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Abstract 

This master´s thesis describes physical principles of the TEM, the SEM and the STEM 

and their suitability for observation of electron-sensitive samples (embedding media, 

biological specimens). The interaction between the incident electron beam and the sample is 

also discussed, as well as the sample preparation for the STEM (TEM). Furthermore, a 

description of microscopic image processing is included with a section about quantitative 

comparison of the STEM images. The thesis is focused on the mass loss of pure embedding 

media (Epon, Spurr, LR White) caused by the electron beam in the low voltage STEM. The 

samples of different thicknesses were investigated using different microscope settings 

(acceleration voltage, total dose, probe current, cleaning of the sample surface and specimen 

chamber) and the STEM imaging modes (bright-field, dark-field). Furthermore, biological 

samples of Euglena gracilis embedded in Epon and Spurr are examined. Collected images, 

created algorithms and obtained results are widely discussed.  

Keywords 

TEM, SEM, STEM, Image processing, SNR, Sample preparation, Mass loss, 

Embedding media, Epon, Spurr, LR White, Euglena gracilis 

Abstrakt 

Diplomová práce popisuje fyzikální principy mikroskopů TEM, SEM a STEM spolu 

s jejich vhodností pro pozorování vzorků citlivých na elektrony, jako jsou zalévací média či 

biologické vzorky. Dále je popsána příprava vzorků pro STEM (TEM) a popis interakcí, ke 

kterým dochází mezi primárním elektronovým svazkem a vzorkem. Součástí práce je také 

pojednání o zpracování mikroskopických obrazů s podkapitolou o metodách kvantitativního 

porovnání obrazů ze STEM. Praktická část práce je zaměřena zejména na měření úbytku 

hmoty zalévacích médií (Epon, Spurr, LR White) způsobený primárním svazkem elektronů 

v nízkonapěťovém STEM. Ultratenké řezy několika tlouštěk byly zkoumány při různých 

nastaveních mikroskopu (urychlovací napětí, celková dávka, proud svazku, čištění povrchu 

vzorku a komory mikroskopu) a zobrazovacích módech (světlé a tmavé pole). Dále jsou 

zkoumány také biologické vzorky Krásnoočka štíhlého (Euglena gracilis) zalitého 

v pryskyřicích Epon a Spurr. Nasbírané snímky, vytvořené algoritmy a získané výsledky jsou 

diskutovány a zhodnoceny. 

Klíčová slova 

TEM, SEM, STEM, zpracování obrazu, SNR, příprava vzorků, úbytek hmoty, zalévací 

média, Epon, Spurr, LR White, Euglena gracilis   
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Introduction 

From time immemorial, the humans were interested in the nature of the world and why 

everything works as it does. Plenty of different discoveries and inventions go through all our 

history. But the science has not stopped, it goes still forward and we realize that the more we 

know and the deeper we go, the more is still hidden to our eyes.  

The invention of the optical microscope, over 400 years ago enables us to look closely 

to different things. It is not invention of one person but with the beginning of microscopy are 

connected names like Zacharias and Jonh Jansen, Galileo Galilei, Johan Kepler, Antonius va 

Leewenhoek or Robert Hooke. This invention was really important development and it 

opened the door to new science area. From that time, it has been improving to the high 

resolution microscopes which we have nowadays. During the improvement of the 

microscopes, scientists came to a crucial obstacle and so that by the usage of light is not 

possible to observe objects smaller than wavelength of used light. [2], [4].  

This master´s thesis is focused on newer microscopy techniques as electron 

microscopy: scanning electron microscopy (SEM), transmission electron microscopy (TEM) 

and scanning transmission electron microscopy (STEM).  

The first TEM was built in Germany in 1930s, and it provided magnification 12,000x 

[3]. The scanning electron microscope is a bit younger. The first commercial SEM was 

constructed in 1960s in Germany too [1]. The STEM is actually a combination of two already 

mentioned microscopes. Although, the idea of this microscope is from 1930s, the technologies 

back then were not that good to build the STEM of expected qualities. This task was finally 

accomplished in 1970s in the USA [7]. In the thesis, we will be focussed specifically on this 

type of microscope. 

The physical principles of the TEM, the SEM and the STEM, their suitability for 

biological samples and workflow of the sample preparation for the STEM (TEM) are 

described in this thesis. Three possible configurations of STEM are presented. The research is 

focused on the low dose STEM (i.e. STEM-in-SEM). 

Different interactions between the incident electron beam and the examined sample are 

discussed as well. Last step in microscopic workflow is the image processing which is 

described too. Methods for quantitative comparison of STEM images are suggested and 

discussed in Chapter 6. 

The practical part of this thesis is focussed on measurement of the mass loss of the 

pure embedding media caused by the primary electron beam. Three the most used embedding 

media for a biological sample preparation, Epon, Spurr and LR White, are investigated. 

Chapter 7 describes their characteristics. The examined samples are slices of thickness: 30, 

60, 100, 150 and 200 nm. The experiments are described in detail in Chapter 8. Two 

approaches to the measurement are presented. For the second (i.e. improved) approach, the 



15 

 

programmed algorithms are explained. The obtained results are discussed as well. This 

discussion is supported by many images and tables. Besides that, there are also results from 

measurements made before and after the plasma cleaning, which is one tool of the used 

microscope, and also the measurement of stability of Epon and Spurr in extreme microscope 

settings. 

Chapter 9 presents the measurements of biological sample (Euglena gracilis) 

embedded in Epon and Spurr. Samples of thickness 30, 60, 100, 150 and 200 nm, with and 

without staining are investigated. All samples were prepared in the cooperation with Institute 

of Parasitology of the ASCR. The effect of the primary electron beam and the total irradiation 

doses to the samples are discussed. Details of the biological structure of Euglena gracilis are 

described and shown in the collected images. A suggestion for ideal experiment according to 

the measured data is also presented. 

Nowadays, the low voltage STEM is used more often, and in some cases it may 

replace the typical TEM. However, the TEM is still the unwritten standard in the investigation 

of samples in the form of ultrathin sections.  

Unfortunately, there is a lack of information about a behaviour of materials (biological 

samples, embedding media, etc.) sensitive to the electron irradiation in the low voltage 

STEM. It might have special characteristics and different behaviour than in the conventional 

TEM or STEM. These facts were our motivation for research presented in the master´s thesis. 
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1 Transmission Electron Microscope (TEM) 

The transmission electron microscope was invented by Max Knoll and Ernst Ruska in 

Berlin during the 1931 – 1934. The TEM has magnification and resolution capabilities which 

are over a thousand times beyond those offered by the light microscope. The light is replaced 

by the electron beam emitted in the vacuum and the glass lenses are replaced by the 

electromagnetic lenses [3].  

The TEM is able to reveal the ultrastructure of plant and animal cells, viruses, and it 

can provide an image of the different macromolecules making up these biological entities. 

The TEM usually uses the incident beam energies approximately in range 60 – 120 keV or 

even up to 300 keV [1]. 

As mentioned above, this complex viewing system is equipped with a set of 

electromagnetic lenses controlling the electron beam in order to generate the extremely fine 

structural details which are digitally recorded. In old microscopes, they were recorded on a 

photographic film. We are speaking about a transmitted image because the illuminating 

electrons pass through the specimen. Modern transmission electron microscopes may achieve 

magnifications of one million times with a resolutions of 0.1 nm [1].  

The Transmission electron microscope is made up of different basic systems which 

together form one functional unit capable of orienting and imaging extremely thin specimens. 

Scheme of the transmission electron microscope may be seen in Fig.1.1. The mentioned 

systems may be divided into four groups: the illuminating system, the specimen 

manipulation system, the imaging system and the vacuum system. [1]. 

1.1 Illumination System 

The first system is situated on the very top of the microscope column. It consists of the 

electron gun (including filament, shield, and anode) and the condenser lenses [1]. 

1.1.1 Electron Guns 

The main function of the electron gun is to provide a stable beam of electrons of 

adjustable energy. As mentioned, the electron gun comprises a cathode (filament). Different 

types of electron filaments are used. The V-shaped tungsten wire, approximately 0.1 mm in 

diameter (see Fig.1.2 a) is the most common. The other variations such as a tip of tungsten 

filament spot-welded on the curved end of a crystal of tungsten or filament flattened and then 

sharpened to a fine point are used as well [1], [2].  
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It is also possible to use crystal of the lanthanum hexaboride (LaB6) but this cathode 

is more expensive and it needs higher vacuum (< 10-5 Pa). However, it has a lower work 

function and longer lifetime. The LaB6 cathodes are useful when small beam crossover sizes 

with large numbers of electrons are necessary, for example in high magnification or resolution 

studies (see Fig.1.2 b). These electron guns are the thermionic sources of electrons, thus 

they are used with high temperatures to enable electrons in the cathode to overcome the work 

function energy barrier and escape into the vacuum in the column. Increasing heat applied to 

the filament increases the yield of electrons until the filament begins to melt and evaporate in 

the vacuum. In the optimal setting, the temperature is high enough to achieve good electron 

emission and also acceptable filament life, so called the saturation point. Their price is 

tolerable and they do not need special vacuum, but the low brightness, limited lifetime and 

large energy spread are disadvantageous [1], [2].  

The other type of source is the Schottky field emitter (SFE). With its character, it lies 

on the border between thermionic and cold field emission source. Sometimes, it is called as a 

field-assisted thermionic emitter. Thus, its brightness and emission density is comparable with 

the cold field emission guns [2].  

 

Fig.1.1. Scheme of transmission electron microscope [4]. 
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Different electrons source is the cold field emission gun (FEG) with filament of 

single crystal of tungsten with its atomic crystalline lattice precisely oriented to maximize 

electron emission (see Fig.1.2 c). The FEG is nearly a thousand times brighter than standard 

filaments and also other listed disadvantages are suppressed [1], [2].  

1.1.1 Wehnelt cylinder (bias shield, grid cap) 

The grid cap is a second part of electron gun. It may be seen as grey caplike structure 

with a small hole covering the filament in Fig.1.2 and Fig.1.3.  

The electrons are emitted by the filament to all directions. Therefore, we need some 

guiding system that they can even enter the illuminating system. Thus, the Wehnelt cylinder 

focuses electrons inside the gun and controls the amount of electron emission. This is done by 

generation of a negative bias between the filament and the grid cap by a bias resistor (a bit 

more negative voltage potential). The negative bias produces a constant electrostatic field 

potential varying from the negative through zero to positive. Consequently, the electrons 

moving toward the positive potentials can leave the filament only in small area where the 

positive electrostatic field lines meet the surface of the filament. They are accelerated from 

the high negative potential of the filament to the ground potential at an anode which attracts 

them really strongly. The anode is then third part of the electron gun. Mentioned differences 

in the potentials generate a crossover spot near the anode and electrons are forced to it. The 

crossover is a spot where the electrons focus or converge and cross over each other´s paths. It 

is defined by its diameter d0 and divergence angle α0 (see Fig.1.3) [1], [2]. 

1.1.2 Condenser Lenses 

The condenser lenses are the last and very important part of illuminating system. It 

gathers the electrons of the first crossover image from the gun and focuses electrons onto the 

specimen. Modern TEMs have two condenser lenses. The first one demagnifies the electron 

 

Fig.1.2. Different types of the electron sources [6]. 
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beam so that the gun crossover (50 μm) is reduced to the spot size of size in a range 20 μm –

 1 μm. For change, the second condenser lens enlarges the spot size. The aim of these two 

condenser lenses is to precisely control the amount of electron irradiation so that just the area 

being examined is illuminated. Accordingly, at the higher magnifications smaller spot sizes 

should be focused on the specimen and at lower magnifications larger spot sizes can be used. 

Thanks to the spot size control, the beam damage of the specimen is possible to minimize. 

An aperture is also a part of the condenser lens. Depends on the construction of the 

microscope, both condenser lenses can have apertures of variable sizes. Usually, the first one 

has fixed aperture size but the second lens allows insert to the path of electron beam apertures 

of different sizes. Typically, they are if the form of holes of 500, 300, 200, and 100 μm in a 

strip from molybdenum. The larger condenser aperture, the more electrons passing through, 

the brighter spot on the specimen obtained. Smaller apertures reduce the illumination on the 

specimen. It is important to remember that larger condenser aperture gives more illumination 

to the specimen but there is bigger spherical aberration [1].  

1.2 Specimen Manipulation System 

As will be described later (see Chapter 5.4.3), the biological specimens are mounted 

on a mesh grid from various materials like copper, nickel, etc. We have to place the grids with 

 

 

Fig.1.3. Scheme of the self-biased electron gun [2]. 
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specimen into specimen holder to be able to observe them. In the TEM, there is the holder 

containing the mesh grid with specimen put through an air lock to the evacuated specimen 

chamber into the stage of the microscope. The specimen stage is used for micromanipulation 

with the sample in x and y axes (typical increments of size 10 nm), and usually, it is possible 

to tilt and rotate the specimen inside the column. Nowadays, the stages are motorized and 

microprocessor-controlled which allows more precise observing of the samples [1].  

1.3 Imaging System 

The main parts of the imaging system are lenses: objective, diffraction and projector 

lens. Finally, it also includes the viewing system and camera. This system is involved in 

generation of the image and its magnification and also projection of the final image to the 

viewing screen or camera system of the microscope.  

 In most of the time, we are using three of four imaging lenses in different 

combination to obtain desired magnification. Only exception is when we want to obtain very 

high magnifications [1].  

1.3.3 Objective Lens 

The objective lens is one of the most important lenses in the transmission electron 

microscope, because it forms and a bit magnifies the initial image which is further magnified 

by the other lenses in the column. But the major use of the objective lens is focussing of the 

image. The lens must be highly energized (to obtain focal length of 1 – 2 mm), be free of 

astigmatism with minimal aberrations and contain some devices for correction of astigmatism 

(stigmators) to achieve required high resolution. Usually, it is water-cooled because of 

overheating. It should be also made from homogeneously blended metals and be symmetrical 

as much as possible. It is also good when the objective lens contains anticontaminators to 

minimize any contaminations in the lens [1], [4].  

Most of the electrons passing through this lens are projected onto viewing screen. The 

more electrons going through any one point on the specimen, the brighter the image is 

generated. Also the more dense or thick area of the specimen, the darker area will appear on 

the screen [1].  

Like in the condenser lenses also in objective lens, there is option to use different 

apertures. They are placed in the back focal plane under the specimen. The available sizes 

are for example 70, 50, 30, and 20 μm and they are made from molybdenum, platinum or 

gold. The main function is to enhance contrast by trapping more of the peripherally deflected 

electrons. Apertures are not used just to control the amount of illumination but also depth of 

field. Depth of focus refers to the depth in the specimen plane which is in focus. With smaller 

aperture size there is a larger (deeper) zone of scene in focus compared to wider aperture size 

resulting in only a narrow zone of scene in the focus. 
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The depth of field can be expressed as: 

 𝐷𝑓𝑖 =
𝜆

sin 𝛼2
 (1)  

where λ is wavelength of radiation and α is an aperture angle [1].  

The anticontaminator is placed close to the specimen and chilled with liquid 

nitrogen. This causes that the most of the contaminants coming from the specimen or the 

microscope condense on the extremely cold anticontaminator and then they are removed from 

the system [1]. 

The stigmator is not just in objective lens, but also in the condenser and intermediate 

lenses. Its function is to correct the radial lens asymmetries so that the final illumination spot 

is circular. This is done by adjusting eight electromagnets around the lens axis [1].  

1.3.4 Diffraction (Intermediate) Lens 

The construction of the diffraction lens is similar to the objective lens and it follows 

immediately after it. The lens assists in the magnification of the image from the objective 

lens. In use of low magnifications, it replaces the objective lens in generating the primary 

image because the objective lens is shut off. It can be also equipped with an aperture for 

operating in the diffraction mode [1]. 

1.3.5 Projector Lens 

The projector lens follows after diffraction lens. In modern microscopes, there are two 

of them and both are used to magnify the image coming from the intermediate lens.   

These lenses suffer from distortions, but it has less effect on the resolution than the 

aberrations of the objective lens. However, they have great depth of focus, thus the final 

image remains in focus for a long distance along the optical axis. The depth of focus can be 

calculated by the following equation: 

 𝐷𝑓𝑜 =
𝑀2 ∙ 𝑅𝑃

𝛼
 (2)  

where M is the total magnification, RP is the resolving power of instrument being used and α 

is the aperture angle established by objective lens [1].  

1.4 Viewing System and Camera 

The last part of the imaging system is the visualisation of an image. In the old 

microscopes, the image is projected onto a viewing screen which is coated with 

phosphorescent zinc-activated cadmium sulphide powder attached to the screen by cellulose 

nitrate. Most of the electron microscopes are equipped by the unaided eye or 

stereomicroscope. Some microscopes provide second smaller screen which in position for 

focusing. But nowadays, everything is digitalized and most often, the cameras with a CCD or 

a CMOS detector are used [1]. 
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1.5 Vacuum System 

The vacuum system is a set of pumps, switches, and valves used for evacuating air 

from the microscope column and chambers to obtain different levels of required vacuum.  

The vacuum in the microscope increases the mean free path of electrons, prevents high 

voltage discharges between the filament, shield and the anode, because these discharges are 

one of the main causes of filament failure. It is needed also for removal of contaminating 

gases generated by electron bombarding of the specimen. Nowadays, we deal in most of the 

microscopes with the standard automated vacuum plant containing safeguards against 

contamination, misvalving, and power and water failure. 

