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Preface 

At present, new products and even new industries rely on radical advances in materials. 

However, it is also important to make incremental improvements using currently 

available materials.  

In situ observations of phenomena are important in material science, where materials 

are observed and photographed in situations where they are used or produced in 

practice. In many cases, chemical intermediates are synthesized in situ during various 

processes. 

In situ transmission electron microscope in dynamic conditions with real-time event 

monitoring can provide useful information during material processing.  

In situ off-axis electron holography allows us to study accurate phase changes in a 

material in various active conditions with different experimental parameters. However, 

phase images often contain imperfections after they are reconstructed from holograms. 

With the development of computational techniques, the digital image processing can 

be used to improve the images obtained by electron microscopy. Thus, the present 

study aimed to apply digital image processing to eliminate the imperfections that 

occur during the digital reconstruction of electron hologram images. A novel method 

of image processing for phase imperfections in electron holography has been 

established and applied to the hologram of some specimens.  

http://en.wikipedia.org/wiki/Timeline_of_materials_technology
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1.1 Preamble 

At present, new products and even new industries rely on radical advances in materials. 

However, it is also important to make incremental improvements using currently 

available materials. Materials science includes materials design, cost-benefit tradeoffs, 

processing techniques, welding, ion implantation, crystal growth, thin-film deposition, 

sintering, and analytical techniques, where the most important areas are related to the 

structure of materials. 

Since the development of nanomaterials, many new materials and devices have 

emerged with numerous applications based on nanotechnology, such as in medicine, 

electronics, biomaterials, and energy production[1,2,3]. 

Nanotechnology is defined as the manipulation of matter where at least one dimension 

is in the range of 1–100 nm according to the US National Nanotechnology Initiative. 

The direct control of matter at an atomic scale and new approaches based on 

molecular self-assembly are required for nanotechnology research and applications 

[4,5,6]. 

The ability of microscopes to resolve the details of an object is limited by the 

wavelength of the light used for imaging, as stated originally by Abbe [7]. Thus, the 

resolution of an optical microscope is limited to a few hundred nanometers. The 

ultraviolet microscopes produced by Köhler and Rohr increased the resolving power 

by about two times [8]. Thus, obtaining an image with sub-micrometer information is 

impossible using an optical microscope because of the wavelength constraint [9]. 

The deflection of "cathode rays" (electrons) using magnetic fields was first recognized 

http://en.wikipedia.org/wiki/Timeline_of_materials_technology
http://en.wikipedia.org/wiki/Welding
http://en.wikipedia.org/wiki/Ion_implantation
http://en.wikipedia.org/wiki/Crystal_growth
http://en.wikipedia.org/wiki/Thin-film_deposition
http://en.wikipedia.org/wiki/Sintering
http://en.wikipedia.org/wiki/List_of_nanotechnology_applications
http://en.wikipedia.org/wiki/Nanomedicine
http://en.wikipedia.org/wiki/Nanoelectronics
http://en.wikipedia.org/wiki/Biomaterials
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-2
http://en.wikipedia.org/wiki/Nanometers
http://en.wikipedia.org/wiki/National_Nanotechnology_Initiative
http://en.wikipedia.org/wiki/Molecular_nanotechnology
http://en.wikipedia.org/wiki/Molecular_self-assembly
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-2
http://en.wikipedia.org/wiki/Diffraction_limit
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/August_K%C3%B6hler
http://en.wikipedia.org/wiki/Moritz_von_Rohr
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-2
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-ruska-3
http://en.wikipedia.org/wiki/Electrons
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by Plücker in 1858 [10-12]. In 1931, the German physicist Ruska in the Knoll group 

successfully constructed a prototype electron microscope with a magnification of four 

hundred times. The device used two magnetic lenses to obtain higher magnifications 

and it was the first electron microscope [13]. The wave nature of electrons was 

predicted by de Broglie in 1927 [14]. The magnification achievable using light 

microscope was exceeded successfully in September 1933 [9].  

Transmission electron microscope (TEM) is the original form of electron microscope, 

which has the capability of imaging at a significantly higher resolution than light 

microscopes because of the smaller de Broglie wavelength of electrons[15]. TEMs 

have applications in cancer research, virology, materials science, pollution, 

nanotechnology, semiconductor research, and so on. 

In the 1970s, Crewe developed the field emission (FE) gun at the University of 

Chicago [16,17], which he installed in a scanning transmission electron microscope 

(STEM) that was used to image single atoms of thorium. Many TEMs use FE guns as 

the source of electrons. FE sources produce two to three orders of magnitude more 

brightness than conventional thermionic emission sources. Thus, FE electron sources 

produce much brighter and higher resolution images with highly coherent interference 

characteristics when used by TEMs [18,19].  

The FE electron source with high stability and illumination characteristics in an 

FE-TEM was developed for electron holography by Tonomura in 1978 [20-22].  

Electron holography was invented by Gabor in 1948 who tried to improve the 

resolution of electron microscopes [23,24]. Two schemes are used for electron 

http://en.wikipedia.org/wiki/Julius_Pl%C3%BCcker
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-4
http://en.wikipedia.org/wiki/Ernst_Ruska
http://en.wikipedia.org/wiki/Max_Knoll
http://en.wikipedia.org/wiki/Prototype
http://en.wikipedia.org/wiki/Matter_wave
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-8
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-ruska-3
http://en.wikipedia.org/wiki/Optical_resolution
http://en.wikipedia.org/wiki/Optical_microscope
http://en.wikipedia.org/wiki/Optical_microscope
http://en.wikipedia.org/wiki/De_Broglie_wavelength
http://en.wikipedia.org/wiki/Cancer_research
http://en.wikipedia.org/wiki/Virology
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Pollution
http://en.wikipedia.org/wiki/Nanotechnology
http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Albert_Crewe
http://en.wikipedia.org/wiki/Field_emission_gun
http://en.wikipedia.org/wiki/University_of_Chicago
http://en.wikipedia.org/wiki/University_of_Chicago
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-13
http://en.wikipedia.org/wiki/Dennis_Gabor
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holography, i.e., off-axis and in-line, and Gabor proposed in-line electron holography. 

However, it is difficult to eliminate twin image effects with this scheme. Thus, Leith 

and Upatnieks proposed optical off-axis holography, which allows the reconstruction 

of separate image and complex conjugate images [25]. In off-axis electron holography, 

an electron wave is split into two parts by applying potential to a very thin filament. 

The deflection of the electron waves by a positive voltage leads to overlapping and an 

interference pattern with equidistantly spaced fringes [26-28]. 

In situ observations of phenomena are important in material science, where materials 

are observed and photographed in situations where they are used or produced in 

practice. In many cases, chemical intermediates are synthesized in situ during various 

processes. For example, aged catalysts in industrial reactors may be regenerated in situ 

without being removed from the reactors. In situ regeneration may be necessary 

because the specimen is unstable and cannot be isolated, or it may simply be more 

convenient. 

In situ TEM in dynamic conditions with real-time event monitoring can provide useful 

information during material processing. Indeed, studies of how materials behave in 

their true state during actual conditions can be valuable [29]. 

The recent development of computational techniques means that digital image 

processing is a versatile and cheap method for enhancing images [30], and it can also 

be used to improve the images obtained by electron microscopy.  

However, phase images often contain imperfections after they are reconstructed from 

holograms. Thus, the present study aimed to apply digital image processing to 
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eliminate the imperfections that occur during the digital reconstruction of electron 

hologram images. This study comprises eight main chapters. 

