
than 1.2 nm or 20 %. Theoretical BSE signal captured by A seg-
ment in working distance of 4 mm for Cr, Mo and Au. The in-
dividual points show mean values of measured samples with its
standard deviation and horizontal lines indicates the thickness as-
signed by qBSE imaging. The oxidised layer of Cr is highlighted
by square marks. Adapted from [7].

2.4.3 Local thickness mapping
The results of coating layer thickness mapping on a sample of 25 nm Mo
on Si substrate is shown in Fig. 2.12. Areas of different coating layer thick-
ness were found after appropriate data filtering. The mean value of 25.45 nm
corresponds with its nominal thickness of 25 nm. It is evident from these re-
sults, that for higher resolution the image magnification has to be increased.
The use of individual pixel values or just light filtration brings significant
errors.
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Fig. 2.12: Results of qBSE thickness mapping of the Mo layer with a nomi-
nal thickness of 25 nm. (A) Data without filtering – high influence
of noise. (B) The same data after 2D median filtration with win-
dow 5 × 5. (C) The same data after 2D median filtration with
window 50 × 50. (D) Histogram of values from image part C.
(E) Resulting map shows thicker region in the lower part of an in-
vestigated area. Each map has information about the size of filter
window � and mean estimated thickness ↕.
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2.5 Correlation of various signals in SEM

2.5.1 EDX in combination with SE imaging
The great potential of EDX-SEM is in the detection of unusual chemical
elements included in ancient human dental calculus to verify the hypotheses
about life and burial habits of ancient populations and individuals. Analyses
were performed on archaeological samples of three chosen individuals from
different time periods. The unusual presence of Mg, Al, and Si in the first
sample could confirm the hypothesis of high degree of dental abrasion caused
by particles from grinding stones in flour. In the second sample, the pres-
ence of Cu could confirm that bronze jewelry could lie near the buried
body. The elemental composition of the third sample with the presence
of Pb and Cu confirms the origin of individual to Napoleonic Wars because
the damage to his teeth could be explained by the systematic utilization
of the teeth for the opening of paper cartridges (a charge with a dose of gun-
powder and a bullet), which were used during the 18th and the 19th cen-
tury AD. All these results contribute to the reconstruction of life and burial
habits of ancient populations and individuals [13]. The main findings are
summarised in Fig. 2.13.

A

B

Fig. 2.13: (A) Presence of Pb/S and Cu in the tartar EDX spectrum.
Bar 10 mm. (B) EDX map of tartar cross-section. Bar 0.5 mm.
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2.5.2 EDX/CL in combination with STEM imaging
In the presented study, biokinetics and deposition of titanium dioxide nano-
particles were studied in female ICRmice, after continuous 12-week exposure
in inhalation chamber. Uniformity, shape and size of NPs were characterized
by TEM and SEM. The study particularly focused on the distribution of Ti
NPs in selected tissues. The samples of lung, liver, kidney, spleen and brain
were sectioned, fixed and then embedded in Epon–Durcupan mixture. TEM
and/or SEM were used for sample observation. Finally, EDX was used
in order to evaluate Ti presence in secondary lysosomes of target organ cells.
The results indicate that Ti NPs may pass into alveoli and then passively
transfer through their membrane, as no signs of phagocytosis or endocytosis
were observed. The exposure to Ti NPs gradually induced a loss of type I
pneumocytes and alveoli thickening. Within the type II pneumocytes, Ti
NPs were found to be deposited within secondary lysosomes, as confirmed
by two types of independent EDX analyses. In general, our findings seem
to support the hypothesis that the inhaled Ti NPs are translocated via lung-
red blood cells-target organ axis and that erythrocytes may serve as principle
carriers of Ti NPs [14]. The main finding are summarised in Fig. 2.14.

Fig. 2.14: Correlative imaging of TiO2 NPs inside lung mouse tissue.
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3 Conclusion
The presented thesis describes the possibilities of quantitative imaging in
SEM. The thesis includes necessary theory description in the Part I: State
of the Art. The main focus is placed on types of signals generated in SEM
after impact of primary electron beam and their using in various imaging
and analytical techniques. It also gives overview of electron beam/matter
simulation principles and software, which are available and widely used
in the field of electron microscopy. The theoretical part consists of ba-
sic description of fundamental processes, physics and techniques with links
to closely focused literature dealing with individual areas, where very de-
tailed descriptions can be found. This part is composed of information from
literature review or web pages dealing with Monte Carlo software and sum-
marises available knowledge.

Previous purely theoretical part is followed by the Part II: Quantitative
imaging which is based on recently published literature review together with
author’s findings, simulations and experience added with the aim to ensure
easier understanding and clarity. The methods of quantitative STEM and
BSE imaging are introduced and described in detail. It includes princi-
ples, application areas, specifics of different detector types (scintillator based
vs. semiconductor, annular vs. pixelated), detector calibration methods
and their influence on the results or signal transformation from qualitative
to quantitative. Moreover two quantitative imaging modes: thickness mea-
surement assuming a constant density and density measurement assuming
a constant thickness are introduced and discussed for further use in the
application part.