We distinguish different types of pumps, such as rotary, diffusion, turbomolecular or 

entrainment (ion and cryogenic) [1]. The rotary pump is used for evacuation of the air lock 

and pre-evacuation of the column. It is able to reduce the pressure to the value of 10-1 Pa. 

Then, the diffusion pump starts to work. It reduces the pressure to the 10-3 Pa. Because we 

need even better vacuum, especially around the electron gun filament, there is the ion pump. 

Even though, there is the vacuum in the 10-4 Pa, contamination of the specimen occurs. That 

is why, the microscopes are equipped by the anticontaminator, mentioned earlier [4]. 

The turbomolecular pump is the low vibrating pumps designed without the magnets 

and able to obtain very good vacuum (10-8 Pa). 

The other category of pumps is dry running pumps providing so called dry vacuum. 

Here belongs a scroll or membrane pumps. The advantages are vibration and noise 

reduction, cleanliness and reliability [1]. 
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2 Scanning Electron Microscope (SEM) 

A prototype of the scanning electron microscope was constructed in 1930s by Max 

Knoll and Manfred von Ardenne in Germany. Unfortunately, the resolution of this 

microscope was same like the resolution of light microscope. During the following years, the 

microscope was improved and in 1963 first commercial SEM became available. One later 

version of this microscope had resolving power of about 20 – 50 nm, with useful 

magnification of 20 – 75,000 x, which is 300 times better than the light microscope. For the 

comparison, nowadays, there are microscopes resolving typically 2.0 nm with magnification 

up to 200,000 x. The typical incident beam energies used in SEM are up to 30 keV [1]. 

The SEM is mainly popular because of its capability to obtain three-dimensional-like 

images of surfaces of various materials, of features of individual cells and even of whole 

organisms. This three-dimensional look of the images is due to the large depth of field of the 

SEM and to the shadow relief effect of the secondary and backscattered electron contrast. 

Therefore earlier, the SEM was popular especially in material sciences, but nowadays, it plays 

important role also in biology. 

The basic idea of SEM is that a finely focused electron beam is successively scanning 

the surface of examined area of the specimen to form an image. There are few types of signals 

produced by interaction of the electron beam with the specimen from the specific emission 

volume within the sample. These are for example the secondary electrons (SE), the 

backscattered electron (BSE), the Auger electron (AE), the characteristic x-rays or other 

photons of various energies discussed in the following text (see Chapter 4). The signals can be 

used to examine many characteristics of the sample such as surface topography, 

crystallography, composition, etc. [1], [2]. 

The basic components of the SEM are the electron gun, the lens system, the scan 

deflection system, the specimen stage, the detectors, the viewing and the recording 

monitors (camera) and the vacuum system. The electron gun, electromagnetic lenses and 

vacuum system are quite similar to those in the transmission electron microscope. Therefore, 

in this chapter, there will be described only components and functions which differ in the 

scanning electron microscope [1]. 

The first difference what we might recognize is difference in the length of column, the 

SEM column is half size of the column in the TEM. This is because in the SEM, the signals 

coming from the surface of the specimen are detected, so there is no need to have lenses of the 

imaging system in the lower part of column below the sample such as in the TEM [4]. 
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2.1 Electron Optical and Beam Control System 

The electron optical and the Beam control system include some electromagnetic 

lenses, the deflection coils and the stigmators. The main function of the system is to control 

and focus the electron beam coming from the electron gun to the specimen. As was described 

in the part about TEM (see Chapter 1.1), most of the standard SEMs use a heated V-shaped 

tungsten filament, the high-resolution SEM uses either FEG or SFE guns. When the electron 

beam leaves the electron gun, its diameter is approximately 50 μm. A set of condenser lenses 

demagnify this spot to the size to 2 nm or less. The small spot sizes are important for the 

better resolutions required at high magnifications [1].  

2.1.1 Condenser lenses 

According to the type microscope, it has two or three condenser lenses. The primary 

electron beam is demagnified by the first condenser lens. With an increasing current thought 

this lens, the focal length becomes shorter and the focused spot of electrons smaller. Short 

focal length of the lens causes a wide divergence of the electrons that many of them are not 

able to enter the second condenser lens. The increase in the strength of first condenser lens 

decrease the spot size, but also causes loss of electrons, thus fewer electrons reach the 

 

Fig.2.1. Scheme of scanning electron microscope [4]. 
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specimen, even though the resolution is better, the overall signal is weaker. The apertures in 

the condenser lenses help decrease the spot size and reduce spherical aberration [1].  

The third condenser lens, also called final or objective, does the final 

demagnification and focuses the image seen on the monitor or cathode ray tube (CRT) 

without the loss of beam electrons. Usually, this lens contains two sets of deflection coils and 

a stigmator. The deflection coils are connected to a scan generator which is rastering across 

the specimen with the electron spot [1]. 

The magnification may be changed by varying the length of the area which is scanned 

to the length displayed on the viewing screen as is shown in this equation:  

 𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =  
𝑙𝑒𝑛𝑔𝑡ℎ 𝑑𝑖𝑠𝑝𝑙𝑎𝑦𝑒𝑑 𝑜𝑛 𝑠𝑐𝑟𝑒𝑒𝑛

𝑙𝑒𝑛𝑔𝑡ℎ 𝑠𝑐𝑎𝑛𝑛𝑒𝑑 𝑜𝑛 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
 (3)  

The magnification can be set by the deflection coils. For optimum setting of the SEM, 

the spot size of the electron beam has to be focussed by the lens such that the beam size 

corresponds to the size of the pixel. 

The stigmator is used to control distortions in the roundness of the electron probe 

scanning spot. When the spot is not round, but for example elliptic, the astigmatism occurs. 

The astigmatism is one of the major causes of loss in resolution of the SEM images. As 

described earlier, the stigmator contains from 6 to 8 electromagnetic coils. The coils correct 

the asymmetrical distortions to the electromagnetic field by introducing an opposing field of 

appropriate strength and direction [1].  

There are also adjustable apertures in the final lens changing the spot size. Smaller 

sizes are used for secondary electron generation and imaging. Larger spot sizes with greater 

number of electrons are used for generating the X-rays for elemental analysis of the specimen. 

The apertures affect spot size, beam current, also depth of field in the specimen and help 

diminish spherical aberration [1]. 

The depth of field in scanning electron microscope can be counted according to 

following equation: 

 𝐷𝑓𝑖 =
𝜆

𝑁𝐴2
 (4)  

where λ is wavelength of illumination and NA is numerical aperture. 

 The depth of field is affected also by working distance, which is distance between the 

specimen and the final condenser lens. The depth of field is increasing with increasing 

working distance and also by using smaller apertures. In the SEM is the depth of field much 

higher than in optical microscopes. [1].  

2.2 Detectors 

We usually collect secondary and backscattered electrons in the scanning electron 

microscopy. Because both of them have different energy characteristics (Chapter 4), it is big 
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challenge to design detector to be able to detect them. Therefore, the detectors collecting 

selectively one or the other type of electrons are used too [2]. 

2.2.2 Everhart-Thornley Detector (E-T detector) 

This detector is the combined secondary/backscattered electron detector and it was 

developed by Everhart and Thornley in 1960. It was the first electron detector with the large 

solid angle of collection, the high amplifier gain, the low noise, and robust, low-maintenance 

performance [1], [2].  

The detector operates in following manner. An energetic electron strikes the 

scintillator material (thin metallic coating) which emits a light. The light is then conducted by 

the total internal reflection in a light guide (a glass rod or solid plastic) to a photomultiplier. 

Thus, in a form of light goes the signal through a quartz glass window forming a vacuum 

barrier to the first electrode (photocathode) of the photomultiplier. Here are the photons 

converted back into the electrons, they are accelerated and the amount of them is increasing 

and finally they reach the collector. The typical gain of the photomultiplier is in the range 

105 – 106, and it can be adjusted by changing the voltage on the electrodes. Mainly it 

influences contrast, thus with increasing photomultiplier gain, increases contrast of the image. 

Because of a positive large potential of thin metal coating of the photomultiplier, both 

the low-energy secondary electrons (SE) and the low-energy backscattered electrons (BSE) 

are accelerated to the sufficient energy to generate the light in scintillator. The scintillator is 

surrounded by Faraday cage to protect the beam from unwanted deflection and distortion by 

the large potential in the specimen chamber. The potential applied to the Faraday cage is 

selectable in the range – 50 V to + 250 V. Depending on this bias, we are speaking about the 

negative and positive bias on the detector [2]. 

When the E-T detector has negative bias, only the backscattered electrons are 

detected and all secondary electrons are rejected. Unfortunately, only the high-energy BSE 

leaving specimen in trajectories directly toward the scintilator face are detected, the rest of 

them is rejected. Therefore, negatively biased E-T detector is denoted as a highly directional, 

asymmetrically placed, a low-geometric-efficiency detector for the BSEs. 

The E-T detector with positive bias behaves like a magnet. The positive bias attracts 

the SEs and the low-energy BSEs to enter the Faraday cage. Therefore, it does not matter on 

the direction of electrons because the detector can effectively collect both the direct and the 

indirect components. With the flat surface of the specimen may the collection efficiency 

approach 100 %. The great advantage of this detector is that it can work with excellent 

efficiency in the low-beam-energy microscopes, which are working with the incident beam 

energies of 1 keV or even less [2]. 
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2.2.3 Through-the-Lens Detector (TTL) 

This detector is used in the field-emission-gun SEM equipped with a “snorkel”-type of 

lens producing a strong objective lens magnetic field. It really effectively detects the 

secondary electrons. As they are coming from the specimen, they spiral up along the magnetic 

field lines and pass up through the lens. They are detected there by scintilator with a high bias 

of +10 kV on the electrode surface. None of the BSE on-axis or off-axis are not collected. But 

it is necessary to mention, that part of the secondary electrons is controlled by the BSE 

leaving the specimen surface which means that the TTL detector is still sensitive to contrast 

effects arising from the BSE component [2].  

The other detectors used in SEM are for example the Dedicated BSE detector, the 

Passive scintillator BSE detector or the BSE-to-SE conversion detector [2]. 

2.3 Signal processing and Image recording 

The principle of the detection of electrons was described in previous text but it ended 

up with the photomultiplier. Thus, the signal coming from photomultiplier enter 

preamplifier-amplifier component where is amplified electronically. With increasing output 

from preamplifier, the brightness of the image is increasing overall, that means both the 

highlight and the shadow areas are boosted. 

The control called gamma is included in the most of the scanning electron 

microscopes. The gamma can nonlinearly and selectively extend the contrast range in the 

highlight or the shadow component without loss of information in the non-amplified 

component.  

In older SEM, the image was recorded photographically on an external high-resolution 

CRT with low speed. In modern SEM, the image recording is simply done using computer by 

storing image values from the detectors and the actual coordinates of the electron beam 

position (pixel) [1]. 
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3 Scanning Transmission Electron Microscope 

(STEM) 

The very first scanning transmission electron microscope was built by Baron Manfred 

von Ardene in 1937 – 1938 in Berlin. Unfortunately, the obtained results were not that good 

such as with the TEM and there was also a lack of electronics and adequate electron sources. 

Due to that the idea was forgotten. In the 1970s, Albert Crewe at the University of Chicago 

developed the field emission gun and used it with a high quality objective lens to create a 

modern STEM [7]. 

The STEM uses principles of both earlier discussed microscopes, the TEM and the 

SEM. It is used for characterization of the nanostructures providing information on elemental 

composition, and electronic structure at the ultimate sensitivity of a single atom. Therefore, 

the STEM is excellent technique to observe nanostructures and nanoparticles.  

The advantage is also that the chemical and the structural information may be captured 

simultaneously. Nearly all electrons passing through and coming out from the sample can be 

collected at least by one of the detectors. The STEM is able to generate and precisely position 

a very fine probe of high energy electrons and scan the sample like the SEM but is also able to 

obtain diffraction pattern like the TEM [1], [8].  

The great strength of the STEM is possibility to use the lower accelerating voltages 

than in conventional TEM where are typically 100 – 300 kV, but still usually they do not go 

below 60 kV. That means the STEM is gentler to the specimen [11]. The biological samples 

suffer from lack of contrast which is normally enhanced by staining with heavy atoms (see 

Chapter 5.5). Then we face the problem if the stained structure is real or it is only artefact. 

Thanks to the Dark-field STEM imaging, the staining is not needed and the obtained images 

are more reliable. It is precisely Dark-field and the low dose imaging what makes the STEM 

suitable for biological applications.  

STEM microscopes can be divided into two groups. We distinguish a dedicated 

STEM and placement of the STEM detector into the other microscopes (TEM, SEM).  

3.1 The dedicated STEM 

The dedicated STEM is different from the others because the electron gun is at the 

bottom of the column with electrons travelling upward. A scheme of this type of microscope 

can be seen in Fig.3.1. 

An illuminating system includes an electron gun and three condenser lenses for 

demagnification of electron beam. Further, there are double deflection coils to generate the 

scanning raster, three projector lenses and objective lens. An objective aperture limits the 

maximum angle of illumination in the scanning incident probe [1], [8].  
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Thanks to the aberration-correction of the objective lens the aperture can be opened up 

and the higher resolution obtained. The correction is usually computerized and the multipole 

lenses are based on a quadrupole, octupole or hexapole system. Also the depth of field is 

reduced to only a few nanometers, that is why it is possible to effectively depth slice through 

the sample and reconstruct the set of images into a 3D representation of the structure [8]. 

Different types of detectors are used in the STEM. These are bright field (BF) 

detector for transmitted electrons and annual dark field (ADF) detector for collection of the 

scattered electrons. The inner angle of high-angle detector can be changed with postspecimen 

lenses for enhancement of the atomic number (Z) dependence of the image contrast. That is 

why, we talk about Z-contrast in connection with the STEM using a high-angle ADF 

(HAADF) detector [8], [9]. An electron energy loss spectrometer (EELS) may be used 

instead of the BF detector [8].  

The signal level and the spatial resolution of the dedicated STEM is better than in the 

SEM thanks to the detection of the transmitted electrons. The spatial resolution is increasing 

with decreasing electron wavelength. The big advantage of the STEM is simultaneous work 

of multiple detectors which enable to obtain the maximum possible information from each 

scan [2]. 

The enhancement in the contrast of stained and unstained samples is provided by the 

simultaneous detection of the inelastically scattered electrons, the unscattered electrons and 

the elastically scattered electrons through the large angles. A display of ratio of the intensity 

of the elastically and the inelastically scattered electrons provides the mentioned Z-contrast 

[12]. In the STEM, the signal increases initially with increasing atomic number until it 

reaches a point where much of the probe has been scattered onto the detector and the signal 

saturates [9]. 

Because of the detection of the scattered intensity at high angles and its integration 

over a large angular range, it is effectively averaged coherent effect between the atomic 

columns in the specimen. Thanks to that, it allows each atom to be considered to scatter 

independently with a cross-section approaching a Z2 dependence on atomic number. This 

cross-section forms an object function. When it is the width of the function small, it means 

that the spatial resolution is limited only by the probe size of the microscope [9]. 
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3.2 The STEM imaging in the other types of microscopes 

Mainly because of high purchase price, the dedicated STEMs are not that common. 

More often, the placement of STEM detector into a conventional SEM or TEM may be seen. 

This modification of conventional microscopes is more user-friendly and may be available in 

modern instruments.  

By attaching a scanning coils and proper detectors in a TEM, we can get the STEM-

in-TEM instrument which can be operated in both modes TEM and STEM. The standard 

 

 

Fig.3.1. Scheme of the dedicated STEM [11]. 
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location of the electron gun in these microscopes is at the top of the column thus the elements 

of the TEM/STEM microscope are same like in Fig.3.1 just inverted [9].  

We are the most interested in the low voltage STEM based on the SEM equipped by a 

transmission detector (also called the STEM-in-SEM). The fine electron probe is scanning 

the sample (like in standard SEM), but in the STEM mode, the sample is thin section 

(typically less than 50 nm) transparent for electrons [11]. The used energies are typically in 

the range 20 – 30 kV, thus lower than in conventional TEM or dedicated STEM (60 – 300 

kV). With this configuration, both the resolution and the contrast are improved. The lower 

acceleration voltage increases the cross-sections and reduces the interaction volume of the 

electron beam and also the chromatic aberration is limited [9], [13].  

Nowadays, the low voltage STEM is used more often, and in many cases replaces the 

typical TEM. However, the TEM is still the unwritten standard in the investigation of the 

samples in the form of ultrathin sections. 

The STEM detector, placed under the sample in the SEM microscope, may detect both 

bright-field and dark-field images (see Fig.3.2). This detector may be constructed from a 

scintilator-light pipe or solid state detector.  

In the scintillator-light pipe detector, the electrons pass through the sample and then 

they are converted to photons by a scintillator and pass through light-pipe. The resulting 

signal is amplified by a photomultiplier. However, this detector is relatively expensive [13].  

In the solid state detector, the transmitted electrons (TE) directly collected by a 

semiconductor detector. The electrons reaching the detector create electron-hole pairs in the 

silicon diode and the electrical charge is collected from the biased p-n junction of the detector. 

Usually, the solid state detectors are multi-segmental (see Fig.3.2). As mentioned, they detect 

bright-field signal and different angular distribution too. This setup is implemented in the 

microscope which we use for our experiments and we use only BF, DF1 and DF2 segments of 

the detector [13]. 