In chapter one, the background and aims of the study are introduced, including in situ 

off-axis electron holography, phase reconstruction, some digital image processing 

methods for in situ off-axis electron holography and including aberration correction 

for high resolution electron microscopy. 

In chapter two, a new method of digital image processing is proposed and applied to 

the restoration of the phase imperfections in reconstructed phase images own to the 

low contrast of the electron amplitude, which has not be solved at present.  

In chapter there, the new digital image processing methods are applied to a crystal 

structure image, including aberration correction and the restoration of singularities. 

Chapter four considers undulation noise and its elimination. 

Chapter five addresses the simulation of holograms with noise, including Poisson 

noise and Gaussian noise. Image processing methods are also used for noise 

elimination and the restoration of singularities. 

The last chapter summarizes the main achievements of this study. 
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1.2 Off-axis electron holography 

1.2.1 Off-axis electron holography concept 

In general, the phase shift information related to electrons is lost during electron 

microscopy. 

However, the use of electron holography based on the wave properties of electrons 

overcomes this limitation and it allows the electron phase shift to be recovered.  

In particular, off-axis electron holography, which uses an image hologram, has the 

advantage of separating a reconstructed image from its complex conjugate image. This 

facilitates the restoration of microscopic aberrations of phase objects such as 

electromagnetic fields. 

This chapter begins with a description of the experimental and theoretical basis of the 

off-axis electron holography technique. The transmission and interference of electron 

waves are described. Next, electron wave phase shifts are explained based on the 

off-axis electron holography measurement technique. The analysis of aberration 

correction is introduced after describing how to obtain the phase shift information. 

Finally, the applications of in situ off-axis electron holography to nanostructured 

materials are reviewed briefly. 

The wavelength of the photons used to probe the sample and the numerical aperture of 

the system has limited the maximum theoretical resolution that can be obtained with a 

light microscope [31]. All matter has both wave and particle properties, as theorized 

by de Broglie, so electrons exhibit wave-like properties. The wavelength of electrons 

is related to their kinetic energy according to the de Broglie equation. In a TEM, the 

http://en.wikipedia.org/wiki/Photons
http://en.wikipedia.org/wiki/Numerical_aperture
http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-FultzAndHowe-16
http://en.wikipedia.org/wiki/Louis-Victor_de_Broglie
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velocity of electrons approaches the speed of light. Thus, additional corrections must 

be performed to account for relativistic effects [32]. 

In a TEM, the electrons are accelerated by an electric potential and focused by 

electrostatic and electromagnetic lenses onto the specimen. Thus, information about 

the electron density and phase is contained in the transmitted electron beam.  

  

http://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-17
http://en.wikipedia.org/wiki/Electric_potential
http://en.wikipedia.org/wiki/Phase_(waves)
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1.2.2 Electron wave interference 

Electrons can behave as waves, which means that phenomena exhibited by light waves 

may also apply to electron waves, including interference [33]. 

In physics, interference is a phenomenon where two waves superimpose to form a 

resultant wave of greater or lower amplitude. The interaction between waves that are 

correlated or coherent with each other generates interference. These waves either 

always come from the same source or they have exactly the same wavelength. 

Interference effects can be observed with all types of waves, thus interference from 

uniform waves is needed. 

In practice, it is often difficult to obtain interference patterns from two individual 

waves that come from different sources, although the two waves are a uniform type. In 

order to obtain interference, therefore, it is better if both waves have the same source 

point. 

  

http://en.wikipedia.org/wiki/Electrons
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Wave
http://en.wikipedia.org/wiki/Amplitude
http://en.wikipedia.org/wiki/Coherence_(physics)
http://en.wikipedia.org/wiki/Frequency
http://en.wikipedia.org/wiki/Plane_waves
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1.2.3 Introduction to off-axis electron holography 

Over 20 variants of electron holography have been identified [34,35], but off-axis 

electron holography is the most useful, which is illustrated schematically in 

Fig.1-1[36]. 

The highly coherent electron illumination that is incident onto the specimen is 

provided by a FE gun (FEG), which is a high-brightness electron source. The region of 

interest is then positioned to cover approximately half of the field of view. 

A positive voltage, typically between 10 V and 250 V, is applied to the electrostatic 

biprism, which overlaps a wave that has passed through the specimen (object wave) 

with a wave that has passed through the vacuum (reference wave).  

The spacing of the interference fringes produced has an inverse relationship to the 

biprism voltage and the total number of fringes is approximately proportional to the 

square of the biprism voltage. 

The modulations of hologram interference fringes recorded by a charge-coupled 

device (CCD) camera can be interpreted in terms of the phase and amplitude changes 

caused by the specimen. 
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An off-axis electron hologram of a carbon nanofiber is shown in Fig.1-1, where the 

field of view is covered by two sets of fringes. The coarser fringes at the edges of the 

pattern are Fresnel fringes, which originate from the edges of the biprism wire, 

whereas the finer fringes visible across almost the entire field of view are the 

holographic interference fringes. The relative changes in the positions of these 

holographic fringes can be interpreted to obtain details of the phase shift. 

 

 

   

 

 

  

FEG electron source 

specimen 

biprism 

hologram 

Fig. 1-1. Schematic illustration of microscope 

configuration for off-axis electron holography. 
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The center-band and side-band obtained by a fast Fourier transform (FFT) of the 

hologram are shown in Fig.1-2(b) and the phase shift information is shown in Fig. 

1-2(c). 

  

Fig. 1-2. (a) Off-axis electron hologram showing a nanofiber; (b) The fast Fourier 

transform (FFT) of the hologram; (c) Reconstructed phase image. 

 

5nm (b) 

(c) 

(a) 
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1.2.4 Principle of off-axis electron holography 

In TEM, imaging can be considered in terms of modifications of the incident electron 

wave function [37]. 

The complex amplitude of the object wave in the image plane is expressed as: 

𝜓1(𝑥, 𝑦, 𝑧) = 𝐴(𝑥, 𝑦)exp{𝑖(𝛼𝑘𝑥 + 𝜑(𝑥, 𝑦))}  (1-1) 

 

The beam tilting terms are expressed as 𝛼𝑘𝑥.  

The complex amplitude of the reference wave in the image plane is expressed as: 

𝜓2(𝑥, 𝑦, 𝑧) = 𝐴(𝑥, 𝑦)exp{𝑖(−𝛼𝑘𝑥)}       (1-2) 

An expression for the intensity in hologram can be obtained by adding a reference 

wave to an object wave: 

𝐼(𝑥, 𝑦) = |𝜓1 + 𝜓2|2  

= 1 + 𝐴(𝑥, 𝑦)2 + 2𝐴(𝑥, 𝑦) 𝑐𝑜𝑠(2𝛼𝑘𝑥 + 𝜑(𝑥, 𝑦))  

= 1 + 𝐴(𝑥, 𝑦)2 + 𝐴exp{𝑖(2𝛼𝑘𝑥 + 𝜑)} + 𝐴exp{𝑖(−2𝛼𝑘𝑥 − 𝜑)}      (1-3)   

 

The recorded hologram must be reconstructed to extract the required phase and 

amplitude information of the complex image wave. 

First, the hologram is subjected to a FFT, which is described by the following 

equation: 

𝐹𝑇[𝐼(𝑥, 𝑦)] = 𝛿(𝒖) + 𝐹𝑇[𝐴(𝑥, 𝑦)2] + 𝐹𝑇[𝐴(𝑥, 𝑦)exp{𝑖𝜑}] ∗ 𝛿(𝒖 − 𝒖𝒄) +

                           𝐹𝑇[𝐴(𝑥, 𝑦)exp{−𝑖𝜑}] ∗ 𝛿(𝒖 + 𝒖𝒄)                   (1-4) 
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where ∗ indicates a convolution operation. 