The most comprehensive Part III: Results shows achieved results, which
were accomplished during work on the thesis. The description is in very de-
tailed form in case of results, which were not published in reviewed journals
yet. On the other hand, the results that have been so far published are men-
tioned only in the form of an overview with highlighting of the main ideas
together with links to the full texts placed in the annexes. This part is di-
vided into several chapters which differ in their focus. The first one, Chap-
ter: Quantitative imaging using scintillator based STEM detector represents
fully calibrated detection system for qSTEM. The system has its main ad-
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vantage in simultaneous beam current fluctuation correction during the data
acquisition. The system was mounted, tested and prepared for its use in ap-
plications when a previously unexpected problem has occurred. The system
is working in low-magnification mode where no magnetic field is on a sample,
but for practical use the maximum magnification of low-mag mode is not sat-
isfactory. Unfortunately, the magnetic field closure is not provided for this
type of microscope and the effort to bypass the limitation by refining the
scan step with external scanning unit brought interference to the captured
image. The experiences gained during the system development were used
during design of second generation of fast scintillator based STEM detector,
which is adapted for its mounting on more suitable microscopes. The next
Chapter: Quantitative imaging using semiconductor annular STEM detec-
tor deals with in-depth analysis of the accuracy of the method and influence
of imperfect STEM detector adjustment on the optical axis of the electron
column. It was found out, that usual misalignment does not bring any sig-
nificant errors and no special care is needed. The accuracy was estimated
on sample of latex nanosphere where true local thickness can be computed
from its geometry. The error was estimated in percent units for individual
STEM detector segments with possible accuracy enhancing, by simultaneous
imaging in two different segments (BF and HAADF). The method of qSTEM
was applied for the study of electron beam induced mass-loss of epoxy resin
sections at various conditions. The aim was to find out recommendations
which would reduce the induced mass-loss. The samples of EMbed 812 resin
were studied in slices with thicknesses of 30, 60, 100 and 150 nm and beam
energy of 30 keV. The variable conditions were age, staining, beam current,
plasma cleaning, covering by thin carbon layer and temperature. The gen-
eral recommendation coming from our study is imaging around the day 10
after slicing, cover slices by a thin carbon layer, work without staining and
plasma cleaning and at low temperatures. Beam current dependency is weak
and do not play significant role. The main disadvantage of annular STEM
detector based qSTEM is its need for a precise detector calibration and con-
trast and brightness settings before each imaging session. This limitation
may be overcome by using different signal property than the signal intensity.
The Chapter: Quantitative imaging using pixelated STEM detector presents
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a new methodology of calibration-less quantitative STEM imaging. In this
case, the angle of the most probable scattering is used instead of image
intensity and so contrast drift does not play any role. This approach has
limitation in finite range of thicknesses which can be measured. It is given
by a creation of detectable peak in amount of captured electrons to angle
dependency and maximum cover angle of the detector. Another advantage
of the method is the possibility to apply it on previously captured data
because no special steps are needed before imaging. The principle of quanti-
tative imaging is not limited to STEM detector and it is applicable for BSE
detector as well. Many papers dealing with quantitative BSE imaging can be
found, but all of them use some type of standard based calibration for linking
captured data and simulation or standard series. The Chapter: Quantitative
imaging using BSE detector introduces new BSE detector calibration tech-
nique, which enables absolute and standard-less calibration of the detector
in its working (inserted) position. The primary electron beam is reflected
on biased electron mirror, made of thin gold coating on a glass substrate, and
impacts the detector on its sensitive side. The developed calibration method
was proved by measurement of thin metal coatings on silicon substrates with
high accuracy better than 1 nm in most cases. The qBSE technique is mag-
nification independent in wide range of magnifications (tested from 50 up
to 500,000 ×) and the information about local covering layer thickness is in
each pixel of the captured image and thus the method is applicable for 2D
mapping at various fields of view.

Last but not least, the thesis includes multiple applications of widespread
quantitative techniques of cathodoluminescence and energy dispersive X-ray
spectroscopy in combination with high resolution imaging in transmitted
or secondary electrons. The Chapter: Correlation of various signals in SEM
consists of five different applications dealing with different types of samples.
To perform those measurements several types of sample holders enabling
correlative CL, EDX and STEM/SE were designed, made and applied.

In general, the thesis presents the possibilities of quantitative imaging
in scanning electron microscope together with instrumental and methodolog-
ical development of 2D-STEM and BSE detector based techniques, where
significant results and improvements were achieved.
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Abstract
This thesis deals with the possibilities of quantitative imaging in scanning
(transmission) electron microscope (S|T|EM) together with its correlative
applications. It starts with quantitative STEM (qSTEM) method descrip-
tion, where estimated local sample thickness can be related to irradiated
dose and create a mass-loss study, which was applied on samples of ultra-
thin epoxy resin sections at variate conditions (age, temperature, staining,
plasma cleaning, carbon covering, probe current). The possibilities of the
detector calibration process, the necessary background of the Monte Carlo
simulations of electron scattering and achievable accuracy of the method
are discussed and demonstrated. The method is then extrapolated for the
use of back-scattered electron (BSE) detector, where new detector calibra-
tion technique, based on primary beam deflection on electron mirror, was
postulated, developed and tested on various thin coating layers with thick-
nesses in range from 1 to 25 nm. The use of BSE detector brings the oppor-
tunity to measure the thickness of not only the electron transparent sam-
ples as in case of qSTEM, but also thin layers on substrates – qBSE. Both
above-mentioned methods (qSTEM and qBSE) are intensity-based. This
brings complication in the need of proper calibration, where just a slight
drift of base-signal level causes a significant change of the results. This
insufficiency was overcome in case of qSTEM by using the most probable
scattering angle (captured by pixelated STEM detector) instead of an in-
tegral image intensity captured by an annular segment of STEM detector.
The advantage of this method is its applicability post-acquisition, where no
special previous actions are needed before each imaging session. The dis-
advantage is the limited range of detectable thicknesses given by the peak
creation in signal/scattering-angle dependency. In general, low thickness
region is immeasurable as well as those too thick (usable thickness range
for latex is ∼ 185 - 1,000 nm; given by detection geometry and pixel size).
Moreover, multiple applications of conventional and commercially available
quantitative techniques of cathodoluminescence (CL) and energy-dispersive
X-ray spectroscopy (EDX) are presented in correlation with high-resolution
images taken in secondary and transmitted electrons.
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