One option is also to put a high-atomic-number scattering surface under the specimen 

and tilt it so that the transmitted electrons are scattered toward the conventional E-T detector 

placed in the specimen chamber. There is also an aperture below the grid with specimen 

which cuts off the transmitted, scattered electrons from reaching the detector. Described 

detector is called the Poor Man´s STEM-in-SEM Detector (see Fig.3.3) and it is particularly 

useful with FEG SEM equipped by TTL detector for SE. Thus, the TTL detector samples the 

signal above the grid and the E-T detector measures the transmitted electron signal. In the 

detector, the electrons scattered by particle are cut off by the aperture [2]. 
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a) 

 

b) 

 

 

Fig.3.2. Scheme of the transmission mode in SEM: (a) STEM detector 

location, (b) solid state STEM detector segments (BF in the middle, HAADF 

on the edge of the detector [16]. 

  

 

  

 

 

Fig.3.3. Scheme of the Poor Man´s STEM-in-SEM Detector [2]. 
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4 Interaction of the electron beam and the specimen 

We could not obtain any information about the sample without any interaction of the 

electron beam with a specimen. As was mentioned in the technical description about the 

microscopes, all of them use different detectors to get required information.  

The different signals, produced by beam-specimen interaction, may be seen in Fig.4.1. 

In general, we distinguish two types of interaction in the specimen – the elastic and the 

inelastic scattering.  

The first type is the elastic scattering. The interaction of the electrons and the 

specimen causes the deflection of electrons to new trajectories without loss of kinetic energy. 

They spread laterally from the incident beam footprint. The closer the electron is passing 

around the nucleus, and the higher charge of the nucleus, the larger deflection angle (can be 

even 180°). After the numerous events within the specimen, the electrons can leave the 

specimen and these are the backscattered electrons which can be detected. The probability 

of the elastic scattering increases with the atomic number because heavier atoms have 

stronger positive charge on the nucleus and decreases with the increasing electron energy. 

Therefore, the elements with higher atomic number give off more backscattered electrons and 

appear brighter than elements with the lower atomic number. The BSE may be detected in 

both the SEM and the STEM [1], [2], [4].  

At the same time, some electrons passing through the specimen can lose some energy, 

but with very small change of trajectories. Those we call the inelastically scattered 

electrons. They give rise to useful imaging (secondary electrons) and the analytical signals 

(x-rays). Thus, the inelastic scattering is caused by the interaction of the primary electrons 

with electrons of atoms in the sample. Because this is the interaction of same particles with 

equal weight, the accelerated primary electrons may lose quite much of energy but without 

change in trajectory. Thanks to them, we can study the morphology and also elemental 

composition of the sample. We are the most interested in the inelastic scattering [1], [2], [4].  

Usually, the secondary electrons have energies under 50 eV and primarily they are 

used to reveal topography of the specimen. The Auger electrons are the low energy electrons 

carrying information about the atomic composition of the sample. The cathodoluminescence 

is emission of the visible light caused by the electron beam bombardment of the sample. The 

X-rays give us information about the composition of the sample. They can be divided to the 

soft X-rays (wavelength 5-10 nm) and the hard X-rays (shorter wavelength) [1]. The X-rays 

are produced from the lowest parts of interaction volume. Fig.4.2 shows whole interaction 

volume with typical signals and depths from which they are coming. Mentioned E, is the 

energy of electron and Ec is critical energy [4]. The greater the beam current, the greater the 

specimen damage. The lower energy of the primary electrons, the shorter the free mean path 

(a distance between interactions within the sample), and the greater the specimen damage [1]. 
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Fig.4.1. Signal produced by interaction of the electron beam with 

a specimen [1], [4]. 

 

 

 

Fig.4.2. Scheme of the interaction volume [4]. 
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4.2 Simulation of the electron scattering 

The Monte Carlo simulation is really helpful because the detector signal and the 

interaction volume are not easy to imagine and to quantify. It is used for studying the 

interaction volume, the BSEs and the secondary radiation (X-rays, SEs) as a function of the 

specimen (composition, thickness), and the beam parameters and how these parameters (beam 

energy, specimen surface tilt, atomic number, etc.) influence the interaction volume. 

This simulation tool can obtain a macro- and a microscopic descriptions of the beam-

specimen interaction. The Monte Carlo simulation uses a random numbers to predict the 

scattering angles on the basis of the theoretical probability distributions or empirical models. 

The random numbers are weighted by a weighting factor to produce the appropriate statistical 

distribution of the physical events. The weighing is done because the various physical 

parameters occur over a range of values. For a proper calculation, we should also assume that 

only the elastic scattering events are significant in determining the path of electron in the solid 

specimen and that the electron loses the energy continuously. An example of the result 

obtained by the simulation can be seen in Fig.4.3. [14]. The Monte Carlo simulations may be 

used also in our experiments. 

 

Fig.4.3. The Monte Carlo simulation of the interaction volume for diffent metals 

at 15 keV [14]. 
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5 Sample preparation 

The preparation of the specimen is really crucial part of all microscopic techniques. 

We do not have good signal and image coming out from the microscope without a well-

prepared sample. Every step of the preparation can lead to different errors and damage of the 

sample, which affects the quality of the final micrograph [1]. There are two main conditions 

which have to be fulfilled. First of all, the specimen cannot contain water, because in high 

vacuum of the electron microscope it would result in enormous evaporation and thus to 

sample degeneration. Second of all, the specimen should be thinner than 100 nm, because of 

low penetration ability of electrons. Of course, this condition applies just for the TEM and the 

STEM and it also depends on the energy of the microscope (for example for electron energy 

of 300 keV can be observed samples thicker than 1 μm) [4]. We are focused on sample 

preparation techniques for the TEM and the STEM which are applied to the samples for our 

experiments in the STEM-in-SEM microscope. 

5.1 Fixation 

In most of the cases, the first step in the sample preparation is fixation. The goal of 

this step is to preserve the structure of living tissue with no alternation from the living state, to 

prevent the degeneration processes and stabilize the specimen for following steps of the 

sample preparation [4]. Over many years were developed various fixation protocol suitable 

for different ultrastructural features. Most of them, are just modifications of basic two-step 

procedure, which contains a primary fixation in solution of glutaraldehyde and buffer, 

followed by a secondary exposure to osmium tetroxide. The concentration and types of 

substances and length of fixation may differ [1].  

For example, the primary fixation combining glutaraldehyde and a low concentration 

of formaldehyde, which allows more rapid initial fixation of the tissue, thanks to better 

penetration ability of the formaldehyde. The secondary fixation uses an osmium tetroxide 

solution reduced with ferrocyanide in order to enhance preservation of membranes and 

glycogen [1].  

5.2 Washing and Dehydration 

The primary fixation is usually followed by washing in the same buffer used in 

glutaraldehyde fixation step. Washing is extremely important because it eliminates any free 

unreacted glutaraldehyde within the tissue. The aldehyd remaining in the tissue is oxidized by 

osmium tetroxide in secondary fixation step [1].  
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The dehydration is necessary because most embedding media are not soluble in water. 

The water in cells is replaced with a fluid that acts as a solvent between the aqueous 

environment of the cell and the hydrophobic embedding media. Commonly are used the 

ethanol and the acetone as dehydrating agents. However, the more preferable is ethanol 

because anhydrous acetone absorbs water from the atmosphere, and it is more powerful 

extractor of lipids within the cell [1], [4], [5].  

In the dehydration process, there is the specimen placed to the solution with gradually 

increasing concentration of ethanol or acetone. The concentrations usually are 30, 50, 70, 80, 

90, 95, 100 % and into every solution is the sample dipped for 5 – 10 min depending on the 

size of the sample [4]. 

5.3 Embedding 

After all previous steps, is the specimen prepared for embedding. The liquid 

embedding media must harden to form a solid matrix that thoroughly permeates the tissue. 

Commonly, this is accomplished by using epoxy monomers that harden with time and under 

certain curing conditions. 

There are various types of embedding media which have different properties suitable 

for particular applications. Generally, as an embedding media are used the epoxy or polyester 

resins and methacrylates. Different types of embedding media are more deeply described in 

Chapter 7 [1], [5]. 

During the embedding process, the specimen is infiltrated with the embedding media 

by its passing through a sequence of solutions until the dehydrating agent has been completely 

replaced by the final embedding mixture [5]. 

5.4 Sectioning  

One of the last steps in the sample preparation for the STEM (TEM) is cutting of 

ultrathin sections. The steps in preparing thin sections for examination involves: trimming or 

sharpening the specimen block, preparing the ultramicrotome knives and specimen support 

grids, cutting sections in the ultramicrotome, picking up the sections onto the specimen grid, 

and staining them to improve contrast [1].  

Usually, the sections with the thickness 60 – 70 nm are prepared for the TEM. The 

thinner samples are cut when high resolution is needed. Generally it is said, that the thinner 

the section is, the better resolution of structures in the micrograph is obtained, but also with 

the lower contrast [4], [5]. 

5.4.1 Rough Trimming 

First of all, it is necessary to reshape the plastic specimen block before the sectioning 

by trimming. It is done in order to minimize the stresses imposed on the cutting edge of the 
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knife as the specimen is passed over it. The block can be trimmed by hand, usually with a 

single-edged razor blade or by the ultramicrotom using so called The Mesa Trimming 

Procedure. Most experienced microtomists prefer the rough trimming by hand under 

binocular microscopic control. The aim of rough trimming is to obtain a trapezoid-shaped 

pyramid top with side cuts at a 60 degree angle which enable to cut long ribbons of 

sections [1], [4], [5]. 

5.4.2 Thick Sectioning 

Usually, before preparation of ultrathin sections, there are sliced thick sections. The 

thickness of the sections is in range 0.5 – 2 μm and they are mostly cut by glass knives. The 

sections are transferred onto a tiny droplet of distilled water on the microscope slide, left to 

evaporate on a hot plate and then when the slide is cooled it is stained (Millipore-filtered 1% 

toluidine blue dissolved in 1% aqueous sodium borate solution). Sample prepared like this, is 

thereafter investigated in the light microscope in the order to find an interesting place from 

which we will cut ultrathin sections [1], [4] 

5.4.3 Fine Trimming 

After the examination by the light microscope it is clear, which area in the specimen is 

in our interest. Often, it is necessary to retrim the plastic block to exclude areas that are not of 

interest, and to optimize the size of the block face for thin sectioning. All the steps of the 

trimming and sectioning are done under the stereomicroscope (binocular microscopy). Quite 

smooth sides of pyramid are assured by use of a sharp, clean razor blade. It is also important, 

that the sides of block face parallel to the knife edge are exactly parallel in order to obtain 

straight long ribbons of serial sections on the liquid level of the knife. Nowadays, diamond 

knives are mostly used for cutting of the ultrathin sections. Even though they are more 

expensive and quite delicate instruments if we use them properly, knives stay sharp long time 

and enable to cut really thin sections [1].  

When the sections are floating on the water surface, an interference colours may be 

seen through the binocular microscope. The light reflection from both, upper surfaces of the 

sections and from the section-water interface, produces interference colours which are related 

to the thickness of the sections and the refractive index of the sectioned material (Fig.5.1) [4].  

When we have satisfying amount of ultrathin sections, we place them on a specimen 

grid for viewing in the electron microscope. There are few types of materials and mesh of the 

grids. Usually, there are used a copper grids, but for some applications also grids from 

nickel, gold, platinum, etc. [5]. The most popular mesh size is 200 bars per inch (available 

sizes then in range 50 – 1000) [1]. The sections on the grid are left to dry. After that, it is 

possible to examine them in this form or to do one more steps and stain them [1]. 
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5.5 Staining of ultrathin sections 

The vast majority of biological samples need to enhance the image contrast. First 

improvement of contrast was done in the fixation step, but this is usually still not enough. For 

imaging in the TEM, there are used salts of heavy metals such as lead citrate and uranyl 

acetate further increase contrast of osmicated tissues by interaction of the metal ions with 

various cellular components. 

The uranyl ions react strongly with the phosphate and the amino groups, thus the 

nucleic acids and certain proteins are highly stained [1]. The lead ions bind to negatively 

charged components as hydroxyl groups and osmium-reacted areas. If we use staining by both 

of them, the specimen will have evenly distributed contrast of all cell structures [1], [4]. 

There are different approaches to the staining. For example, staining by uranyl can be 

done before or after embedding in plastic, because uranyl is assumed to have fixative 

properties. Nevertheless, in our experiments we use the post-embedding staining.  

The process is quite simple. The sections are stained by floating the grids on droplets 

of uranyl acetate on the wax surface for 10 – 15 min. The apparatus should be protected from 

 

Fig.5.1. The relation between thickness and continuous interference colour of 

sections for an embedding medium of refractive index 1.5, for thin sections [4]. 
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the light to prevent the precipitation. Then, by dipping the grids to the series of beakers of 

distilled water the stained grids are rinsed. 

After the rinsing, the grids may be stained immediately with lead stains. The 

procedure is same like with the uranyl acetate but for change the lead ions are easily 

precipitated upon contact with CO2. Therefore, it is necessary to protect the staining solution 

during the process and also during the storage of samples. 

The biological samples suffer from the lack of contrast which is normally enhanced by 

staining, as described above. Furthermore, we face the problem of whether the stained 

structure is real or merely artefact. This is a big disadvantage of staining. Thanks to the low 

voltage STEM (especially dark-field imaging), where the electrons have a lower mean free 

electron path, the staining is not needed and the obtained images are more reliable. Possibility 

to achieve better contrast and also better resolution without staining, and low dose imaging 

(lower specimen damage) makes the low dose STEM suitable for the biological 

applications [1], [4]. 
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6 Microscope image processing 

As mentioned in previous text, the electron microscope image is nowadays in the 

digital form for the storage, the analysis, or the processing. Moreover, if the image acquisition 

is done in a way that can be quantified, the images may give even more information than just 

a contrast (for example a structure of the investigated sample) [15]. The aim of the presented 

work is related to this kind of imaging. Therefore, the digital processing may be used for 

extraction of quantitative information about the specimen from a micrograph. 

There are hundreds of different approaches to image processing. Basically, it depends 

on what sample is observed, which information is important for us and if an obtained data are 

without errors. According to that, we choose suitable image processing technique. This 

chapter includes basic image processing methods and comparison of images including 

estimation of an electron beam induced mass loss of the sample. 

6.1 Basic image processing methods 

The first group of methods are geometric transformations. These methods spatially 

distort an image and change the physical relationships among the objects in the image. This 

includes the translation, the rotation, the scaling or the interpolation. 

The next class is an image enhancement. This process enhances the appearance of an 

image or its subset for better contrast or visualization of certain feature of interest in the 

image, and performs more accurate image analysis. With this method, the visibility of some 

features in the image may be improved, but it will not increase the inherent information 

content. The image enhancement methods may be divided into two groups – the spatial 

domain methods and the transform domain methods. The Spatial domain techniques operate 

with whole image or selected regions of image on the basis of image statistics. To this 

category belongs histogram equalization, image subtraction and averaging, sharpening (edges, 

contours) or nonlinear filtering. The transform domain methods transform the image. These 

are Fourier or wavelet transforms [15].  

The morphological image processing (MP) is used in filtering, segmentation or 

pattern recognition of binary and gray-scale images. It is well suited for discrete image 

processing and it has inherent building structure where complex operators can be created as 

composition of primitive operators which has an intuitive physical analogy. MP is based on 

probing an image with a structural element (the elementary cross, box, disk, etc.), and on 

filtering or quantifying the image according to the manner in which the element fits or does 

not fit within the image. By marking those locations where the element fits within the object, 

we derive structural information about the image. This simple concept is basis for erosion, 

dilation, opening, closing, morphological reconstruction, etc. [15]. 
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The image segmentation is process of dividing a digital image into a non-overlapping 

regions where each of the regions usually corresponds to one object. When the objects are 

isolated they can be analyzed, measured and classified. The image segmentation is also major 

application of morphological image processing. We are seeking for the regions or the 

boundaries of objects in the image. These two approaches are used separately or combined for 

better result. To the region-based segmentation belong thresholding, region growing or region 

splitting [15]. 

The Thresholding is useful for images where solid object of a scene contrasts to the 

background. It works well if the objects differ from the background by gray-level, texture, 

colour, etc. The region growing respects the spatial context, and it is based on grouping of 

adjacent pixels or small regions into the large regions. The main criterion for merging the 

regions is their homogeneity. The image is first divided to small regions or even separated 

pixels (seeds). Then, it is counted the stability of the regions and boundaries according to set 

parameters. Strong boundaries are left and weak merged, and parts of the region joined to 

suitable neighbour region. This is done until there are no week boundaries anymore. Region 

growing can use several image parameters directly and simultaneously to obtain really good 

determination of the final boundaries. The region splitting is basically same approach like 

region growing just going in reverse flow. Thus, the initial image is divided to single regions.  

The boundary-based segmentation includes boundaries and edges searching, boundary 

tracking, edge linking, etc. Edges are usually there where the gray-level changes sharply. We 

can detect edges by high-pass frequency filtering in the Fourier domain, by convolution with 

derivative operator (gradient-based or Laplacian-based) [15].  