There are two parts in the equation after the FFT process. 

The first part is: 

𝛿(𝒖) + 𝐹𝑇[𝐴(𝑥, 𝑦)2]            (1-5) 

 

and this is related to the center-band. The central peak 𝛿(𝒖) at the origin corresponds 

to the Fourier transform (FT) of the uniform intensity of the reference image. A second 

peak 𝐹𝑇[𝐴(𝑥, 𝑦)2] centered on the origin represents the FT of the conventional TEM 

micrograph of the specimen. 

 

The second part is: 

𝐹𝑇[𝐴(𝑥, 𝑦)exp{𝑖𝜑}] ∗ 𝛿(𝑢 + 𝑢𝑐) + 𝐹𝑇[𝐴(𝑥, 𝑦)exp{−𝑖𝜑}] ∗ 𝛿(𝑢 − 𝑢𝑐)     (1-6) 

 

and this represents the side-bands. The remaining two peaks centered on 𝒖𝒄 and −𝒖𝒄 

comprise the desired image wave function and its complex conjugate, respectively.  

The final part of the hologram reconstruction procedure involves filtering to select one 

of the side-bands, which is then inverse Fourier-transformed. The side-band region 

must be separated from the central peak by choosing sufficiently small fringe spacing 

and by selecting the size of the filter, which can be any shape.  

The hologram reconstruction procedure can be expressed as follows: 

𝐹𝑇−1[𝐹𝑇[𝐴exp{𝑖(2𝛼𝑘𝑥 + 𝜑)}]] × exp{𝑖(−2𝛼𝑘𝑥)} = 𝐴(𝑥, 𝑦)exp{𝑖(𝜑(𝑥, 𝑦))}  (1-7) 
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where the reconstructed amplitude distribution 

𝐴(𝑥, 𝑦) = 𝑀𝑜𝑑{𝜑(𝑥, 𝑦)}                                            (1-8) 

 

where the reconstructed phase distribution 

 

𝜑(𝑥, 𝑦) = 𝑇𝑎𝑛−1{
𝑅𝑒{𝜑(𝑥, 𝑦)}

𝐼𝑚{𝜑(𝑥, 𝑦)}
} 

                                    

 𝐼𝐹 𝑅𝑒{𝜑(𝑥, 𝑦)} ≥ 0,  −
𝜋

2
≤ 𝜑(𝑥, 𝑦) <

𝜋

2
 

𝑅𝑒{𝜑(𝑥, 𝑦)} < 0,  − 𝜋 ≤ 𝜑(𝑥, 𝑦) < −
𝜋

2
 OR

𝜋

2
≤ 𝜑(𝑥, 𝑦) < 𝜋       (1-9) 
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1.2.5 Phase shift of an electron wave 

Electrons that pass through a TEM specimen generate a phase shift, which is produced 

by the electrostatic potential and the in-plane component of the magnetic induction. 

The phase shift of an electron relative to the electron passing through a vacuum can be 

expressed as follows [38]: 

ѱ(𝑥) = 𝐶𝐸 ∫ 𝑉(𝑥, 𝑧)𝑑𝑧 − [
𝑒

ℏ
∬ 𝐵⫠ (𝑥, 𝑧)𝑡(𝑥)𝑑𝑥𝑑𝑧]        (1-10) 

 

where z is the incident electron beam direction, x is a direction in the plane of the 

specimen perpendicular to the electron biprism, V is the electrostatic potential, 𝐵⫠ is 

a component of the magnetic induction, t is the specimen thickness, and 𝐶𝐸 is an 

energy-dependent constant at an electron-accelerating voltage. 

If neither V nor 𝐵⫠ vary within the specimen along the beam direction, the equation 

can be simplified to: 

ѱ(𝑥) = 𝐶𝐸𝑉(𝑥, 𝑧)𝑡(𝑥) −
𝑒

ℎ
∫ 𝐵⫠(𝑥)𝑡(𝑥)𝑑𝑥               (1-11) 

 

In the absence of magnetic and long-range electric fields, the dynamical diffraction 

can be neglected, such as that occurring in a depletion region in semiconductors, thus 

the equation can be re-written as [39]: 

ѱ(𝑥) = 𝐶𝐸 ∫ 𝑉0(𝑥, 𝑧)𝑑𝑧                      (1-12) 

where  V0 is the mean inner potential of the specimen, which depends on the local 

composition and density. This is usually the dominant contribution to the electrostatic 

potential. 
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If the specimen has a uniform structure and composition in the beam direction, then 

the expression reduces still further to: 

ѱ(𝑥) = 𝐶𝐸𝑉0(𝑥, 𝑧)𝑡(𝑥)                                 (1-13) 

 

Electron holography is the most accurate technique that is currently available for 

measuring the mean inner potential of a specimen, as shown in Fig. 1-34[40]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1-3. Phase shift in off-axis electron holography. The phase shift is directly 

relevant to the mean inner potential distribution of a specimen in the matter with the 

constant thickness. 

 

metal oxide 

e 

wavefront 

𝜆 

phase shift   
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1.2.6 Phase shift of an electron wave 

As stated previously, in situ TEM allows the study of materials in dynamic conditions. 

The behavior of materials in their true state may differ in various active conditions, 

according to the experimental parameters. 

In situ off-axis electron holography allows us to study accurate phase changes in a 

material in various active conditions with different experimental parameters [41,42].  

The holograms acquired in different active conditions may vary considerably, where 

Figs 1-4 (a) and (b) provide an example. 

These two holograms were acquired in a vacuum and in an oxygen atmosphere, 

respectively, with the same illumination conditions, including adjustment for probe 

astigmatism, condenser lens power, condenser aperture, resolution, acquisition time, 

the current emission value of the cold FEG, and the voltage applied to the filament of 

the electron biprism. 

The random noise present in the holograms differs greatly. Considerably more noise is 

present in the hologram acquired in an oxygen atmosphere compared with the 

hologram acquired in a vacuum. 
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The FT images shown in Figs 1-5(a) and 1-5(b) are based on the image frequency 

spectra in a vacuum and in an oxygen atmosphere, respectively.  

The center-band and side-bands are fairly obvious compared with the surrounding 

regions of the frequency spectra for the image obtained in a vacuum, which means that 

there is a high signal to noise ratio (SNR). By contrast, the center-band and side-bands 

are less obvious compared with the surrounding regions of the frequency spectra for 

the image obtained in an oxygen atmosphere, i.e., low SNR performance. 

 

 

 

Fig. 1-4. (a) Electron wave interference pattern in a vacuum; (b) Electron 

wave interference pattern in an oxygen atmosphere. 

 

(a) (b) 10nm 
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The phase image reconstructed from the hologram in a vacuum is shown in Fig. 1-6(a), 

while that for the oxygen atmosphere phase image is shown in Fig. 1-6(b). 

As shown in the reconstructed phase image, the noise level was higher with oxygen. 

Thus, the SNR is lower, which increases the difficulty of separating the signal from 

the noise. Therefore, image processing is required to overcome this issue. 

 

 

 

 

 

Fig. 1-5. (a) Diffractograms of the electron wave interference pattern in a 

vacuum; (b) Diffractograms of the electron wave interference pattern in 

an oxygen atmosphere. 

 

 

(a) (b) 
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Fig. 1-6. (a) The phase image reconstructed from the hologram in a 

vacuum; (b) The phase image reconstructed from the hologram in an 

oxygen atmosphere. 

 

 

(a) (b) 10nm 
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1.3 Digital image processing 

1.3.1 Electron microscope image 

The availability of fast computers and signal processors in the 21st century means that 

digital image processing has become the most common form of image processing. It is 

used widely because it is the most versatile method and the cheapest. 

Electron microscope images are a type of digital image, which are obtained using a 

form of electron beam as the energy source. 

Thus, digital image processing has been applied to electron microscope images. 

This section introduces the digital image processing techniques used for processing 

electron microscope images. 

 

 

 

 

 

 

 

  

http://en.wikipedia.org/wiki/Signal_processor
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1.3.2 Spatial domain processing 

Image enhancement approaches belong to two broad categories: spatial domain 

methods and frequency domain methods. The term spatial domain refers to the image 

itself and the approaches that belong to this category are based on the direct 

manipulation of pixels in an image in the real space. 

There is no general theory of image enhancement. Thus, when an image is processed, 

the user is the ultimate judge of how well a particular method works[43]. 

Spatial domain processes are denoted by the following expression, which operates 

directly on the pixels:   

𝑔(𝑥, 𝑦) = 𝑇[𝑓(𝑥, 𝑦)]                           (1-14) 

where 𝑓(𝑥, 𝑦) is the input image, 𝑔(𝑥, 𝑦) is the processed image, and 𝑇  is an 

operator applied to an image. 

 

In general, spatial domain methods include basic grayscale level transformation, 

histogram processing, image arithmetic/logic operations, smoothing spatial filters, 

sharpening spatial filters, and spatial combining methods. 

All of these spatial domain methods can be used to process electron microscope 

images, depending on the user’s requirements. However, smoothing spatial filters and 

histogram processing are used more frequently than other methods for processing 

electron microscope images. 

Histograms are the basis of numerous spatial domain processing techniques. 

Histogram manipulations can be effective for image enhancement and the applications 
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of these manipulation techniques are described in a later chapter. 

Histogram manipulations include histogram equalization, histogram matching, local 

enhancement, and image enhancement using histogram statistics. 

The process of spatial filtering can be expressed as follows, which is performed 

directly on the pixels in an image: 

 𝑔(𝑟) =
1

𝑁
∑ 𝐼(𝑟 + 𝑞)𝑊(𝑞)           (1-15) 

where 𝐼 is the input image, 𝑔 is the processed image, 𝑊 is the filter, and 𝑞 is the 

size of the filter window. 

 

Smoothing spatial filters are generally used for blurring and noise reduction. Blurring 

is always used in preprocessing steps, such as the removal of small details from an 

image prior to object extraction, and for bridging small gaps in lines or curves.  

Noise reduction can also be achieved by blurring with a linear filter and by nonlinear 

filtering. 

The output of a smoothing linear spatial filter is simply the average of the pixels 

present in the neighborhood of the filter mask, thus they are sometimes known as 

averaging filters. The process of smoothing spatial filtering can be expressed as 

follows: 

 𝑔(𝑟) =
1

𝑁
∑ 𝐼𝑖(𝑟)𝑁

𝑖=1                              (1-16) 

where 𝑰 is the input image, 𝒈 is the processed image, and 𝑁 is the sum of the 

pixels in the filter mask. 

Figure 1-7 shows two smoothing filters and the sum of the pixels, i.e., 𝑁 = 9, and 
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𝑁 = 16, respectively. 

 

 

 

1 1 1 

1 1 1 

1 1 1 

 

 

 

Smoothing spatial filtering is often used to reduce various types of noise in electron 

microscope images. These types of noise are derived mainly from recording noise, 

contamination of the sample, and quantum noise caused by the weakness of the 

incoming electron wave.  

  

1 2 1 

2 4 2 

1 2 1 

Fig. 1-7. Two smoothing filters with different values of N. 
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1.3.3 Frequency domain processing 

Frequency domain processing techniques are based on modifying the Fourier 

transform of an image. 

The Fourier transform may be viewed as a “mathematical prism,” which separates a 

function into various components based on the frequency content. The frequency 

contents of a function (signal) can be characterized using the Fourier transform. 

Digital images can be viewed as a two-dimensional discrete function, which is 

applicable to the two-dimensional discrete Fourier transform.  

Filtering is straightforward in the frequency domain, which can be expressed as 

follows: 

𝐺(𝑢, 𝑣) = 𝐻(𝑢, 𝑣)𝐹(𝑢, 𝑣)                (1-17) 

where 𝐻(𝑢, 𝑣)  is the frequency filter, 𝐺(𝑢, 𝑣)  is the Fourier transform of the 

processed image, and 𝐹(𝑢, 𝑣) is the Fourier transform of the original image. 

 

Sharp transitions such as noise in the grayscale level of an image contribute 

significantly to the high-frequency content of its Fourier transform in the frequency 

domain.  

Smoothing is achieved by attenuating a specified range of high-frequency components 

in the frequency domain of a given image.  

In general, the noise is not periodic in electron microscope images [44,45]. Thus, 

performing an inverse Fourier transformation using only the areas surrounding the 

diffraction point in the Fourier transform image can eliminate most of the nonperiodic 
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noise.  

However, great care must be taken not to eliminate useful information in the Fourier 

transform image. 

Figure 1-8 shows an example of the elimination of nonperiodic noise. 

 

 

 

 

 

(a) 
1nm 

Fig. 1-8. The elimination of nonperiodic noise. (a) High resolution hologram. 
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(c) 

(b) 

Fig. 1-8 (b) The FFT of the hologram; (c) The areas surrounding the diffraction 

point in the Fourier transform image. 
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In addition, there are other frequency domain processing techniques, such as 

sharpening frequency domain filters. All of these frequency domain processing 

techniques can be applied to electron microscope images, if necessary. 

 

  

Fig. 1-8(d) The reconstructed image from (c). 

 

(d) 1nm 
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1.3.4 Morphological image processing 

Mathematical morphology, which was developed by Matheron and Serra [46], is an 

effective tool for extracting image components. Some components are useful for the 

representation and description of region shapes. Boundaries, skeletons, and the convex 

hull are used regularly as region shapes during processing. Morphology is a unified 

and powerful approach for addressing numerous image processing problems [47]. 

In mathematical morphology, sets represent the objects in an image. The set of all 

black pixels in a binary image is a complete morphological description of the image. 

This concept will be applied to processing in a later chapter. 

The fundamental operations of morphological processing are dilation and erosion, and 

many morphological algorithms are based on these two primitive operations. 

 

 

 

 

 

 

 

 

Figure 1-9 illustrates the operational principle of dilation, where C is the dilation of A 

using element B.  

Dilation refers to “expanding” or “thickening” in a binary image, where the dilation 

Fig. 1-9. The operational principle of dilation. 

 

A 

B 

C 



30 
 

operation can bridge gaps.  

Erosion refers to “shrinking” or “thinning” in a binary image. Thus, the erosion 

operation can be used to eliminate irrelevant details. Dilation and erosion complement 

each other.  

Figure 1-10 shows the operational principle of erosion, where C is the erosion of A 

using element B.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Opening and closing are two other important morphological operations. 

In general, opening can be used to smooth the contours of an object, break narrow 

connections, and eliminate thin protrusions. Closing also tends to smooth section of 

Fig. 1-10. The operational principle of erosion. 

 

A 

B 

C 
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contours, but it is generally used to fuse narrow breaks and long thin gulfs, to 

eliminate small holes, and to fill gaps in the contour. 