The Object measurement is useful when we require a quantitative measurement of an 

area within the image. We measure the morphology or the structure by properties as the area, 

the perimeter, the intensity, the colour, the shape, etc. The object measurement can be sorted 

to three classes: geometric measurement, measurement based on the histogram and on the 

intensity. The geometric measurement is suitable for both binary and gray-scale images, and 

the intensity and histogram-based are applicable only to gray-scale objects. The distance 

measurement between two or more points in the image belongs also to the object 

measurement methods.  

The last image processing approach, which is going to be discussed, is the Object 

classification. The classification gave us information about what is in the image. After that 

the objects in the image were segmented and measured, the classification sort each of them to 

several previously established categories. A widely used technique is a maximum-likelihood 

which minimizes the probability of incorrect classification. The other approaches are a 

minimum Bayes risk classifier or a Gaussian statistics [15]. 

In our algorithm for the calibration of the measurement we used the thresholding to 

distinguish the light circular detector parts from the dark background in the images.  
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6.2 Quantitative comparison of STEM images 

There are not many articles about comparison of STEM images of thin sections of 

biological samples in addition for comparison with TEM micrographs. Therefore, at the 

present there are following suggestions that will be adapted according to the recorded images. 

a) The investigations of the electron beam induced mass loss of the sample and 

for simplicity we are starting with the estimation of the mass loss of different 

types of embedding material for biological samples (for results see Chapter 8). 

b) The comparison of the images of thin sections of the biological samples at 

different conditions. There are not many scientific papers regarding 

comparison of the STEM images at the electron energies for the SEM. 

Therefore, we suggest using qualitative description of fine details of well 

identified organelles of the investigated samples. Another, more quantitative 

way would be a comparison of the signal-to-noise ratio (SNR ratio). Here, we 

may use for example the methodology already used for the SE and/or BSE 

images from the SEM. 

6.2.1 Methods for estimation of SNR in SEM 

At first, we have to formulate a problem we are facing here. Let us consider a 

corrupted image with additive white noise.  

 𝑓(𝑥, 𝑦) = 𝑠(𝑥, 𝑦) + 𝑛(𝑥, 𝑦) (5)  

where f(x,y) is a corrupted image, s(x,y) is a noise-free (original) image and n(x,y) is 

the additive (white) noise [17].  

We assume that the noise is added to the image as a stationary process over the y-axis. 

Then, if the noise is considered as a white and stationary the two-dimensional autocorrelation 

function r(x,y) may be reduced to the single-dimensional r(x). 

Fig.6.1 graphically describes the autocorrelation function (ACF) of the image and 

from this curve may be obtained the SNR of a single image. 

SNR is given as: 

 
𝑆𝑁𝑅 =

�̅�(0) − 𝜇2

𝑟(0) − �̅�(0)
 

(6)  

where 𝝁𝟐 is a mean of the image, �̅�(0) is a power of noise-free image and 𝑟(0) is a 

power of the white noise. It is actually a ratio between the power of the noise-free image and 

the power of the white noise. This equation is a function of three parameters: 𝑟(0), 𝜇 and �̅�(0) 

where 𝑟(0), 𝜇 may be calculated from the corrupted image and �̅�(0) has to be estimated. We 

distinguish several methods for the estimation [17]. 
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The first method is the first-order linear interpolation and it uses either of two 

adjacent autocorrelation values to estimate original image ACF. A disadvantage of this 

method is that it does not provide reasonable results if the ACF of the noisy image varies 

slowly around the origin [17]. 

Then, there is autoregressive method (AR) considering 2N-point autocorrelation 

sequence where the sample 𝑟(0) is missing and N is an integer. The aim is to estimate 𝑟(0) by 

using the remaining autoregressive model. With this method we are able to determine the 

SNR from single image. Therefore, the method is applicable to the offline and online image 

analysis. It is accurate and robust, and has potential to be implemented in a real-time system 

for SNR evaluation in SEM images [17]. 

An improvement of AR method is SNR estimation using shape-preserving piecewise 

cubic hermite AR moving average model. This model provides greater efficiency than AR 

method [17], [18]. 

The next method is a cross-correlation method which estimates 𝑟(0) by estimating 

𝑟(0) of the noise itself as a separate value with respect to the noise variance. The abilities and 

potential of this method is same like in autoregressive method [17]. 

The other methods which exist are usually based on the autoregressive model with 

some improvements (e.g. filters). Namely, these are mixed Lagrange time delay estimation 

autoregressive model (MLTDEAR), the Cramer-Rao bounds of SNR estimation or SNR 

estimation using cubic spline interpolation with the Savitzky-Golay smoothing [17], [18], 

[19]. 

 

Fig.6.1. The autocorrelation function of image corrupted with white noise [17].  
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7 Description of chosen embedding media 

The materials such as biological samples, most polymers including embedding media 

are sensitive to electron beam. A few types of sample damage by the electron beam are 

possible. Two the most important are the mass loss and the contamination. Both types of 

damages depend on the electron energy used and the electron dose applied to the sample. The 

mass loss depends on the sample composition and the contamination results from the poor 

vacuum in the specimen chamber of the SEM, cleanness of the sample surface, etc. It should 

therefore be possible to measure the mass loss and the data should be reproducible in contrast 

to the contamination. 

We already slightly spoke about embedding media in Chapter 5.3. The embedding 

media has to have properties, which allows us to prepare solid block with specimen inside for 

sectioning of sufficient slices. The ideal embedding media should be easy available, uniform 

over the different batches, soluble in dehydrating agents, easy of sectioning and stable in the 

electron beam. It should have low viscosity as a monomer and little volume change during 

polymerization. The embedding media have also their dark sites namely they are toxic, 

allergenic and some of them are probably also carcinogens, so we have to be careful when 

work with them. Generally, there are used epoxy resins, polyester resins or 

metacrylates [5]. We chose three embedding media for our experiments, namely Epon, Spurr 

and LR White.  

7.1 Epon 

The Epon is from category of epoxy resins. The epoxy resins polymerize uniformly 

with very small change in volume, and they are relatively stable in the electron beam. 

Disadvantageous is their high viscosity which means it is necessary also longer infiltration 

time in comparison with metacrylates for example. They are not soluble in alcohol so we have 

to use propylene oxide in preparation. Well polymerized block has nice light yellow colour 

and fingernail scratches leave no marks on the block. 

The Epon resin has one of the lowest viscosity among the epoxy resins (150 – 210 cps 

at 25 °C). The viscosity increases when the accelerators are added and then also during the 

polymerization where depends on the temperature (usually 60 °C). In Epon, there are used as 

hardeners dodecenyl succinicanhydride (DDSA) or nadic methyl anhydride (NMA), and as 

accelerators are used 2,4,6-tridimethylamino methyl phenol (DMP-30) or benzyl 

dimethylamine (BDMA). The penetration of this resin is moderate fast and they are soluble in 

acetone and propylene oxide. Next advantage is that it keeps its qualities for long time (few 

years) when it is correctly maintained. The cons of Epon are sometimes nonstandard hardness 

of blocks and tendency to the chatter during the sectioning.  
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By the amount of hardeners and accelerators we can control the properties of final 

resin block. The more NMA, the harder the plastic is and the more DDSA, the softer the 

plastic. Most often, there is used medium mixture of the resin which is suitable for most of the 

samples. Harder specimens (e.g. plants) need also harder block and vice versa. The final 

ultrathin section is quite stable in the electron beam with large scattering of the electrons 

and the contrast is better than with other epoxy resins (e.g. Araldit) [1], [4], [5], [10]. 

7.2 Spurr 

The Spurr is low viscosity (7.8 cps at 25 °C) epoxy resin based on vinylcyclohexane 

dioxide (VCD). It is a di-epoxide that yields highly cross-linked polymers. The Spurr suitable 

for samples which are hardly infiltrated by more viscose media (e.g. plants).  

The resin is very sensitive to traces of moisture (the block is then very brittle) that is 

why anhydrous conditions must be strictly maintained. Penetration of sample is quick and the 

change of the volume during polymerization is small.  

It is soluble in ethanol, acetone and propylene oxide. As hardener is used nonenyl 

succinic anhydride (NSA), as reactive flexibilizer is used diglycidyl ether of 

polypropyleneglycol (DER 736) and as accelerator a dimethylaminoethanol (DMAE). The 

ultrathin section is quite stable in the electron beam and it provides small scattering of the 

electrons. The sections have in TEM lower contrast [1], [4], [5], [10]. 

7.3 LR White 

The LR White belongs to aromatic acrylic embedding media. Nowadays, it is used for 

enzyme and immunohistochemistry and cytochemistry but it is suitable also for infiltration of 

plant tissues, decalcified bones or teeth.  

It has low toxicity and viscosity (8 cps) and the penetration of the sample is quick. 

Because the resin is hydrophilic the immune cytochemistry reagents can easily penetrate the 

sample without the need of etching which is affecting delicate tissue antigens. LR White is 

soluble in ethanol and acetone.  

It is a mixture of metacrylate resin consist of n-butyl and methyl methacrylates with 

benzoyl peroxide, Luperco or 2,2-azo-bis-isobutyronitrile (AIB). The hardness of a block can 

be regulated by the amount of n-butyl or methyl metacrylate and so the more methyl 

metacrylate the harder the block.  

The first disadvantage of this resin is shrinkage during the polymerization which can 

damage the specimen. The other one is bad stability in the electron beam and necessity of 

contrasting. Finally the scattering of the electrons is small [1], [4], [5], [10]. 
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8 Measurement of electron beam induced mass loss 

of pure embedding media 

For simplicity, we started to measure the mass loss of the embedding media for the 

biological sample preparations in transmission electron microscopy. We focussed on 

mentioned media: Epon, Spurr and LR White. In the cooperation with Institute of 

Parasitology of the ASCR, we prepared sections of samples of thickness 30, 60, 100, 150 and 

200 nm which were cut from the blocks of pure embedding media.  

At first, Epon resin which is commonly used for embedding of the biological samples 

was investigated. For all experiments, a scanning electron microscope Magellan 400L from 

FEI Company with STEM detector was used (Fig.3.2). The parameters and their values used 

for the experiments are listed in Tab.8.1. 

 

Tab.8.1. Parameters fixed for all experiments 

Parameter Value 

Magnification  100,000x 

Working distance 4.5 mm 

Brightness* 90 

Contrast* 65 

Pixel time 2.9 μs 

Pixel size 1 nm 

Chamber cleaning# 60 s 

Sample cleaning# 10 s 

*  These data are specific for used SEM Magellan 400L (FEI) 

# The plasma cleaning was done optionally for some data-sets to suppress the 

contamination.  

 

Desired amount of scans of the bright-field (BF) and the dark-field (DF1 and DF2) 

images (e.g. 50) of the same area of the sample with the magnification of 100,000x was 

collected. Only DF1 and DF2 (Fig.3.2) were used because with the other dark-field segments, 

the electrons scattering was too low and there was barely some signal. The image processing 

of acquired micrographs was programmed in MATLAB. In the most destroyed (i.e. the most 

recently taken) image, the region of interest (ROI) was defined, and in this area within all 

images the mean value of the signal in the scanned image vs. the total dose applied to the 

sample was calculated. 
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8.2 First approach to the measurement 

At first, the polygonal ROI (Fig.8.1) was used because we wanted as large area as 

possible but without the edges and hole caused by the electron beam in the middle of the 

image. The electron beam stops between every scan in the middle of the scanning area and 

burns the hole. The edges are excluded because of the sample drift caused by big 

magnification.  

The total dose 𝑫𝒏 for the specimen and given scan n was calculated according to the 

equation (7) for the specimen and given scan n: 

 𝐷𝑛 =
𝑛 ∙ ∆𝑡 ∙ 𝐼𝑝

∆𝑠2 ∙ 𝑒
 (7)  

where n is the order number of the image, Δt is the pixel time in [s], Ip is the probe 

current in [A], Δs is the pixel size in [nm2] and e = 1.6 x 10-19 C is the elemental charge.  

 

  

Fig.8.1. Polygonal ROI: a) the original image, b) placement of ROI. 

 

The mass of the embedding media decreases until the limit dose of the sample. At this 

point, nonlinearities begin to occur. They are caused by the contamination of the sample from 

the resin evaporation and contaminants from the specimen chamber. At first, we tried to fit a 

line to the measured data in a least squares sense. We used standardized Chi-square and the 

norm of the residuals to decide until which value of the total dose the measured data are linear 

and term this value as a limit dose for certain setting.  

8.2.1 Results for measured data sets of Epon resin 

The samples of Epon of the thickness 30nm were investigated with the bright-field 

and dark-field imaging.  

The results for the bright-field are presented in Fig.8.2. In a), the limit dose is 

approximately 500 electrons to square nanometer [e-/nm2]. The signal is decreasing linearly 
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until the limit dose. To suppress the effect of the contamination and to extend the linear part 

as much as possible, a plasma cleaning of the chamber was used. The result for bright-field 

after the plasma cleaning is visible in Fig.8.2 b). It may be seen that the chamber cleaning 

prolonged the linear part and the limit dose is approximately 1000 e-/nm2. Same workflow 

was followed also for the other imaging modes (detectors) and samples. The dark-field 1 and 

2 was tested. The signal was not that strong such as for bright-field and the data had higher 

variance and the level of noise. Therefore, the results were encumbered by greater error. This 

is one reason, why the results for DF are not similar to the results for BF. The difference 

between the sample before and plasma cleaning was minimal for dark-field data.  

 

 

a) 

 

 

b) 

Fig.8.2. Dependence of the bright-field signal on the total dose, Epon, 30 nm, 30 kV, 

1.6 pA, 50 scans: a) without plasma cleaning, b) with plasma cleaning. 

 

 

a)  

  

b) 

Fig.8.3. Dependence of the bright-field signal on the total dose, Epon, 60 nm, 30 kV, 

1.6 pA: a) 20 kV, 31 scans, b) 30 kV, 50 scans. 
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The results for bright-field detector for the 60 nm thin sample may be seen in Fig.8.3. 

The influence of the acceleration voltage is presented. The limit dose as well as average pixel 

value is lower for the acceleration voltage of 20 kV (a). The measured data follow the idea of 

linear fit really well. 

The samples of the thickness 100 nm and 150 nm were investigated as well. The 

plasma cleaning of the surface of the sample was performed. This technique might be 

problematic, because the top layer of the surface is removed by the cleaning so the sample 

gets thinner. The slight improvement of the stability of the sample in BF was observed, while 

in DF the variance of the data got worse. The results showed that the thicker the sample, the 

higher the stability under the electron beam, and the lower the variance of the measured data.  

According to the experiment presented in [20], the mass loss follows an exponential 

decay. Even though, they used acceleration voltage of 300 kV the similar dependence might 

be applied probably also to the low acceleration voltage. We tried to carry out an exponential 

fit into the calibrated data which will be discussed in the next section. The data were 

recalculated to the dependence of negative natural logarithm of the bright-field signal to the 

total irradiation dose corresponding to the thickness of the sample. 

According to [20], the equation for thickness may be: 

 𝑡 = 𝑎 ∙ exp (−
𝐷

𝑏
) + 𝑐 (8)  

 

where 𝑎 and 𝑐 are constants, 𝐷 is applied dose and 𝑏 is so called the damage dose.  

 Further, for the BF applies: 

 𝐵𝐹 = exp(−𝑑 ∙ 𝑡). (9)  

 

If we make a logarithm of equation (9), it may be written: 

 𝑙𝑛(𝐵𝐹) = −𝑑 ∙ 𝑡. (10)  

 

In both, 𝑡 is thickness and 𝑑 is constant. If we put together equation (8) and (10), we can 

write: 

 −𝑙𝑛(𝐵𝐹) =
𝑎

𝑑
∙ exp (−

𝐷

𝑏
) +

𝑐

𝑑
 (11)  

 

An example of the exponential curve fitted to our data may be seen in Fig.8.4. The 

MATLAB curve fitting tool was used for presented fits. It is visible that the measured data 

really follow the exponential trend, and that the mass decreases exponentially rather than 

linearly. However, many articles (e.g. [21]) work with the linear fitting. Even though, the 

results are interesting, investigation of these dependencies in detail is out of boundaries of this 

thesis. Nevertheless, the following research will be focused on their investigation. 

  



51 

 

a)  b) 

Fig.8.4. Exponential curve fitted to the measured data, Epon, 30 kV, 1.6 pA: a) 100 nm, 

b) 150 nm. 

8.3 Second approach to the measurement 

Even though the first results were good, in January 2014, the scanning technique was 

improved thanks to the new software in our external scanning device. The new function keeps 

the primary electron beam between the scans out of the scanned area. It eliminated the 

problem with the hole in the middle of the image with which we were working before. 

Therefore, the mass loss of embedding media in the scanned area of the sample is caused only 

by the scanning. However, the sample still burns through most likely in the central area of the 

image. Therefore, a circular ROI was placed in the middle of the image. We tried different 

sizes but we ended up with quite small size of the circle because it shows the best the limit 

dose (the dose when the sample burns through). The used ROI may be seen in Fig.8.5. 

 

8.3.1 Normalization of the measured data to probe current applied to 

the investigated sample 

A calibration to normalize the measured data was performed. All used segments of the 

STEM detector (BF, DF1, DF2) were imaged directly with the electron beam with known 

probe current, and analogically these segments were imaged also without the beam to obtain 

offset. These two types of the images represent two extremes (0 and 1). Measured data have 

to be always in the range <0, 1>. These images were taken after every data set.  