Several methods have been developed for frequent use, such as skeletons, thinning, 

thickening, boundary extraction, and region filling. 

Skeletons will be discussed in a later chapter.  

A skeleton can be expressed in terms of several erosions and openings, which can be 

described as removing the boundary pixels continuously.  

Some programs can perform skeleton processing using specific functions in their tool 

boxes. We describe this type of processing using software in a later experiment.  
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1.3.5 Reconstructed phase image and unwrapping method 

In general, reconstructed phase images use the grayscale level to indicate the phase 

value. 

However, the Fourier transform method is normally used in the digital reconstruction 

process, although this method always causes a phenomenon where the phase contrast 

reverses abruptly from white to black in reconstructed phase images. 

One cause of these contrast reverses is the well-known 2π phase jump attributable to 

the digital reconstruction process. Arctangent functions can be used to reconstruct the 

phase, but the region of the inverse of the arctangent functions is restricted within the 

range [–π/2, π/2]. Thus, even if we expand the region shown in equation (1-9), the 

maximum is in the range [–π, π]. 

Phase contrast reverses occur when the phase is outside the domains. 

Phase unwrapping has an important role in phase measurement. The depth information 

for the object being measured is defined implicitly by certain equations derived from 

data. 

In this type of 2π reverse, the phase can be unwrapped and connected smoothly using 

the appropriate program [48]. The unwrapping program coded by Gatan Inc. was used 

in the present study. 

First, we must unwrap the wrapped phase of the entire image to obtain the actual 

phase. 

Figure 1-11 shows the effects of the unwrapping processing, where (a) is the original 

hologram, (b) is the reconstructed phase image from (a), and (c) is part of the phase 
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image after unwrapping processing.  

  

 

 

 

 

 

  

Fig. 1-11. The unwrapping processing. (a) the original hologram.(b) the reconstructed phase 

image from (a). (c) the phase image after unwrapping processing.  

 

(c)     

(a) (b) 
100nm 
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1.3.6 Aberration correction for high resolution electron microscopy 

Aberrations have very complex effects at higher spatial frequencies and they cannot be 

corrected easily using image processing techniques based on linear light optics [49]. 

The only exceptions are weak phase objects with almost linear imaging. However, the 

samples suitable for weak phase object approximation are restricted to very special 

cases. Electron holography is one of the most powerful tools subjected to nonlinear 

image processing [50].  

The wave function in the image plane of an electron microscope can be expressed by 

the following function, where o(r) is the penetration wave and p(r) is the point spread 

function,  

𝜓(𝒓) = 𝑜(𝒓) ∗ 𝑝(𝒓).                         (1-17) 

Its Fourier transformation can be given as  

𝛹(𝒖) = 𝐹𝑇[𝜓(𝒓)] = 𝑂(𝒖)𝑃(𝒖)                 (1-18) 

where P(𝒖) is a transfer function and χ(𝒖) is an aberration function, which can be 

written as 

P(𝒖) = exp[−iχ(𝒖)],                        (1-19) 

where                

𝜒(𝑘) = 0.5𝜋𝐶𝑠𝜆3|𝒖|4 + 𝜋𝑑𝑓𝜆|𝒖|2,              (1-20) 

where 𝐶𝑠  is the spherical-aberration constant of the objective lens, 𝑑𝑓  is the 

defocusing distance, and 𝜆 is the electron wavelength. 

Assuming that the correction function is 

H(𝒖) = 1/P(𝒖),                        (1-21) 
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we can represent 

O(𝒖) = Ψ(𝒖)H(𝒖)                 (1-22) 

and we obtain 

o(𝒓) = FT−1[O(𝒖)].               (1-23) 
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1.3.7 Software used for processing 

MATLAB 

MATLAB (matrix laboratory) was developed by MathWorks and it provides a 

numerical computing environment with a fourth generation programming language. 

MATLAB allows matrix manipulations, the plotting of functions and data, 

implementation of algorithms, creation of user interfaces, and interfacing with 

programs written in other languages [51]. 

An optional toolbox using the Multi Processing Algebra Data Tool (MuPAD) symbolic 

engine also provides access to symbolic computing capacities, in addition to primarily 

numerical computing, 

In the present study, we used MATLAB for digital image processing because it can 

readily handle an image as a matrix and it also has a toolbox for image processing, 

which is a set of functions. Thus, it was sometimes possible to use functions present in 

the toolbox without coding the functions ourselves. 

In the following processes, MATLAB was used as the primary tool. 

Thus, the phase correction methods and some smooth filters were based on MATLAB. 

http://en.wikipedia.org/wiki/Function_(mathematics)
http://en.wikipedia.org/wiki/Algorithm
http://en.wikipedia.org/wiki/User_interface
http://en.wikipedia.org/wiki/MuPAD
http://en.wikipedia.org/wiki/Computer_algebra_system
http://en.wikipedia.org/wiki/Computer_algebra_system
http://en.wikipedia.org/wiki/Symbolic_computing
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Digital micrograph 

Digital micrograph (DM) is leading industrial software, which was developed by 

Gatan Inc, and it provides TEM users with a complete package for the acquisition, 

processing, analysis, and presentation of image and spectrum data. DM provides 

powerful functions and useful features, which make it the preferred choice for digital 

imaging in TEM.  

In the present study, we used several plug-in modules to increase our productivity 

while performing microscopy. On occasions, we also used a scripting language to code 

the functions we needed. 

In this study, the unwrapping methods and some smooth filters were based on DM. 
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1.4 Phase imperfection  

At present, the other type of abrupt phase contrast reverses usually occurs in the areas 

with low contrast of the electron wave amplitude, which is evidently different with the 

well-known 2π phase jump attributable to the digital reconstruction process.  

This type of phase reverses will result in phase imperfections in the reconstructed 

phase image as the phase information is erroneous, and it has not been studied and 

solved effectively.  

The disconnection and wrong connection of interference fringes due to low contrast of 

the electron wave amplitude in specific areas of the sample could cause this type of 

abrupt phase reverses by analysis of the interference fringe in our studies.  

Computers may confuse the connection between fringes because of the low contrast of 

the electron-wave amplitudes when the reconstruction of the phase is executed.  

The presence of the phase imperfections by low contrast of electron-wave amplitudes 

will be shown in the next chapter, and the detail of the study and solutions will be 

described also. 
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1.5 Conclusion 

In situ off-axis electron holography has evolved over the years and it is now 

considered to be a routine and reliable technique for characterizing nanostructured 

materials. 

In situ off-axis electron holography may be a valuable approach for solving industrial 

problems. However, there is a problem with this method because noise is introduced 

during different active conditions, but the development of computational image 

processing techniques may overcome this limitation.  

In summary, digital image processing plays an important role in modern imaging 

techniques, which have been facilitated by the development of high-speed computers. 

Digital image processing can also be applied to electron microscope images due to the 

development of the CCD camera.  

In the next chapters, digital image processing techniques are introduced to handle the 

phase information from electron holograms, which may eliminate phase imperfections 

to a great extent. 

Many digital image processing methods are available for electron microscope image 

processing, depending on the user’s needs. Combinations of these processing methods 

may allow a microscopist to improve the quality of their microscope images. The use 

of combinations of methods is described in a later chapter. 
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Chapter two  

2. Image processing to correct phase imperfections 
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2.1 Preamble 

Recently, electron holography has been used widely for characterizing materials [1], 

even in severe conditions such as in situ observations in gas atmospheres, sharp or 

large phase changes such as crystal lattice images, and bulk specimen edges in low 

S/N ratio conditions. In these applications, it is necessary to obtain accurate phase 

information without changing the conditions in the actual applications. Thus, it is 

essential to develop a method for eliminating imperfections based on posterior image 

processing. 

In electron holography, phase imperfections may occur in a digitally reconstructed 

phase image, potentially resulting in inaccurate phase information. 

In this section, we apply a image processing method which is propose firstly to 

eliminate the imperfections owing to the low contrast of electron wave amplitude in 

the phase reconstruction images.   

A relatively accurate phase information image is reconstructed using the proposed 

method. 
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2.2 Phase imperfections in reconstructed phase image 

At present, most holograms are reconstructed using the Fourier transform method [2,3]. 

In some cases, however, a phenomenon occurs where the contrast reverses abruptly 

from white to black in phase images that are reconstructed directly using a digital 

Fourier transform.  

In general, phase contrast images use the grayscale level to indicate the phase value. 

Two types of abrupt reversal mainly occur in phase contrast images. 

The first type of abrupt reversal is the well-known 2π phase jump [4] during the digital 

reconstruction process, which occurs because the reconstructed phase falls within a 

range of [–π, π] [5]. In this case, the phase can be unwrapped and connected in a 

smooth manner to allow such a jump using the appropriate software, as explained 

earlier.  

The other type of abrupt reversal usually occurs in the areas with low contrast of the 

electron wave amplitude. However, at present this type of reversal has not been 

studied and solved effectively. Therefore, this is the key problem we need to address. 

The other type of reversal is caused by the disconnection of interference fringes due to 

low contrast of the electron wave amplitude in specific areas of the sample by analysis 

of the interference fringe.  

People may recognize the correct connection between fringes intuitively, but 

computers may confuse the connection between fringes because of the low contrast of 

the electron-wave amplitudes.  

The presence of low contrast of the electron-wave amplitudes in specific areas of a 
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sample is shown in Fig. 2-1.  

 

 

 

 

 

 

A phase imperfection in the reconstructed phase image of the CeO2 particle is 

indicated by the gray oval in Fig. 2-2. In this case, the smooth change in the phase is 

normal on one side of the defect edge (A), whereas the abrupt reversal of phase is 

abnormal on the opposite side of the defect edge (B), which is indicated by the spiral 

arrow in Fig. 2-2. 

Fig. 2-1. Electron hologram with weak 

electron-wave amplitudes in specific areas. 

200nm 
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(A) 
 

(B) 

 

Fig. 2-2. Phase imperfection in the reconstructed 

phase image. 

(B)     

 

(A)     
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2.3 Off-axis electron holography 

An example of an electron hologram of a CeO2 particle captured by a CCD camera is 

shown in Fig. 2-3(a). The interference pattern in the electron hologram of the sample 

was captured using a slow-scan CCD camera (Gatan; Model 794), which was attached 

to the bottom of a Hitachi field-emission electron microscope (HF-2000) with an 

acceleration voltage of 200 kV. An electron biprism was positioned immediately 

above the image plane of an objective to produce the electron interferogram. 

 

 

 

 

Fig. 2-3.(a) Electron hologram. 

100nm 

(a) 
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The FFT aperture for reconstruction should be selected in the frequency domain 

shown in Fig. 2-3(b). 

The reconstructed phase image obtained directly from the electron hologram is shown 

in Fig. 2-2, which includes some phase imperfections indicated by arrowheads. 

  

(b)   

Fig. 2-3. (b) FFT with the aperture from Electron 

hologram. 



52 
 

2.4 Image processing procedure 

The overall procedure is illustrated in Fig. 2-4. 

 

  
Recording the electron hologram 

Skeletonizing the image of interference fringes  

Identifying incorrect pixels  

 Smoothing 

Reconstructing the phase image 

Removing burrs from interference fringes 

Inverting the pixel values 

Selecting the areas   

 Binarizing the image of interference fringes  

Fig. 2-4. Flowchart of the overall process.  

The process can be described using nine steps.  

Describes 
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2.5 Restoration of singularities in the phase image 

2.5.1 Binary image of interference fringes in an electron hologram   

The original electron hologram was converted into a binary image, which made it 

possible to find the disconnected and incorrectly connected points based on 

mathematical morphology. This binary image can be processed relatively easily by a 

computer because there are only two different values in the image [6]. We cut the 

center band leaving only the sideband. Then, binarization was performed to obtain 

binary interference fringes 

A binary image of the interference fringes can be used to reconstruct the phase images. 

However, imperfections in the interference fringes, i.e., disconnected and incorrectly 

connected fringes, occur in the binary image, as shown in Fig. 2-5.  

 

 

 Fig. 2-5. Binary image of interference fringes.        

100nm 
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During the cutting of the center-band, care must be taken when selecting the radius of 

the frequency filter to prevent the loss of useful information [7]. The radius of the 

filter is usually one-third the bandwidth, which is the distance from the center band to 

the center of the sideband. We could change the radius on basis of resolution. The 

reconstructed phase image shown in Fig. 2-6, which was obtained from the hologram 

in Fig. 2-5, includes some phase imperfections because the interference fringes were 

not corrected.  

 

 

 

 

  

Fig. 2-6. Phase image reconstructed from Fig. 2-5. 

 

 

100nm 
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2.5.2 Skeletonizing a binary image of interference fringes  

The skeletonized binary image of interference fringes shown in Fig. 2-7 is used for 

burr removal, where the incorrectly connected fringes are circled in red. Here we can 

use the skeletonize function “ bwmorph(image, ‘skel’ Inf) ” to skeletonize the image 

in the toolbox of the MATLAB. 

 

 

 

 

 

 

  

Fig. 2-7. Skeletonized binary image containing burrs. 

 

100nm 
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The skeletonized binary image without burr pixels after burr removal using the 

function “bwmorph(image, ‘spur’ Inf)” in MATLAB is shown in Fig. 2-8, where the 

incorrectly connected fringes are circled in red.  

 

 

 

 

  

Fig. 2-8. Skeletonized binary image after burr removal. 

 

100nm    
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2.5.3 Identifying incorrect points 

To find the disconnected areas of the interference fringes caused by weak electron-wave 

amplitudes, an image containing the interference fringes only is reproduced using a 

low-pass filter to reduce the effects of Fresnel diffraction and noise . The radius of the 

low-pass filter is about 13 pixels (one-third of the carrier frequency), which is the 

distance from the center-band to the center of the side-band. We cut the center-band 

and leave only the side-band, and binarization is performed to obtain the binary 

interference fringes . We skeletonize the binary image to identify disconnected pixels 

in the fringes. Burrs sometimes remain at the sides of the skeletonized fringes, as 

shown later, but removing these burrs from the binary image allows us to obtain an 

image of the interference fringes with a width of only one pixel. The key point is to 

remove any burrs that remain in the interference fringes after skeletonization because 

these burrs can lead to errors in the pixel search results. Every pixel has eight 

neighboring pixels, except those at the edge of the image, and there must be an 

incoming line and an outgoing line for every pixel in a fringe line according to 

mathematical morphology, which is a tool used developed by Matheron and Serra for 

extracting image components that are useful for representation and description, as 

shown in Fig. 2-9. Thus, a correct pixel must share the same two pixels among its 

eight neighboring pixels, except for those at the edge of the image. Otherwise, the 

pixel is judged to be incorrect. The sets of pixels are indentified as disconnected and 

incorrectly connected pixels using the method described above. 
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incoming outgoing 

Fig. 2-9. Illustration showing incoming and 

outgoing lines. 
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In general, the disconnected and incorrectly connected points in the interference 

fringes occur in areas with abrupt intensity variation or rather low intensity, and these 

points always appear in pairs. If one point is connected incorrectly, there must be a 

corresponding point to form a pair. One pair cause one imperfection. Figure 2-10 

shows the disconnected and incorrectly connected pixel positions identified using the 

skeletonized binary image.  