The algorithm (calibration_DP.m) was programmed in MATLAB 7.10.0 R2010a. At 

first, the dynamic range of the image values was adjusted to be in range 0 – 1 to have the 

standard grayscale where MATLAB functions for the image processing can be applied. Then, 

a convolution with smoothing mask (mask = (1/25)*ones(5,5)) was made and a 

threshold by using the Otsu´s algorithm (thresh = graythresh(img2)) was defined. 
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This method finds the threshold that minimizes the weighted within-class variance. This 

threshold is afterwards used to convert an intensity image to a binary image by function 

im2bw (BW_ring = im2bw(img2,thresh)). We found the coordinates of the BW_ring 

where it is equal to 1. Afterwards, this mask was applied to the original images of the empty 

detectors and of the specimen holder and we calculated mean values (�̅� and �̅� ) of this area 

within the images. These values were used later in the algorithm for calculation of the mass 

loss where we recalculate the mean of the analysed image in the chosen circular ROI using 

following equation: 

where 𝑽′ is a vector of normalized measured data (new calibrated value of mean of the 

analysed image), �̅� is the original value of mean of the analysed image, �̅� is the value of mean 

of the image of empty detector and �̅� is the value of mean of the image of specimen holder.  

The lowest possible acceleration voltages were used for the experiments (1.6 pA). The 

microscope MAGELLAN does not measure the low values of probe current really well. 

Therefore, the optimization of the probe current was needed. This might not be a problem for 

other applications but for our purposes the precise value of the current is important. 

Therefore, the probe current value for used acceleration voltages was measured by a pico-

ammeter in a Faraday cup placed into the specimen chamber of the microscope. The measured 

value fluctuated in range from 1.47 to 1.57 pA, when the microscope measured 1.6 pA.  

Besides the accurate probe current values, we collected also the same calibration 

images as mentioned above and calculated from them �̅� and �̅� for BF, DF1 and DF2, and 

named them as PN and TN. Now, we have all needed values for calculation of the value of 

the probe current for any image set taken under the measured acceleration voltages. The probe 

current value may be calculated according to the following equation:  

where 𝑷𝒓𝑺 is desired accurate probe current value for processed data set, 𝑷𝒓𝑵 is the 

measured probe current value, 𝑷𝑵 is the value of �̅� for the new calibrating image, 𝑻𝑵 is the 

value of �̅� for the new calibrating image, �̅� is the value of mean of the image of empty 

detector of the old calibrating image and �̅� is the value of the mean of the image of specimen 

holder of the old calibrating image. The value of the accurate probe current for certain data set 

is used for calculation of the total dose applied to the observed sample in the following 

algorithm (mass_loss.m). 

The equation for calculation of the total dose is similar to the equation (7). Thus, the 

total dose for the specimen and given scan n may be calculated as: 

 𝑇𝐷 =
𝑛 ∙ ∆𝑡 ∙ 𝑃𝑟𝑆

∆𝑠2 ∙ 𝑒
 (14)  

 𝑉′ =
�̅� − �̅�

�̅� − �̅�
  (12)  

  𝑃𝑟𝑆 = 𝑃𝑟𝑁 ∙
�̅� − �̅�

𝑃𝑁 − 𝑇𝑁
 (13)  
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where 𝑻𝑫 is the final total dose in [el/nm2], n is the order number of the image, Δt is 

the pixel time in [s], PrS is the probe current in [A], Δs is the pixel size in [nm] and e = 1.6 x 

10-19 C is the elemental charge.  

 

8.3.2 Calculation of mass loss of the investigated sample 

The algorithm mass_loss.m, programmed in MATLAB 7.10.0 R2010a, calculates the 

mass loss of the investigated sample from the set of images taken from the same area of the 

specimen. The results from the calibration are also the inputs to this algorithm. First of all, we 

choose the data set (BF, DF1, DF2) of images for the analysis. In our case, we usually 

collected 50 images of the same area of the sample with the magnification of 100,000x.  

The region of interest in the most destroyed (i.e. the most recently taken) image was 

defined. As was mentioned earlier, we chose the circular type of ROI (Fig.8.5). The red 

square in Figure approximately defines the area for the most suitable placement of the ROI. 

According to our measurements, the sample starts to burn through most likely in this area. 

The circular ROI was placed into the middle of the image in our experiments. 

 

The work flow is similar to the calibration algorithm. The mean value and the standard 

deviation of the values in the ROI for every scan were calculated in for cycle in the 

algorithm. The mean is used for normalization of the measured data by the equation (12) 

within this cycle, and the total dose is calculated according to the equation (14)  

This is followed by fitting the line (find a linear part) to the measured data, and so to 

find the limit dose for the investigated sample. The polynomial curve fitting ([pfit,pfitS] 

 

Fig.8.5. Placement of the circular ROI into examined image. The red square defines 

the area for the most suitable placement of the ROI. 
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= polyfit(xx,yy,1)) was used. This function returns the polynomial coefficients and the 

structure containing fields for values useful for analysis such as a degrees of freedom or a 

norm of the residuals. The Chi-square, normalized Chi-square and the norm of the residuals 

were used to decide where is the limit dose which the sample can tolerate, i.e. where the linear 

part ends. At this point, nonlinearities begin to occur. They are caused by the contamination 

of the sample from the resin evaporation and from the contaminants from the specimen 

chamber. The limit dose was set and the graphs plotted. The slope of the line fit for set limit 

dose occurs by the single mouse click on the graph. 

8.3.3 Results for measured data sets 

The samples of Epon, Spurr and LR White of the thickness 30, 60 and 150 nm were 

investigated. The algorithms described in the previous text were used for computer processing 

of the measurements. The results are presented in the form of graphs of the amount of 

electrons scattered to the detector to the total dose applied to the sample. Some data go 

outside the normalized range <0, 1> because of some errors during measurements, especially 

fluctuations of the probe current that was for these measurements extremely low. 

 

Tab.8.2. Limit doses for samples of thickness 30 nm in bright-field 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 10 Not burned through  >1,240 

Epon 15 Not burned through >1,263 

Epon 20 Not burned through >1,393 

Epon 30 Not burned through >1,412 

Spurr 10 7 – 8  176 

Spurr 15 13 332 

Spurr 20 13 351 

Spurr 30 19 537 

LR White 10 Not burned through >1,280 

LR White 15 15 382 

LR White 20 13 353 

LR White 30 15 421 

 

The results for bright-field images for all mentioned media of the thickness 30 nm are 

in Fig.8.6. and in Tab.8.2. We can compare the graphs with the micrographs taken after the 

last scan at half magnification (for Epon Fig.8.7, for Spurr Fig.8.8 and for LR White Fig.8.9). 

It is visible, that Epon do not burn through with any acceleration voltage. There is just lighter 

rectangle caused by the mass loss in the scanned area. The burned spot in all images in the 
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top-left corner is a place where the electron beam is kept between the scans. Because the 

sample did not burned through in 50 scans the limit dose might be even higher. 

Spurr and LR White are visibly much more sensitive to the electrons. Spurr has the 

highest limit dose for 30 kV same like Epon. LR White burned through in all data set except 

10 kV. This is very interesting but it might be caused by the worse focus of the sample 

(Fig.8.9). It is not easy to focus properly because the signal is really low at 10 kV and the 

sample destroys quite quickly during the focusing on high magnification (100,000x).  

 

 

a) 

 

b) 

 

c) 

 

d) 

Fig.8.6. Mean value of the bright-field signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 30 nm: a) 10 kV, 

b) 15 kV, c) 20kV, d) 30 kV.  

 

Even though, we are the most focused and interested in bright-field, results for dark-

field 1 (Fig.8.10) and dark-field 2 (Fig.8.12) are presented. The curves are not that nicely 

smooth such as for bright-field. The reason was described earlier. They are also opposite to 

BF curves, when it reaches 0, the sample is burned. Furthermore, it is visible in any dark-field 
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graph that the fraction of the scattered electrons on the y-axis is in very narrow range of 

values. This is caused by small scattering angles that the DF segments collect. Therefore, also 

the signal-to-noise ratio is smaller. 

 

 

a) 

 

b) 

 

c) 

 

d) 

Fig.8.7. BF micrographs showing an overview of the area scanned many times (50x) 

taken after the last scan at a half magnification (50,000x) of Epon of thickness 30nm 

and probe current 1.6 pA: a) 10 kV, b) 15 kV, c) 20kV, d) 30 kV.  

 

As was mentioned above, the sample burns through more quickly in dark-field 

imaging mode. The limit doses of embedding media for dark-field 1 are listed in Tab.8.3, and 

the limit doses for dark-field 2 in Tab.8.4. Even the very stable Epon burns through on all 

acceleration voltages except 30 kV. In Fig.8.11, there is shown the difference in the mass loss 

at 20 kV and 30 kV. According to this, it seems that the acceleration voltage of 30 kV could 

be the most suitable for our samples. Spurr and LR White burn in both dark-field 1 and 2 for 

all acceleration voltages except LR White which does not burn through in DF2 at 10 kV 

100 nm 

100 nm 100 nm 

100 nm 
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(Fig.8.12.). The second highest total dose is at 20 kV. Moreover, the results for dark-field 2 of 

Spurr and dark-field 1 of LR White are against the thought, that 30 kV is the ideal 

acceleration voltage. The highest limit dose for them is at 20 kV. Obviously, the samples 

behave a bit different in bright-field and dark-field imaging. 

 

Tab.8.3. Limit doses for samples of thickness 30 nm in dark-field 1 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 10 9 245 

Epon 15 15 403 

Epon 20 11 312 

Epon 30 Not burned through  >1,416 

Spurr 10 3 82 

Spurr 15 6 158 

Spurr 20 6 169 

Spurr 30 9  255 

LR White 10 3 140 

LR White 15 7 186 

LR White 20 12 331 

LR White 30 8 226 

 

 

 

a) 

 

b) 

100 nm 100 nm 
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c) 

 

d) 

Fig.8.8. BF micrographs showing an overview of the area scanned many times (50x) 

taken after the last scan at a half magnification (50,000x) of Spurr of thickness 30nm 

and probe current 1.6 pA: a) 10 kV, b) 15 kV, c) 20kV, d) 30 kV.  

 

Tab.8.4. Limit doses for samples of thickness 30 nm in dark-field 2 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 10 11 287 

Epon 15 15 410 

Epon 20 42 1,177 

Epon 30 Not burned through  >1,432 

Spurr 10 4 114 

Spurr 15 5 137 

Spurr 20 14 401 

Spurr 30 14 395 

LR White 10 Not burned through 1,411 

LR White 15 6 165 

LR White 20 38 1,081 

LR White 30 13 369 

 

 

100 nm 100 nm 
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a) 

 

b) 

 

c) 

 

d) 

Fig.8.9. BF micrographs showing an overview of the area scanned many times (50x) 

taken after the last scan at a half magnification (50,000x) of LR White of thickness 

30nm and probe current 1.6 pA: a) 10 kV, b) 15 kV, c) 20kV, d) 30 kV. 

 

 

a) 

 

b) 

100 nm 

100 nm 100 nm 

100 nm 
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c) 

 

d) 

Fig.8.10. Mean value of the dark-field 1 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 30nm: a) 10 kV, b) 15 kV, 

c) 20 kV, d) 30 kV.  

 

 

 

 

a) 

 

b) 

Fig.8.11. DF 2 micrographs showing an overview of the area scanned many times 

(50x) taken after the last scan at a half magnification (50,000x) of Epon of thickness 

30nm and probe current 1.6 pA: a) 20kV, b) 30 kV. 

 

 

100 nm 100 nm 
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a) 

 

b) 

 

c) 

 

d) 

Fig.8.12. Mean value of the dark-field 2 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 30 nm: a) 10 kV, 

b) 15 kV, c) 20 kV, d) 30 kV.  

 

The results of bright-field for the samples of the thickness 60 nm are presented 

(Fig.8.14, Tab.8.5). According to the curves LR White has the worst stability under the 

electron beam. It burns through at all accelerating voltages. The highest limit dose for LR 

White is 448 e-/nm2 at 30 kV. The limit dose is higher than at the same acceleration voltage 

for 30 nm sample. On the other hand, Epon and Spurr can get dose over 1,429 e-/nm2. The 

limit dose for them is much higher than for the 30 nm slice, where Spurr burned through. The 

sample is more stable because it is thicker. In Epon, there is so low mass loss that the scanned 

area in an overview micrograph is barely visible in comparison to Spurr (Fig.8.13). 

The curves for DF1 (Fig.8.15) and DF2 (Fig.8.16) are such as for the 30 nm samples, 

thus with the higher data variance than in BF. The limit doses are presented in Tab.8.6 (DF1) 

and Tab.8.7 (DF2). Epon and Spurr are again very stable. They did not burn through during 

50 scans at any acceleration voltage. Their limit doses are beyond the 1,410 e-/nm2. Moreover, 
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Spurr seems to be even more stable than Epon at 10 kV and 20 kV according to the graphs for 

DF1. The lowest stability has again LR White and the values of limit dose for DF1 and DF2 

are quite similar, around 227 e-/nm2. 

 

 

a) 

 

b) 

Fig.8.13. BF micrographs showing an overview of the area scanned many times (50x) 

taken after the last scan at a half magnification (50,000x) of thickness 60nm and 

probe current 1.6 pA: a) Epon, 20kV, b) Spurr, 20 kV. 

 

Tab.8.5. Limit doses for samples of thickness 60 nm in bright-field 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 10 Not burned through >1,291 

Epon 15 Not burned through >1,272 

Epon 20 Not burned through >1,384 

Epon 30 Not burned through >1,429 

Spurr 10 Not burned through >1,262 

Spurr 15 Not burned through >1,281 

Spurr 20 Not burned through >1,382 

Spurr 30 Not burned through >1,429 

LR White 10 9 229 

LR White 15 8 203 

LR White 20 15 410 

LR White 30 16 448 

 

 

 

100 nm 100 nm 
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a) 

 

b) 

 

c) 

 

d) 

Fig.8.14. Mean value of the bright-field signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 60 nm: a) 10 kV, 

b) 15 kV, c) 20 kV, d) 30 kV.  

 

 

a) 

 

b) 



64 

 

 

c) 

 

d) 

Fig.8.15. Mean value of the dark-field 1 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 60 nm: a) 10 kV, 

b) 15 kV, c) 20 kV, d) 30 kV.  

 

Tab.8.6. Limit doses for samples of thickness 60 nm in dark-field 1 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 10 Not burned through >1,387 

Epon 15 Not burned through >1,382 

Epon 20 Not burned through >1,434 

Epon 30 Not burned through >1,411 

Spurr 10 Not burned through >1,363 

Spurr 15 Not burned through >1,346 

Spurr 20 Not burned through >1,449 

Spurr 30 Not burned through >1,427 

LR White 10 4 109 

LR White 15 5 134 

LR White 20 7 201 

LR White 30 8 228 
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Tab.8.7. Limit doses for samples of thickness 60 nm in dark-field 2 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 10 Not burned through >1,403 

Epon 15 Not burned through >1,390 

Epon 20 Not burned through >1,417 

Epon 30 Not burned through >1,414 

Spurr 10 Not burned through >1,403 

Spurr 15 Not burned through >1,362 

Spurr 20 Not burned through >1,418 

Spurr 30 Not burned through >1,429 

LR White 10 3 83 

LR White 15 7 190 

LR White 20 6 170 

LR White 30 8 227 

 

 

 

a) 

 

b) 
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c) 

 

d) 

Fig.8.16. Mean value of the dark-field 2 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 60 nm: a) 10 kV, 

b) 15 kV, c) 20 kV, d) 30 kV.  

 

The last sample thickness which will be discussed is 150 nm. These samples were 

investigated only at two acceleration voltages (20 kV and 30 kV). The reason is that the most 

of the measured samples have the highest tolerated dose approximately at these voltages. 

Moreover, these slices might be called thick slices. They were prepared and investigated as an 

extreme examples. Usually, the ultrathin sections observed in the TEM have the thickness 

under the 90 nm. 

 

 

a) 

 

b) 

Fig.8.17. Mean value of the bright-field signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 150 nm: a) 20 kV, 

b) 30 kV. 
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The results for bright-field imaging are in Fig.8.17 and Tab.8.8. None of the samples 

burned through, but LR White at both acceleration voltages and Spurr at 30 kV are close to it. 

The samples have very good stability under the electron beam because of their thickness. The 

most stable is Epon followed by Spurr and the last one is LR White. The limit dose for Epon 

might be higher than 1,422 e-/nm2, probably 1,500 e-/nm2 or even higher.  

 

Tab.8.8. Limit doses for samples of thickness 150 nm in bright-field 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 20 Not burned through >1,377 

Epon 30 Not burned through >1,422 

Spurr 20 Not burned through >1,377 

Spurr 30 Not burned through >1,418 

LR White 20 Not burned through >1,363 

LR White 30 Not burned through >1,408 

 

 

a) 

 

b) 

Fig.8.18. Mean value of the dark-field 1 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 150 nm: a) 20 kV, 

b) 30 kV. 

 

The results for data measured by dark-field 1 imaging are presented in Fig.8.18 and 

Tab.8.9. They are not that straight forward such as for bright-field. Epon almost burned 

through in both cases but the limit dose is again over 1,400 e-/nm2. Spurr behaved similarly to 

Epon at 20 kV but at 30 kV it burned through in 17th image. 