 

 

     

 

 

  

 

Fig. 2-10. Image showing the points identified. 
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2.5.4 Correction of interference fringes  

To correct the interference fringes, the incorrectly connected fringes need to be cut 

and reconnected. The interference fringes are viewed as a binary image, so the binary 

pixels can be inverted to the opposite values in these areas, which depends on finding 

the incorrect pixels. The cut-and-reconnect process is illustrated in Fig. 2-11. The 

length of the area is determined by the distance between incorrect pixels. The width of 

the area is determined by the interval between the fringes. In this case, a width of six 

pixels was selected, which was equal to the interval between the fringes. Pixel-value 

reversal can be interpreted as changing zero to one and one to zero.  

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 

 

 

                                                  

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 

 

 

                                                  

 

 

 

  

(a) 

(b) 

Fig. 2-11. Cut-and-reconnect process. 

(a) Unconnected fringes; (b) Reconnected fringes. 
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The distorted interference fringes in Fig. 2-5 are corrected by cut-and-reconnect 

processing. When inverting the pixel values, the widths of the rectangle areas marked 

in Fig. 2-11 are determined by the interval between the fringes. In this case, a width of 

six pixels was selected, which was equal to the interval between the fringes. Another 

selection, such as approximately one pixel, could be made to improve the results, but 

six pixels worked well in this case. When the interval between the fringes is changed, 

we change the width of the area to obtain better results. The widths of the rectangle 

areas are selected twice of the interval between the fringes generally. 

  

 

  

Fig. 2-12. Corrected fringes. 

100nm 
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The corrected interference fringes shown in Fig. 2-12 were smoothed using a median 

filter, which can suppress isolated noise [8]. In this case, the median filter replaced a 

pixel with the median of all pixels in the neighborhood. The window size of the 

median filter was 5  5 pixels which is the better here and the results are shown in Fig. 

2-13.  

 

 

 

  

Fig. 2-13. Corrected fringes after smoothing. 

100nm 
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Fig. 2-15. Final phase image after unwrapping. 

Fig. 2-14. Phase image reconstructed from corrected fringes.  

100nm 
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The reconstructed phase image (Fig. 2-14) obtained from the corrected interference 

fringes shows that the phase error due to the weak electron-wave amplitude has been 

reduced dramatically.  

The unwrapping process is used to remove the phase jump caused by the digital 

reconstruction process to obtain a final image without phase jump, as shown in Fig. 

2-15. 
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2.6 Evaluation 

A new method of image processing for phase imperfections in electron holography has 

been proposed to remove the influence of imperfections on the reconstructed phase. 

We studied the phase imperfections and firstly classified the phase jumps in the 

reconstructed phase as two main types according to their cause. 

The phase jumps owing to low contrast of electron-wave amplitude was eliminated by 

the proposed method in practice. The proposed method is unique, and the processing 

for phase imperfections in electron holography is unique also. 

This method is applicable and efficacious for 2π jumps but fails to deal with 4π jumps 

in the hologram. Actually, the 4π jumps are rare in practice. 

The present technique enables to obtain comparatively accurate phase information for 

studying the inner electrostatic potential without changing the conditions in actual 

applications. In particular, the method can be very useful and effective under severe 

conditions, such as in-situ holographic experiments. It is also enables the study of the 

inner electrostatic potential and the in-plane component of the magnetic induction at 

nanometer and subnanometer scales. 
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2.7 Conclusion 

The phase image reconstructed from an electron hologram sometimes contains some 

imperfections because the interference fringes are not connected due to the weak 

electron-wave amplitudes. Thus, we propose a new image processing method for 

phase imperfections in electron holography, which removes the effects of 

imperfections on the reconstructed phase.  

A binary image of the interference fringes that contains phase information can be used 

to reconstruct the phase images. The disconnected and incorrectly connected points in 

the interference fringes generally occur in the areas with abrupt intensity variations or 

a rather low intensity, and these points always appear in pairs.  

We also propose a technique based on mathematical morphology for identifying the 

disconnected points and for correcting the interference fringes. Finally, a 

comparatively accurate phase information image is reconstructed from the corrected 

interference fringes after smoothing. 

The reconstructed phase information image obtained from the corrected interference 

fringes showed that the phase error caused by the low contrast of the electron-wave 

amplitudes in the sample was reduced dramatically using the proposed method. 
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Chapter three 

3. Application to a high resolution image of a crystal 
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3.1 Preamble 

The development of electron holography has played an important role in the 

production of many nanostructured materials and devices. In particular, 

high-resolution electron holography has facilitated the investigation of complex 

structures. 

However, phase singularities often occur in the reconstructed phase image, which 

severely reduces the quality of the information obtained. Image processing is 

particularly effective for increasing the quality of the characterization of 

nanostructured materials during high-resolution electron holography.  

This section considers the application of digital image processing to phase image 

restoration using a high resolution image of a thin crystal.  

We obtain relatively accurate phase information for a thin crystal structure using the 

original electron hologram. 
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3.2 Model crystal structure of tungsten niobate 

The thin crystal of tungsten niobate (Nb2O5WO3) is a well-known, typical 

electrochromic oxide material. The crystal structure of tungsten niobate projected onto 

the (001) plane is shown in Fig. 3-1 [1]. It has a tetragonal structure where a = 2.36 nm 

and c = 0.38 nm. Moreover, its structure is characterized as 5 × 5 oxygen octahedrons, 

each of which contains one cation at the center and the dark dots represent tungsten 

atoms. Therefore, its image can be characterized as large 4 × 4 and small 3 × 1 

tunnels.  

 

 

  Fig. 3-1. Structure model of Nb2O5WO3 containing 5 × 5 oxygen octahedra, 

each of which contains one cation at the center, sharing the different plane with 

others; dark dots represent tungsten atoms. Black square marks one unit. 

 

1 nm 
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3.3 Off-axis electron holography 

The interference pattern of an electron hologram with sufficiently narrow fringes for 

high-resolution reconstruction was obtained using an electron-optical system, where 

the electron biprism was installed near the second image plane between the first and 

second intermediate lenses. The interference pattern of the electron hologram of a 

sample was recorded on photographic film using a Hitachi field-emission electron 

microscope (HF-2000) at an accelerating voltage of 200 kV and digitized with an 

optical camera, as shown in Fig. 3-2. The spherical aberration coefficient was 1.7 ± 

0.1 mm. The interference pattern of an electron hologram with a carrier fringe spacing 

of 0.05 nm is narrow enough for high-resolution reconstruction up to 0.15 nm. 
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Fig. 3-2. Interference pattern in an electron hologram of a thin 

crystal of tungsten niobate. 

 

1nm    
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3.4 Phase imperfection 

The low contrast of an electron hologram in a specific area of the sample (tungsten 

niobate) is shown in Fig. 3-3.  