In this place, we can say how much it depends on the good focus of the sample. 

Another data set of DF1 of Spurr at 30 kV with worse focus was measured and the sample did 
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not burn through. The same, we tried later on samples cleaned by the plasma with the same 

result. LR White burned through for both 20 kV and 30 kV with the maximal limit dose of 

309 e-/nm2. 

 

Tab.8.9. Limit doses for samples of thickness 150 nm in dark-field 1 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 20 Not burned through >1,433 

Epon 30 Not burned through >1,426 

Spurr 20 Not burned through >1,424 

Spurr 30 17 483 

LR White 20 9 257 

LR White 30 11 309 

 

The results for dark-field 2 are presented in Fig.8.19 and Tab.8.10. They are very 

similar to results for dark-field 1. The only change is in the limit doses. For Epon, it is almost 

the same value. For Spurr, the limit dose is about 200 e-/nm2 higher than in DF1. The limit 

dose for LR White at 30 kV is more than twice as big as for DF1, thus 656 e-/nm2.  

 

 

 

a) 

 

b) 

Fig.8.19. Mean value of the dark-field 2 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 150 nm: a) 20 kV, 

b) 30 kV. 
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Tab.8.10. Limit doses for samples of thickness 150 nm in dark-field 2 

Investigated sample 
Acceleration voltage 

[kV] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon 20 Not burned through >1,435 

Epon 30 Not burned through >1,424 

Spurr 20 Not burned through >1,416 

Spurr 30 24 687 

LR White 20 13 371 

LR White 30 23 656 

 

Plasma cleaning 

As was mentioned earlier, the microscope has tool for the plasma cleaning. We can 

clean the specimen chamber or the surface of the sample. The results of sample surface 

plasma cleaning are presented in this section. The plasma cleaning was made just for the 

acceleration voltage of 30 kV and the sample thickness: 60 and 150 nm. For better 

comparison, here are also graphs without the plasma cleaning, which were shown in previous 

section of this Chapter.  

The results of bright-field imaging of the 60 nm thin sample at 30 kV may be seen in 

Fig.8.20 and Tab.8.11. Epon and Spurr did not burn through before and either after the 

application of the plasma cleaning. However, the measured limit doses are a bit lower. Bigger 

difference (276 e-/nm2) is in the curve of LR White. It burned through much faster than before 

the plasma cleaning. 

 

 

a) 

 

b) 

Fig.8.20. Mean value of the bright-field signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 60 nm at 30 kV: a) 

without and b) with plasma cleaning. 
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Tab.8.11. Limit doses of Epon, Spurr, LR White, 60 nm, 30 kV, BF, plasma cleaning 

Investigated sample 
Sample surface plasma 

cleaning [yes/no] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon no Not burned through >1,429 

Epon yes Not burned through >1,392 

Spurr no Not burned through >1,429 

Spurr yes Not burned through >1,409 

LR White no 16 448 

LR White yes 6 172 

 

Tab.8.12. Limit doses of Epon, Spurr, LR White, 60 nm, 30 kV, DF1, plasma cleaning 

Investigated sample 
Sample surface plasma 

cleaning [yes/no] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon no Not burned through >1,411 

Epon yes Not burned through >1,418 

Spurr no Not burned through >1,427 

Spurr yes Not burned through >1,410 

LR White no 8 228 

LR White yes 11 310 

 

 

a) 

 

b) 

Fig.8.21. Mean value of the dark-field 1 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 60 nm at 30 kV: a) 

without and b) with plasma cleaning. 
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The results of dark-field 1 of the 60 nm thin sample are presented in Fig.8.21 and 

Tab.8.12. It has opposite trend in comparison to the BF. The values of the curves are higher 

than before the plasma cleaning. We got rid of the negative values on y-axis, which indicates 

more accurate measurement. The limit doses are also higher after the cleaning except for 

Spurr. 

Dark-field 2 for the 60 nm thin sample was measured as well. The results are 

presented in Fig.8.22 and Tab.8.13. Again, there is visible movement to the positive values on 

y-axis. There is repeating same trend like in bright-field, and so opposite to dark-field 1. Epon 

and Spurr did not burn through and the limit dose is lower after the application of the sample 

surface plasma cleaning. LR White burned through a bit slower before the cleaning. 

 

Tab.8.13. Limit doses of Epon, Spurr, LR White, 60 nm, 30 kV, DF2, plasma cleaning 

Investigated sample 
Sample surface plasma 

cleaning [yes/no] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon no Not burned through >1,414 

Epon yes Not burned through >1,413 

Spurr no Not burned through >1,429 

Spurr yes Not burned through >1,416 

LR White no 8 227 

LR White yes 7 197 

 

 

a) 

 

b) 

Fig.8.22. Mean value of the dark-field 2 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 60 nm at 30 kV: a) 

without and b) with plasma cleaning. 

The second sample thickness used for measurement with the plasma cleaning was 150 

nm. The results for bright-field images are in following Fig.8.23 and Tab.8.14. Both effects 
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of the sample surface plasma cleaning in may be seen in these data. The stability of Epon did 

not change nearly at all. On the one hand, LR White did not burn through before the 

application of the cleaning, but after that it burned in the 11th scan. The difference in the limit 

doses of the measured data is really high (1,101 e-/nm2). On the other hand, Spurr which had 

high mass loss before the cleaning became more stable after the plasma cleaning, even 

though, the measured limit dose is slightly lower. This shows that plasma cleaning of the 

sample surface might be good tool for some application but it can make the specimen worse 

too. We never know what it exactly does with the sample and how big layer of the sample was 

removed. Only thing which may be altered is the length of the cleaning. We used 10 s for the 

150 nm and 30 s for the 60 nm thin slices. 

 

Tab.8.14. Limit doses of Epon, Spurr, LR White, 150 nm, 30 kV, BF, plasma cleaning 

Investigated sample 
Sample surface plasma 

cleaning [yes/no] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon no Not burned through >1,422 

Epon yes Not burned through >1,423 

Spurr no Not burned through >1,418 

Spurr yes Not burned through >1,404 

LR White no Not burned through >1,408 

LR White yes 11 307 

 

 

a) 

 

b) 

Fig.8.23. Mean value of the bright-field signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 150 nm at 30 kV: a) 

without and b) with plasma cleaning. 

The results for dark-field 1 imaging of the 150 nm thin slices are shown in Fig.8.24 

and Tab.8.15. The obtained data moved to the positive values, such as for DF1 and DF2 of 30 
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nm sample. The results (i.e. the limit doses) are worse after the plasma cleaning for all three 

embedding media. The biggest difference in the tolerance to the electron beam was again for 

LR White, but this time only 82 e-/nm2. 

 

 

a) 

 

b) 

Fig.8.24. Mean value of the dark-field 1 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 150 nm at 30 kV: a) 

without and b) with plasma cleaning. 

 

Tab.8.15. Limit doses of Epon, Spurr, LR White, 150 nm, 30 kV, DF1, plasma cleaning 

Investigated sample 
Sample surface plasma 

cleaning [yes/no] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon no Not burned through >1,426 

Epon yes Not burned through >1,414 

Spurr no 17 483 

Spurr yes 16 453 

LR White no 11 309 

LR White yes 8 227 

 

The results for dark-field 2 scans for slices of the thickness 150 nm are presented in 

Fig.8.25 and Tab.8.16. We obtained different results than for all previous cases. The sample 

of Epon changed its stability. Even though, it did not burned through before the cleaning, it 

perforated in the 26th scan after the cleaning. The difference between the limit dose before and 

after is approximately 686 e-/nm2. It is not that well visible from the graph but the control 

with the collected images confirms this fact. Perhaps, some error during the measurement, 

some noise in the image or the low signal-to-noise ratio led to this worse visibility of the 

perforation of the sample in the graphs. The sample tolerance (i.e. the limit dose) of LR White 
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decreased after the surface plasma cleaning too. Conversely, the stability of Spurr increased 

after the plasma cleaning. 
 

 

a) 

 

b) 

Fig.8.25. Mean value of the dark-field 2 signal in the scanned image vs. total 

irradiation dose for Epon, Spurr and LR White of thickness 150 nm at 30 kV: a) 

without and b) with plasma cleaning. 

 

Tab.8.16. Limit doses of Epon, Spurr, LR White, 150 nm, 30 kV, DF2, plasma cleaning 

Investigated sample 
Sample surface plasma 

cleaning [yes/no] 

Order number of first 

image burned through  

Limit dose for sample 

from measured data  

[e-/nm2] 

Epon no Not burned through >1,424 

Epon yes 26 738 

Spurr no 24 687 

Spurr yes 28 794 

LR White no 23 656 

LR White yes 8 228 

 

Measurement of Epon and Spurr at extreme conditions 

The measuring conditions such as the probe current, the pixel time and the plasma 

cleaning were altered to find the limits of Epon and Spurr which seems to be very stable under 

the primary electron beam. The samples of the thickness 60 nm were used for these 

measurements. The surface of the sample was exposed by plasma for 30 s.  

At first, the probe current of 6.3 pA, the acceleration voltage of 30 kV and the pixel 

time of 2.9 µs were set. Epon did not burn through after 50 scans (Fig.8.26 a). On the other 

hand, Spurr burned through in the 12th scan. Second experiment was made only for Epon to 

find its limit. We used the probe current 6.3 pA, the acceleration voltage 30 kV and the pixel 
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time 23.1 µs. Epon did not burn through in this experiment either (Fig.8.26 b). It is great 

example of the mass loss, even with 3D-like effect.  
 

 

a) 

 

b) 

Fig.8.26. BF micrographs showing an overview of the area scanned 50x taken after 

the last scan at a half magnification (50,000x) of Epon, 60nm, plasma cleaning, probe 

current 6.3 pA and pixel time: a) 2.9 µs and b) 23.1 µs.  

 

Third try was made again only for Epon and it had following setting: the probe current 

13 pA, the acceleration voltage 30 kV and the pixel time 11.6 µs. Even though, the sample 

did not burn through, there is a massive movement with visible changes of the sample 

(Fig.8.27). In the last experiment, we changed just the pixel time to 46.1 µs, and visible big 

changes in the sample (e.g. stretching) were already in the first scan. This combinations of the 

pixel time and the probe current were already too much for the 60 nm thin sample of Epon. It 

showed the best stability under the electron beam from the measured media. 
 

 

Fig.8.27. BF micrographs showing an overview of the area scanned 50x taken 

after the last scan at a half magnification (50,000x) of Epon, 60nm, plasma 

cleaning, probe current 13 pA and pixel time 11.6 µs. 

100 nm 

100 nm 100 nm 



76 

 

9 Measurement of electron beam induced mass loss 

of embedded biological sample 

After the investigation of the samples of pure embedding media, a biological sample 

embedded in them were observed. The biological sample was Euglena gracilis. This 

unicellular flagellate protist is widely used in the laboratory as a model organism. It is 

approximately 35 – 55 µm long and 6 – 25 µm wide [22]. An image of such an organism is in 

Fig.9.1 (light microscopy) and in Fig.9.2 a) TEM and b) SEM. Mutated Euglena gracilis was 

used for presented experiments. Therefore, the organisms might look a bit different than these 

presented in this Figure. The micrograph of our sample of Euglena in Epon is in Fig.9.3. 

Stained sample of the thickness 30 nm (a) and sample of the thickness 60 nm without staining 

(b) are shown. The shapes of cells are similar to those in Fig.9.1. Notice the holes inside the 

cells. There have been some storage grains (e.g. starch, paramylon), whole chloroplasts or 

different vesicles which fell out during cutting of the ultrathin sections, other steps of the 

preparation or manipulation with the sections. The light areas inside the cells are paramylon 

grains (PG). Paramylon is a carbohydrate similar to starch and it is a storage polysaccharide 

of the Euglenophytes. The paramylon is product of synthesis in chloroplasts. The starch grains 

are inside the chloroplast, while the paramylon grains are freely dispersed with the whole cell, 

but outside the chloroplasts. The paramylon grains were washed out during the sample 

preparation and there is embedding media infiltrated to the cells instead [23]. The nucleus (N) 

with the nucleolus (NC), the paramylon grains (PG) and the pellicular ridges (PR) are visible 

in Figure. Details of the cells will be shown in the other images too. 

 

 

Fig.9.1. Euglena gracilis in microscope with phase contrast [22]. 

5 µm 
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An image of Euglena gracilis from scanning electron microscope is in Fig.9.2 b). The 

plasmatic membrane of the cell is corrugated. It may be seen in cross-section images as the 

pellicular ridges. 

We had available the biological samples embedded in Epon (the sample thickness 30, 

60, 100, 150 and 200 nm) and Spurr (the sample thickness 60 nm), with and without the 

staining. The contrast was enhanced by the osmium tetroxide solution and the samples were 

stained by the lead citrate and uranyl acetate. We investigated their stability under the electron 

beam and altered the measuring conditions and also calculated the total irradiation dose. 

 

 

a) 

 

b) 

Fig.9.2. Euglena gracilis: a) in TEM [23], b) in SEM [24]. Flagellum (F), 

paraflagellar body (PF), chloroplast (CHL), stigma vesicles (ST), reservoir (R), 

paramylon (PA), contractile vacuole (CV). 

 

The total dose applied to the investigated sample is calculated according to the same 

equation as for the pure embedding media (equation (7)). Therefore, we may change the total 

dose by the probe current, the acceleration voltage, the pixel time and the pixel size (by 

magnification). The closer to the sample (i.e. higher magnification), the higher the applied 

dose. The longer the pixel time, the higher the total dose, etc. The smaller the pixel size the 

higher the total dose. Based on our measurements of the pure media, we used the acceleration 
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voltage of 30 kV for all following measurements. The probe current of values 3.1 and 6.3 pA 

was used to obtain higher signal and better contrast. 

 

 

a) 

 

b) 

Fig.9.3. BF micrographs of our sample of Euglena gracilis in Epon in low voltage 

STEM, probe current 3.1 pA: a) 30 nm, stained, b) 60 nm, not stained. Nucleus (N), 

nucleolus (NC), paramylon grains (PG), pellicular ridges (PR). 

 

The effect of various length of the pixel time at certain settings of the other values is 

shown in Tab.9.1. The total doses are really low. For example, for dose of 2.3 e-/nm2, there is 

nearly no difference of the material in an overview image. If we enlarge the magnification to 

35,000, with the pixel time 30 µs, then the applied dose is 75.6 e-/nm2, and some sample may 

burn through (Fig.9.6). In the ideal case, the electron beam should be focussed to the pixel 

size and it can be problem to do so for the low magnification. Then, the real total dose can be 

much higher that the calculated dose. 

 

Tab.9.1. Example of influence of pixel time to total dose, probe current 3.1 pA, magnification 

15,000x 

Pixel time [µs] Magnification [x]  
Probe current 

[pA] 
Pixel size [nm] 

Total irradiation 

dose [e-/nm2] 

1 15,000 3.1 6.47 0.5 

5 15,000 3.1 6.47 2.3 

10 15,000 3.1 6.47 4.6 

30 15,000 3.1 6.47 13.9 

100 15,000 3.1 6.47 46.2 

 

N

  
PG  

NC  

PG  

PR  

PR  
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Tab.9.2. Example of influence of pixel time to total dose, probe current 3.1 pA, magnification 

100,000x 

Pixel time [µs] Magnification [x]  
Probe current 

[pA] 
Pixel size [nm] 

Total irradiation 

dose [e-/nm2] 

1 100,000 3.1 0.97 20.5 

5 100,000 3.1 0.97 103 

10 100,000 3.1 0.97 205 

30 100,000 3.1 0.97 616 

100 100,000 3.1 0.97 2,052 

 

Let us take an example of the higher magnification (100,000x) which was used for the 

investigation of the pure embedding media and it is used also in some of the following 

experiments. The values of the total dose are much higher (Tab.9.2) and cause visible 

differences in the sample (the mass loss). The sample is focussed as much as possible and the 

calculated dose is approximately equal to the actual dose. Always depends on what we want 

to investigate in the sample. Shorter pixel time goes hand in hand with lower signal-to-noise 

ratio. Longer scanning provides less noisy image but with higher mass loss (Fig.9.10). 

9.1 Euglena gracilis in Epon, not stained, thickness of 30 nm  

The biological sample embedded in Epon, 30 nm thin and not stained was 

investigated. We collected 15 scans of the same area of the sample. The difference of the 

condition of the sample between 1st and 15th scan is shown in Fig.9.4 or Fig.9.5 a) and b). The 

dose applied to every scan was calculated to 209 e-/nm2. The total dose is accumulating by 

every other scan, which means that in 15th scan, the sample is irradiated approximately by 

3,128 e-/nm2. The probe current of 6.3 pA and the pixel time of 5 µs were used for this 

measurement. 

An overview of the scanned area may be seen in Fig.9.4 c) or Fig.9.5 c). This is 

perfect example to present the sample mass loss caused by the scanning. The sample has its 

thickness and we can imagine it in 3D. Notice the change in a size of the almost circular 

compartment in the overview. We got to the lower levels of the sample by scanning. Some 

change in the structure in the other parts may be seen too. It is an image of nucleus. The dark 

areas are nucleoli or their parts or just cluster of heterochromatin. The chromatin is dense and 

creates clusters if the cell divides with lower frequency. 

In Fig.9.6, there is an overview (magnification 15,000x) of the sample scanned with 

the magnification 35,000x, the probe current 3.1 pA and the pixel time 30 µs. The total dose 

was calculated to 75.6 e-/nm2. The burnings are marked by a red circles. It burned through in 

the area of embedding material. The plasmatic membrane with the pellicular ridges (PR) 

changed a bit as well but it is obviously more stable than surrounding embedding media. In 
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the scanned area of the cell, there is cytoplasm with organelles ribosomes, proteins, 

mitochondria and plasmid or chloroplast with thylakoids. For accurate answer, we would have 

to prepare the sample in other way (labelling). We tried another scan of different area of the 

sample with identical microscope setting, and it burned in the area of the embedding media. 

The experiment with 15 scans presented earlier also shows the stability of the biological 

sample. The sample was exposed to the much higher dose and it did not burned through.  

 

I. 

 

a) 

II. 

 

b) 

III. 

 

c) 

 

d) 

 

e) 

 

f) 

Fig.9.4. BF micrographs of the nucleoplasm of Euglena gracilis in Epon, probe 

current 6.3 pA, thickness of the section 30 nm showing beam damage of: a) not 

stained, b) stained sample. I: 1st scan, II: 15th, III: overview of the area scanned 15x 

taken after the last scant at a half magnification (50,000x).  

 

The investigated sample was coated with a 5 nm thin layer of amorphous carbon. We 

were interested if the carbon would make the sample more stable and enhance the contrast. 

The results with coating are nearly similar to those without the coating. The layer helps to the 

sample stability but the contrast is comparable. Example of images after the coating are in 

Fig.9.7. The nucleus (N) with the nucleolus (NC) inside (a) and an image of cytoplasm with 

the mitochondria (M) are presented (b). 
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I. 

 

a) 

II. 

 

b) 

III. 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

j) 

 

k) 

 

l) 
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Fig.9.5. BF micrographs of the nucleoplasm of Euglena gracilis in Epon, probe 

current 6.3 pA showing the beam damage in dependence to the thickness of the not 

stained sample: a, b, c) 30 nm, d, e, f) 100 nm, g, h, i) 150 nm, j, k, l) 200 nm. I: 1st 

scan, II: 15th, III: overview of the area scanned 15x taken after the last scant at a half 

magnification (50,000x). 

 

 

Fig.9.6. BF micrograph showing an overview of the scanned area of Epon, 30nm, 

not stained and probe current 3.1 pA. Pellicular ridges (PR), burning caused by 

scanning are marked by a red circles.  

 

 

a) 

 

b) 

Fig.9.7. BF micrographs of Euglena in Epon, 30 nm, not stained, probe current 

6.3 pA and with carbon coating: a) nucleus (N), nucleolus (NC), b) mitochondria (M). 

NC  
N  

M M 

PR  
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9.2 Euglena gracilis in Epon, stained, thickness of 30 nm 

We made the same experiment such as in the previous text also for stained sample 

embedded in Epon of the thickness 30 nm. The scanning conditions were same, therefore also 

the total irradiation doses are same. Thus, the total dose of 209 e-/nm2 to every scan, so in 

total for last scan 3,128 e-/nm2.  

The images are presented in Fig.9.4 d) and e). We can barely see some difference, but 

the area is a bit lighter. An overview of this area is in Fig.9.4 f), where is even harder to see 

the mass loss in the scanned area (the area is marked by a red square). There might be 

different reasons for that. First of all, it is in an area of the nucleus where the matrix is more 

dense and compact (i.e. stable) and second of all and especially, it is caused by the staining. 

The negative effect of the staining is shown in Fig.9.8. The artefacts (i.e. black dots in 

the image marked by arrows) may occur in the image when we do not wash out the staining 

solution properly. Firstly, it disturbs the image and secondly, it may cover some important 

details of the sample. We already mentioned, that sometimes it is hard to distinguish the 

artefacts from the real structures of the sample (the small black dots in the area of chloroplasts 

can be plastoglobuli [23], but they might be easily mistaken). On the other hand, we have to 

say that staining has its big importance and some structures are barely seen without it. On the 

left in Fig.9.8, there is nucleus. The smaller darker areas in its matrix might be nucleoli, their 

parts or just dense heterochromatin. The magnified area of the nucleoplasm was shown and 

discussed earlier. The paramylon grains (PG) are visible in the image. Fat globules or storage 

grains are often inside the cells. Two starch grains (SG) which did not fell out or were not 

wash out during the preparation and manipulation. 

 

 

Fig.9.8. BF micrograph of biological sample in Epon, 30 nm thin showing the errors 

caused by staining (arrows). Paramylon grains (PG), starch grains (SG). 
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a) 

 

b) 

Fig.9.9. BF micrographs showing an overview of area scanned once, Epon, 30 nm, 

stained and probe current 3.1 pA: a) 1st scan, b) 2nd scan. Mitochondria (M), 

microtubules (MT), pellicular ridges (PR). 

 

 

a) 

 

b) 

Fig.9.10. BF micrographs of Euglena in Epon, 30 nm, stained and probe current 

6.3 pA: a) 1st scan, pixel time 5 µs, b) 2nd scan, pixel time 30 µs. Paramylong grains 

(PG), pellicular ridges (PR), pyrenoids (PY), thylakoids passing through 

the pyrenoid (PYL). 

 

Fig.9.9 shows an overview of the area scanned with the dose 103 e-/nm2 (settings in 

Tab.9.2). An overview was taken at half magnification and the pixel time 5 µs, thus the dose 

applied to this area after that scan is 128 e-/nm2. This overview was scanned one more time 

but with the pixel time of 10 µs which gives the total dose 180 e-/nm2. It is visible that longer 
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scanning time supresses the noise in the image. The plasmatic membrane stretched because of 

the irradiation and the mass loss. One mitochondria (M) in the cytoplasm is nicely visible. In 

each pellicle, near the articulation zone, there are microtubules (MT), and according to images 

in [23] some mucus vesicles. 

 

 

a) 

 

b) 

 

c) 

 

d) 

Fig.9.11. BF micrographs of Euglena in Epon, 30 nm, stained and showing flagellum: 

a) attached, b) detached, c) in the cell, (probe current 3.1 pA), d) cross-section (probe 

current 1.6 pA). Flagellum (F), reservoir (R), mitochondria (M), paramylon grains 

(PG), chloroplast (CHL), thylakoids (THY), Golgi aparathus (G), vesicles with 

decomposed material (VC). 

 

Whole Euglena in Epon is in Fig.9.10. This image shows the difference in the signal-

to-noise ratio for the pixel time of 5 µs (a) and 30 µs (b). To the first image was applied dose 

of 0.89 e-/nm2 and to the second one was applied cumulated dose of 6.2 e-/nm2, which has 
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again really low negative influence on the sample and there is barely visible some mass loss. 

The chloroplasts of Euglena may have a pyrenoids inside. These pyrenoids are so called 

naked pyrenoids, i.e. they are never associated with the paramylon grains and they are not 

sheathed by the paramylon caps. The fine granular stroma of the pyrenoid (PY) is penetrated 

by the thylakoids (PYL). The paramylon grains (PG) outside of the chloroplasts, the plasmatic 

membrane with the pellicular ridges (PR) are visible. According to the size of paramylon 

grains may be approximately decided how old the cell is. The young cell has small grains and 

the aged cell is crowded with big paramylon grains [23].  

Euglena gracilis has a flagellum which is used for the movement of the organism. The 

flagellum has length of 1/2 to 2/3 of the body length [22]. It is really thin and it can detach or 

break during the preparation of the sample. An examples of the flagellum (F) is in Fig.9.11. In 

a), there is flagellum attached to the cell but broken. Some mitochondria (M) are in the 

cytoplasm. The mitochondria are often in the area of the flagellum because they produce 

energy for the movement. The paramylon grains (PG) are also close to the flagellum because 

they works as a storage. Detached flagellum fixed between the cells and two mitochondria 

(M) inside the cell are visible in b). The total dose for both images was very low, 0.3 e-/nm2. 

An image of the flagellum inside the cell is presented in c). It is located in the reservoir (R). 

The Golgi apparatus (G) and the mitochondria are visible in the image. In our sample, there 

were many cross-sections of the flagellum (d). It is placed in the reservoir (canal) and around 

it is big chloroplast with the thylakoids (THY). Some mitochondria (M) and the vesicle with 

decomposed material (VC) are also visible [23]. The total dose applied to this sample was 

14.8 e-/nm2. 

 

 

a) 

 

b) 

Fig.9.12. BF micrographs of Euglena in Epon, 30 nm, stained and probe current 

6.3 pA: a) reservoir (R), pellicular ridges (PR), mitochondria (M), chloroplast (CHL), 

b) clathrin-coated vesicles (CLV).  
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In Fig.9.12 a), there is visible reservoir (R) (canal) of flagellum, with mitochondria 

(M) and chloroplasts (CHL) in the cytoplasm. There are probably also some contractile 

vacuole or vesicles. The cross-section of pellicular ridges (PR) can be seen in many images. 

They have characteristic shape for some species of Euglena. In our sample, there is mixture of 

different types. M-type, A-type or just plateau-like ridges are visible [23]. The applied dose to 

the sample was 0.8 e-/nm2. Detail of clathrin-coated vesicles (CLV) which were found in the 

sample are presented in Fig.9.12 b) [23]. The total dose for this scan was 148 e-/nm2. 

9.3 Euglena gracilis in Epon, not stained, thickness of 60 nm 

We investigated the biological sample in Epon of the thickness 60 nm without the 

sample staining. Fig.9.13 shows the cytoplasm with the mitochondria or the plasmid. There is 

quite much noise in the image. The pixel time was 5 µs and the total dose applied to the 

sample (a) was 300 e-/nm2. In an overview of the scanned area (b), there is visible the mass 

loss of the sample. The sample did not burned through because of its thickness and the short 

scanning time. The sample of the thickness 30 nm would probably perforate.  

Another image of the cellular structure is in Fig.9.14. The sample was scanned with 

the pixel time 10 µs and the calculated total dose is 417 e-/nm2 which is roughly 100 e-/nm2 

more than for sample in Fig.9.13. The mass loss is much higher in comparison with the 

previous image.  

 

 

a) 

 

b) 

Fig.9.13. BF micrographs of Euglena in Epon, 60 nm, not stained and probe current 

6.3 pA: a) 1st scan, b) an overview of scanned area. 

 

Fig.9.15 shows an images of starch grains. There is good contrast in the image even 

though, it is without the staining which is used to enhance the contrast of the biological 
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structures. In a), there is visible also part of the flagellum (F). The total dose applied to this 

scan was 50.2 e-/nm2 and to b) 78.2 e-/nm2. The used pixel time was 30 µs. 

 

 

a) 

 

b) 

Fig.9.14. BF micrographs of Euglena in Epon, 60 nm, not stained and probe current 

6.3 pA: a) 1st scan, b) an overview of scanned area. 

 

 

a) 

 

b) 

Fig.9.15. BF micrographs of Euglena in Epon, 60 nm, not stained and probe current 

6.3 pA: a), b) starch grains (SG). Flagellum (F). 

9.4 Euglena gracilis in Spurr, not stained, thickness of 60 nm 

The biological sample embedded in Spurr of the thickness 60 nm and not stained was 

examined as well. A perfect example of the mitochondrion (M) is in Fig.9.16 a). The total 

dose applied to this sample was calculated to 86.8 e-/nm2 (pixel time 10 µs). In b), there is an 
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overview of the scanned area. The dose applied to the scanned area after this second scan was 

112 e-/nm2. The mass loss of embedding media as well as of biological structure is visible. 

The contrast is again very good even without the staining.  

 

 

a) 

 

b) 

Fig.9.16. BF micrographs of Euglena in Spurr, 60 nm, not stained and probe current 

3.1 pA: a) mitochondrion (M), b) an overview of scanned area. 

 

 

Fig.9.17. BF micrographs of Euglena in Spurr, 60 nm, not stained and probe current 

3.1 pA. Mitochondrion (M), reservoir (R), flagellum (F), stigma (ST). 

 

Fig.9.17 shows another example of the mitochondrion (M). The flagellum (F) in the 

reservoir (R) and the stigma (ST) are also visible. The pixel time of the first scan (a) was 

10 µs with the total dose 25.2 e-/nm2.  

We tried also experiment with the probe current 6.3 pA, the pixel time 10 µs, the 

magnification 100,000x which means the total dose of 417 e-/nm2 and the sample burned 

M 

M 
F 

ST 

R 



90 

 

through. Other example with the probe current 6.3 pA, the pixel time 10 µs, the magnification 

80,000x and the total dose of 269 e-/nm2 and the sample burned through as well. 

 

 

a) 

 

b) 

Fig.9.18. Micrographs of Euglena in Spurr, 60 nm, not stained and probe current 

3.1 pA: a) bright-field, b) dark-field 1. Pellicular ridges (PR). 

 

 

a) 

 

b) 

Fig.9.19. BF micrographs of Euglena in Spurr, 60 nm, not stained, probe current 

6.3 pA and with carbon coating: a) flagellum (F), paraflagellar body (PB), reservoir 

(R), b) pellicular ridges (PR), stigma (ST), mitochondria (M).  

An example of the biological structure in the dark-field imaging mode may be seen in 

Fig.9.18 b). Same area but in the bright-field is in a). The dark-field imaging may be useful in 

this area, because it shows what is not visible in the bright-field. Here, for example, some 

structures surrounding the cell. There is an option to choose from various dark-field modes 

and their combinations (DF1-DF4, HAADF). Always, it depends on the sample which of the 
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dark-field modes provides the best results. DF1 is more suitable for the samples with lower 

electron scattering angles. If the scattering in the sample is to the larger angles, with DF4, 

HAADF may be detected good signal. 

The carbon coating of investigated sample was made. The images before and after the 

coating are comparable without big differences. In Fig.9.19 a), there is part of the cell with the 

flagellum (F) in the reservoir (R). The darker place on the flagellum is the paraflagellar body 

(PB). It is also an overview of area scanned with higher magnification. To the smaller scanned 

area was applied the total dose of 166 e-/nm2. The pellicular ridges of M-shape, and the 

cytoplasm with the mitochondria (M) and the stigma (ST) are in (b) [23]. The applied dose to 

this scan was 154 e-/nm2. 

9.5 Euglena gracilis in Epon, not stained, thickness of 100 nm 

The samples of Euglena in Epon of the thickness 100 nm without the staining was 

investigated. The same experiment as for the thinner sample was made. The first and the last 

scan (15th) of the same area of the sample is presented in Fig.9.5 d) and e). The difference in 

the sample is obvious and in the overview f), there is visible mass loss in the scanned area of 

the nucleus. The calculated total dose applied to every scan is 209 e-/nm2, so in total for the 

last scan 3,128 e-/nm2. The used pixel time was 5 µs. 

 

 

a) 

 

b) 

Fig.9.20. BF micrographs of biological structure in Epon, 100 nm, not stained and 

probe current 6.3 pA: a) 1st scan, b) an overview of scanned area. Chloroplast (CHL), 

pellicular ridges (PR). 

 

Different area of the sample was scanned with the total dose of 1,764 e-/nm2 and did 

not burn through (Fig.9.20 a). The used pixel time was again 100 µs. The chloroplast (CHL) 

in the cytoplasm and the pellicular ridges (PR) are visible in this image. There is evident mass 
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loss in the scanned area in the overview (b) but the sample did not burned through. The total 

dose applied to the scanned area after this scan was 1,815 e-/nm2.The sample started to burn 

through in the end of the scan in the next experiment. The measuring conditions were: the 

pixel time 30 µs, the probe current 6.3 pA and the magnification 65,000x. It means the total 

irradiation dose of 529 e-/nm2 which is 454 e-/nm2 more than for sample of thickness 30 nm 

with same result. The overview of scanned area is in Fig.9.21 a). There is the chloroplast 

(CHL) in the cytoplasm in the image. The place of the burning is marked by a red circle. In 

Fig.9.21 b), there is very well visible the chloroplast (CHL) with the thylakoids (THY) inside. 

The dose applied to this scan was 154 e-/nm2. 

As was mentioned earlier, the areas of the sample where some cellular structures fell 

out during the preparation are problematic and more sensitive. The sample scanned in this 

area started to burn with total dose of 167 e-/nm2. Even though, the magnification was not too 

high (20,000x), the pixel time was 100 µs which has already big effect on the mass loss.  

 

 

a) 

 

b) 

Fig.9.21. BF micrographs of biological structure in Epon, 100 nm, not stained and 

probe current 6.3 pA: a) an overview of scanne area, b) chloroplast (CHL), thylakoids 

(THY), burning marked by a red circle. 

9.6 Euglena gracilis in Epon, stained, thickness of 100 nm 

Stained samples of Euglena in Epon of the thickness 100 nm were examined. This 

sample is already quite thick and there is more sample mass. Therefore, some structures might 

cover each other and the image seems blurred. More mass means also more staining solution. 

The images seems dark in comparison to thinner samples which is not advantageous. 

In Fig.9.22 a), there is the mitochondrion (M) and the chloroplast (CHL) in the 

cytoplasm. The applied dose to this sample was 25.6 e-/nm2. The used pixel time was 5 µs. 

The cross-section of the flagellum (F) in the reservoir (R), the pellicular ridges (PR), the 
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mitochondrion (M) and the stigma (ST) are visible in (b). The total dose for this scan has 

value 78.2 e-/nm2 with the pixel time 30 µs. For the total dose of 160 e-/nm2 applied to some 

other scan of the sample, the mass loss was high but the slice did not burned through because 

of its thickness. The loss of the contrast and of the details caused by the sample thickness is 

visible in the collected images. Higher noise occurs in the images even with longer scanning 

time. 

 

a) 
 

b) 

Fig.9.22. BF micrographs of biological structure in Epon, 100 nm, stained and probe 

current 6.3 pA: a) chloroplast (CHL), mitochondrion (M), b) flagellum (F), reservoir 

(R), stigma (ST), pellicular ridges (PR). 

9.7 Euglena gracilis in Epon, not stained, thickness of 150 nm 

The biological sample of the thickness 150 nm without the staining was investigated 

as well. The same experiment with 15 scans of the same area of the sample was made. The 

results are visible in Fig.9.5 g) and h). The mass loss of the scanned area (nucleus) is visible. 

Notice also the movement of the sample which is great in comparison to the thinner samples.  

An overview of the scanned area is in Fig.9.5 i). There is visible uneven brighter square 

representing the scanned area. The calculated total dose applied to every scan is 209 e-/nm2, it 

means the total dose of 3,128 e-/nm2 to the last scan. The used pixel time was 5 µs. 

The image of the area with part of the flagellum is presented in Fig.9.23. The 

flagellum (F) in the reservoir (R), the chloroplast (CHL) and the mitochondrion (M) in the 

cytoplasm are visible. Notice the white vesicles on the left from the reservoir membrane. 

These are the stigma vesicles (ST), which compose the eyespot [23]. The total dose applied to 

the first scan was 78.2 e-/nm2. The used pixel time was 30 µs. 
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a) 

 

b) 

Fig.9.23. BF micrographs of biological structure in Epon, 150 nm, not stained and 

probe current 6.3 pA: a) flagellum (F), reservoir (R), stigma vesicles (ST), 

mitochondrion (M), chloroplast (CHL), b) an overview of scanned area. 

 

Figure Fig.9.24 a) shows some storage grain which has other grain inside. The top of 

the first one was cut out during the sample preparation but the inner one stayed untouched. 

The dose applied to this scan was only 25.6 e-/nm2 with used pixel time of 5 µs. Other part of 

this sample was scanned and the overview of this area is shown in (b). To the scanned area 

was given the total dose of 607 e-/nm2. Change of the sample, mainly in the area of 

embedding media, is very visible but the sample did not burned through. 

 

 

a) 

 

b) 

Fig.9.24. BF micrographs of biological structure in Epon, 150 nm, stained and probe 

current 6.3 pA: a) storage grain, b) an overview of other scanned area. Pellicular 

ridges (PR). 
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9.8 Euglena gracilis in Epon, not stained, thickness of 200 nm 

The last examined sample had the thickness 200 nm which is already very thick. These 

kind of samples are not usually used for the investigation in the transmission electron 

microscope. It loses the contrast and details because less electrons can go through the slice 

and reach the detector. The experiment with 15 scans of the same area of the sample was done 

for this sample (Fig.9.5 j) and k)). It means the total dose of 209 e-/nm2 to every scan and 

3,128 e-/nm2 to the last scan. The used pixel time was 5 µs. In comparison to the same 

experiment for 150 nm, there is only small movement of the sample during the scanning. 

Some change in the shape or the size of the nucleolus in the scanned area is barely visible 

Fig.9.5 l).The Golgi apparatus (G) of Euglena is presented in Fig.9.25 a). The Golgi apparatus 

is system of canals and vesicles (cisternae), and it processes and sort proteins from the 

endoplasmic reticulum for transport to the other parts of the cell. One mitochondrion (M) is 

visible under the Golgi apparatus. The cross-section of flagellum (F) is in b). The difference 

between thick and thin sample is obvious. The shape of the pellicular ridges (PR) may be 

easily distinguished in images of thin sample but in the thicker sample it is problematic. The 

same applies also to the chloroplast visible in the image, no inner structure is noticeable. On 

the other hand, the microtubules (MT) inside the flagellum are visible very well in this image. 

The dose applied to both samples during scan was 78.2 e-/nm2 for the pixel time of 30 µs.  

 

 

a) 

 

b) 

Fig.9.25. BF micrographs of biological structure in Epon, 150 nm, stained and probe 

current 6.3 pA: a) Golgi apparatus (G), mitochondrion (M), b) flagellum (F), reservoir 

(R), microtubules (MT), pellicular ridges (PR). 

 

In all presented measurements, most of the time, the perforation starts in the area of 

the embedding media, which means that the embedding media is more sensitive to the 

irradiation than the biological structures. The areas where cellular compartments fell out may 
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be problematic. There might be the biological sample more sensitive. Even though, the 

biological structure is more stable, burning of the surrounding media has a negative effect to 

the sample. Of course, the stability of the investigated sample always depends on its 

composition. One workflow cannot be applied to all kind of samples. 

9.9 Suggestion of an experiment 

As was mentioned earlier, it is not possible to set one ideal workflow and experimental 

environment. Following advices for the experimental settings are based on our measurements. 

According to the measurements of the pure embedding media, the best acceleration 

voltage is 30 kV. The electron scattering is lower, the mean free electron path is longer, and 

effect of inelastic scattering which causes the mass loss is smaller. The sample provides the 

best stability at this acceleration voltage. Thanks to the lower acceleration voltages in the 

STEM-in-SEM, the contrast is enhanced. The stability of the sample is related to the 

embedding media. According to the presented measurements, Epon has the best stability 

under the electron beam, and it is suggested to use it. The second best was Spurr and then LR 

white (characteristics of the resins are described in Chapter 7). 

Next important parameter is the electron dose applied to the sample (Equation (7) or 

(14)). The total dose may be altered by the probe current and the pixel time. For LR White, 

which is really sensitive it is better to choose lower probe current: 1.6 pA, possibly 3.1 pA 

for the pixel time of 10 µs, where the total dose is approximately 205 e-/nm2 for the 

magnification of 100,000x. Epon and Spurr are more stable so higher probe current (e.g. 

3.1 pA or 6.3 pA) may be used. The total irradiation dose for the probe current of 6.3 pA, the 

magnification of 100,000x and the pixel time of 10 µs is 417 e-/nm2 which is approximately 

twice as big as for 3.1 pA. Also it is better to use higher probe current for the thicker samples 

and oppositely. According to the measurements of the biological samples, the suggestion is to 

use the probe current of 3.1 pA which is good compromise between 1.6 pA and 6.3 pA. This 

value of the probe current together with the pixel time of 10 µs seems to be optimal for the 

biological sample. It destroys the sample slower than 30 µs and the noise in the image is 

acceptable. With the lower magnifications may be used longer pixel time. Depends if the 

large structures or the details are observed.  

The most suitable sample thickness is 60 nm. The electrons can easily go through the 

sample to detector. Good results provides also sample with the thickness 30 nm, but the total 

dose tolerated by the sample is lower. Thicker samples are not suitable for observation of the 

transmitted electrons at the low acceleration voltages. The contrast is really good even 

without the staining for the samples of thickness 30 and 60 nm. It is advantageous, because 

the staining makes the sample preparation longer and brings some artefacts to the images. 

These suggestions are derived from our measurements but the settings may vary from the 

sample to the sample and from the application to the application. 
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Conclusion 

This master´s thesis described principles of the TEM, SEM and STEM, as well as the 

preparation of samples for investigation in TEM (STEM). The basic methods used in the 

microscope image processing were discussed. Because there are not many articles about the 

comparison of STEM images at the electron energies for SEM, some approaches to this 

problem were suggested. The first one is the measurement of mass loss of the sample caused 

by the incident electron beam. The other one may be a qualitative comparison of the fine 

structures of the investigated sample or a quantitative approach comparing the signal-to-noise 

ratio of images.  

This thesis was focused on the mass loss of embedding media in the low-voltage 

STEM at acceleration voltages 10 – 30 kV. There is not a lot of information about the 

behaviour of electron sensitive materials (e.g. embedding media, biological samples) in the 

low voltage STEM but the use of this imaging method is increasing, and sometimes it may 

replace conventional TEM. According to our measurements, the mass loss of the sample plays 

an important role in investigation of these materials by the low acceleration voltages, and 

attention should be paid to this issue.  

The behaviour of the pure embedding media under the electron bombardment was 

investigated. Three embedding media, Epon, Spurr and LR White, were chosen for presented 

experiments. The blocks of these media were cut to the slices of thickness 30, 60, 100, 150 

and 200 nm. All experiments were made with the SEM Magellan 400L (FEI). Bright-field 

(BF) and dark-field (DF1 and DF2) images of the same area of the sample with magnification 

100,000x were collected (usually in series of 50 images). The measuring conditions (e.g. 

acceleration voltage, probe current, etc.) were altered. An algorithm for the image processing 

was made in MATLAB, and two approaches to the measurement were presented. The first 

one resulted in dependence of the average pixel size with the total dose applied to the sample, 

and the limit dose which may be tolerated by the sample was set. The effect of the microscope 

chamber plasma cleaning to measured data was presented as well. It eliminated contaminants 

from the chamber, and the sample tolerated more electrons per square nanometer (higher 

irradiation dose). It was shown that the thicker the sample, the more stable the sample is under 

the electron beam.  

This measurement was improved and calibrated such as the result was graph of the 

measured data (electrons scattered to the STEM detector) to the total dose applied to the 

sample corresponding to the probe current. The results for different acceleration voltages and 

thicknesses of the sample were compared. In average, the lower acceleration voltage, the 

lower stability. The best stability was obtained for measurements with 30 kV, then 20 kV, 

followed by 15 and 10 kV. Higher acceleration voltages have lower level of electron 

scattering, longer mean free electron path and lower inelastic scattering which causes the 
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mass loss. Lower acceleration voltages could be better for much thinner samples than we had 

available. These acceleration voltages are still much lower than in conventional TEM or 

dedicated STEM (60 – 300 kV). Thanks to the lower acceleration voltage we may get better 

contrast in the images even without the staining of the biological sample. According to the 

results acceleration voltages of 20 and 30 kV were used in following experiments. The effect 

of the sample surface plasma cleaning was tested. For some samples, the effect was positive 

and they accepted higher dose. For most of the samples, the effect was negative, and the 

samples burned through earlier than without the plasma cleaning. However, we should be 

careful using this tool. It may be advantageous for some applications usually, in material 

sciences, but there is also a risk of worse results especially for the biological samples. 

According to the literature, Epon and Spurr have quite good stability under the 

electron beam in comparison to LR White, which is more sensitive to irradiation by electrons. 

Our experiments confirmed this claim. The most stable was Epon, which resisted even 

extreme scanning settings. The second place belongs to Spurr, and the worst stability was 

shown by LR White. Epon also provides large scattering, better contrast, and lower viscosity 

than Spurr. 

The biological samples (Euglena gracilis) embedded in Epon and Spurr were 

investigated. All samples (pure embedding media, biological samples) were prepared with the 

cooperation of Institute of Parasitology of the ASCR. According to the measurements it is 

possible to obtain really good contrast of the biological specimen in STEM-in-SEM even 

without the staining, which can cause different artefacts and makes the results less reliable. 

Our results also showed that the sample burns through in the area of embedding media more 

likely than in the biological structure. Based on the results, the sample of thickness 60 nm 

provided better contrast than samples of thickness 30 nm. The electron penetration is bad for 

thicker samples (100, 150 or 200 nm) and details of the biological structures cannot be well 

distinguished. The scanning time affects the level of noise in the image. The faster scanning, 

the more noise in the image. The pixel time has a really big influence on the sample, and it 

might be easily destroyed since it is directly proportional to the electron dose applied to the 

sample. The effect of carbon coating was tested. The results showed, that the 5 nm thick layer 

of amorphous carbon does not improve neither the stability nor the contrast of the sample.  

According to the measurements, the suggestion of an experiment for similar kinds of 

samples is: the acceleration voltage of 30 kV, the probe current of 3.1 pA, the sample 

thickness 60 nm, the pixel time of 10 µs and biological sample embedded in Epon resin. This 

is just an example, and the settings may vary according to the used sample and desired result. 

Our research brought truly interesting and useful information for people working with 

electron microscopy in the biomedical area. However, some research remains to be 

undertaken. It will include investigation of other types of embedding media and biological 

samples embedded in them, improvement of algorithms, finding of new relations between 

measured data, and connection with other programmes and techniques.  
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List of symbols, physical constants and abbreviations 

ACF Autocorrelation function 

ADF Annual dark field 

AE Auger electron 

AIB 2,2-azo-bis-isobutyronitrile 

AR Autoregressive method 

BDMA Benzyl dimethylamine 

BF Bright-field 

BSE Backscattered electron 

CCD Charge-coupled Device 

CHL Chloroplast 

CLV Clathrin-coated vesicles 

CMOS Complementary Metal-Oxide-Semiconductor 

cps centipoise 

CRT Cathode ray tube 

DER 736 Diglycidyl ether of polypropyleneglycol 

DF Dark-field 

DF1 Dark-field 1 

DF2 Dark-field 2 

DMAE Dimethylaminoethanol 

DMP-30 2,4,6-tridimethylamino methyl phenol 

DSSA Dodecenyl succinicanhydride 

EELS Electron energy loss spectrometer 

E-T Everhart-Thornley Detector 

F Flagellum 

FEG Field Emission Gun 

HAADF High-angle annual dark field 

LaB6 Lanthanum hexaboride 

M Mitochondrion 
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MLTDEAR mixed Lagrange time delay estimation autoregressive model 

MP Morphological processing 

MT Microtubule 

N Nucleus 

NC Nucleoli 

NMA Nadic methyl anhydride 

NSA Nonenyl succinic anhydride 

PB Paraflagellar body 

PG Paramylon grain 

PR Pellicular ridge 

PY Pyrenoid 

PYL Thylakoids passing through the pyrenoid 

R Reservoir 

ROI Region of Interest 

SE Secondary electron 

SEM  Scanning Electron Microscope 

SFE Schottky Field Emitter 

SG Starch grain 

SNR ration Signal-to-noise ration 

ST Stigma vesicles 

STEM Scanning Transmission Electron Microscope 

TE Transmitted electrons 

TEM Transmission Electron Microscope 

THY Thylakoids 

TTL Through-the-Lens Detector 

VC Vesicles with decomposed material 

VCD Vinylcyclohexane dioxide 

Z Atomic number 
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Investigation of electron beam induced mass loss of embedding media in the 

low voltage STEM 
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The STEM (scanning transmission electron microscope) is useful device combining features 

of scanning and transmission electron microscopes. The sample in form of ultrathin section is 

scanned by the electron probe and the transmitted electrons are detected. Except the dedicated 

STEMs [1] this mode can exist as options in both TEM and SEM [2]. The STEM based on the 

SEM equipped by a transmission detector (often called as low voltage STEM) was used for 

presented experiments. Nowadays, the low voltage STEM is more often used, and in many 

cases replaces the typical TEM. Here, we report investigations of embedding media that are 

typically used for TEM preparation of biological samples. 
 

The STEM detector may be able to detect both bright-field and dark-fields images (Figure 1). 

It uses much lower acceleration voltages (30 kV and below) than conventional TEM or 

dedicated STEM (60-300 kV). Moreover, biological samples suffer from the lack of contrast 

which is normally enhanced by staining with salts of heavy metals (lead citrate and uranyl 

acetate). Then, we face the problem if the stained structure is real or if it is only artefact. 

Thanks to low voltage STEM where the electrons have lower mean free electron path, the 

staining is not needed and the obtained images are more reliable. Possibility to achieve better 

contrast and also better resolution without staining and low dose imaging makes the STEM 

suitable for biological applications [3]. 
 

Materials like biological samples, polymers including embedding media are electron beam 

sensitive. There are few types of sample damages by the electron beam. Two the most 

important are the mass loss and the contamination. Both types of damages depend on the used 

electron energy and the electron dose applied to the sample. The mass loss depends on the 

sample composition and the contamination results from the poor vacuum in the specimen 

chamber of the SEM, cleanness of the sample surface, etc. 
 

For simplicity, we have started with estimation of the mass loss of different types of 

embedding media for biological samples. We collected bright-field (BF) images of the same 

area at the sample; an overview of the scanned area taken after the last scan at a half 

magnification shows the increase of the signal due to the mass loss (Figure 2a). The Figure 2b 

shows the change of the BF signal to the total dose of electrons for all three embedding 

media. The experiments have been done using SEM Magellan 400L (FEI) at 30 kV and a 

probe current of 1.6 pA. Samples in the form of 100 nm thin sections were cut from blocks of 

pure embedding media Epon, Spurr and LR White.  
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The image processing was programmed in MATLAB.  

Our results show that the mass loss at 30 kV can be high even at a dose of 500 el/nm2, where 

for example, the LR white section was completely destroyed. The Epon resin in comparison 

with Spurr resin seems to be more stable under electron beam. At present the samples of 

different thicknesses are investigated using different microscope settings and STEM imaging 

modes. 
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Figure 1.  Schematic drawing of the transmission mode in SEM: (a) STEM detector location, 

(b) solid state STEM detector segments. 

 

 
 

Figure 2.  (a) Bright-field micrograph showing an overview of the many times scanned area 

taken after the last scan at a half magnification of Epon. (b) Mean value of the bright-field 

signal in the scanned image vs. total irradiated dose for LR White, Epon and Spurr. 
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