 

 

 

The phase imperfection in the directly reconstructed phase image that corresponds to 

the area marked with an oval in Fig. 3-3 is shown in Fig. 3-4. In this case, the phase 

changes smoothly on one side of the defect edge (A), whereas it reverses abruptly on 

the opposite side of the defect edge (B). At the other end, this reversal is abnormal 

because the phase should connect along a closed circle, which is the same type of 

imperfection described in the previous section. This type of reversal stems from an 

error in fringe connection by the computer owing to poor contrast in the hologram. On 

Fig. 3-3. Part of an electron hologram of a thin crystal of 

tungsten niobate with a low contrast fringe. 

 

0.1nm 
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the other hand strong phase objects tend to produce many phase the 2π jumps 

indicated by arrowheads in Fig. 3-4. Fortunately, we can easily find out the miss 

connection and wrong connection of the interference fringes in the interference fringes 

images. Therefore, we can easily distinguish the error 2π jumps in the reconstructed 

images. 

 

 

 

 

  

Fig. 3-4. Phase image reconstructed directly from Fig. 3-3. 

(B)   

(A)  

  

0.1nm 
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3.5 Aberration correction for a hologram 

Aberration has a very complicated effect at higher spatial frequencies and cannot be 

easily corrected by the image processing techniques used in linear light optics. The 

only exception is for weak phase objects with nearly linear imaging. However, the 

specimens suitable for weak phase object approximation are restricted to very special 

rare cases. Electron holography can help with the problem of nonlinear imaging [2,3]. 

Estimation the levels of aberration requires improvement of the resolution [4,5]. 

Several aberration estimation methods have been proposed [6]. In the present study, 

we use an algorithm that allows assessment based on only one hologram with 

imprecise information about the aberrations [7]. By minimizing the contrast of the 

reconstructed amplitude image with appropriate processing parameters (Cs and df), the 

optimum parameters can be obtained for image restoration during phase object 

approximation. However, we may obtain many contrast minima based on df when we 

reconstruct the crystal images, so an additional restriction is required. The contrast of 

the amplitude distribution is low, but accurate aberration correction provides us with 

clear patterns of the phase and the amplitude distribution. In this case, we adopted the 

optimum conditions, where the standard deviation of the amplitude distribution of the 

processed image is close to the minimum, whereas the correlation coefficient of the 

amplitude and phase distribution is close to the maximum.  

The standard deviation can be defined by the following function. 
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STD = σ =
1

𝑁
√∑ ∑[𝐼(𝑖, 𝑗) − 𝑀]2

𝑁

𝑗=1

𝑁

𝑖=1

 

Where 𝐼(𝑖, 𝑗) is image, 𝑁 is the size of image, 𝑀 =
1

𝑁
∑ ∑ 𝐼(𝑖, 𝑗)𝑁

𝑗=1
𝑁
𝑖=1  is the mean. 

The correlation coefficient can be defined by the following function. 

r =
1

𝑁𝜎1𝜎2
∑ ∑[𝐼1(𝑖, 𝑗) − 𝑀1][𝐼2(𝑖, 𝑗) − 𝑀2]

𝑁

𝑗=1

𝑁

𝑖=1

 

 

 

 

 

To estimate the optimum aberration correction parameter, the standard deviation of the 

amplitude distribution of the processed image, shown in Fig. 3-5(a), and the 

correlation coefficient of the amplitude and phase distribution of the processed image, 

shown in Fig. 3-5(b), are monitored for various ∆f values in the restoration function. 

Fig. 3-5.  (a) Standard deviation (STD) for the amplitude distribution of 

the processed image.  
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The optimum condition is found around the point where the standard deviation is 

smallest and the correlation coefficient is largest with the constant value of Cs = 1.7 

mm. Here the optimum condition was estimated as ∆f = −100 nm. The wavelength of 

the electronic wave was about 2.5 × 10
−12

 m with an accelerating voltage of 200 kV. 

 

 

 

  

Fig. 3-5. (b) Correlation coefficient of the amplitude and phase 

distribution of the processed image. The optimum condition (encircled) 

appears around the point where the standard deviation is smallest and the 

correlation coefficient is largest. 
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3.6 Restoration of singularities 

The phase imperfections owing to the poor contrast of the hologram need to be 

restored using image processing methods, which remove the imperfections in the 

reconstructed phase by repairing the fringes of the electron holograms using phase 

correction [8]. To restore the phase image correctly, any inappropriately connected 

fringes should be cut and reconnected. A hologram with corrected interference fringes 

can be reconstructed to eliminate the abrupt reversals owing to the poor contrast of the 

hologram in the phase contrast images. The unwrapping process is then executed to 

obtain a final image without any phase jump. 

The FFT technique is used for phase reconstruction. Figure 3-6(b) shows the directly 

reconstructed phase image obtained from the electron hologram showed in Fig. 3-6(a), 

while Fig. 3-6(c) shows the reconstructed phase image in which the effects of 

spherical aberration and defocussing have been corrected using the methods described 

in the previous section. Numerous phase imperfections are indicated by arrows in Figs. 

3-6(b) and 3-6(c). 
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Fig. 3-6. (a) Interference pattern of electron hologram and (b) 

phase image directly reconstructed from (a).  
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A low-pass filter is used to remove most of the process noise. Great care must be taken 

to remove as much noise as possible, but without removing useful information. In the 

present case, most of the noise was cut before reconstruction and only some points 

remained because of the weak electron-wave amplitude. 

The binary interference fringes that are used to reconstruct the phase images include 

imperfections indicated with circles in Fig. 3-7.The disconnected points (endpoints of 

fringes) or incorrectly connected points in the interference fringes usually occur in 

areas having abrupt intensity variations or rather low contrast, and such points always 

appear in pairs. If one disconnected or incorrectly connected point appears, there must 

be another coordinate point. We can mark disconnected pair as X type pair and 

incorrectly connected pair as Y type pair. No matter X type pair or Y type pair, one 

pair of points may generate one singularity in the reconstructed phase image.  

Fig. 3-6.(c) Phase image reconstructed from (a) with spherical 

aberration and defocussing corrected. Arrowheads indicate the 

phase imperfections. 
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During the binarization process, the threshold of the binary may affect the interference 

fringes. In the present case, the optimum threshold was 0.48. However, the optimal 

threshold may vary depending on the interference fringes in the images. 

 

 

The disconnected and incorrectly connected points always appear in pairs. Thus, we 

select the nearest points in the pairs. 

Fig. 3-7. Binary image of interference fringes. The imperfections 

occur in the encircled areas where the fringes are disconnected (X 

type pair) and incorrectly connected (Y type pair).  

1nm    
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The distorted interference fringes shown in Fig. 3-7 are corrected by 

cut-and-reconnect digital image processing, before the corrected interference fringes 

are smoothed out using a median filter to suppress isolated noise. The results are 

shown in Fig. 3-8. 

 

 

 

  

Fig. 3-8. Corrected fringes from binary image of interference 

fringes. The fringes are smoothly connected after restoration. 

1nm    
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We use aberration correction when reconstructing the corrected interference fringes. 

Accurate aberration correction is used to reconstruct the phase-information image. 

This technique allows us to obtain a phase distribution image with a clearer structural 

resolution compared with no aberration correction.  

The reconstructed phase image shown in Fig. 3-9 was obtained from the corrected 

interference fringes and the abrupt phase reversal caused by the weak electron-wave 

amplitude has been reduced dramatically. The structure of the crystal specimen is 

shown clearly in the final phase information image. 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-9. Illustration showing the final phase. 

 

1 nm         

 

-π   +π   
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In general, the unwrapping process is required to eliminate the abrupt reversal caused 

by the limited range of the digital reconstruction process. In the case of Fig. 3-9, 

however, abrupt reversal is not present in the final phase distribution image. In 

addition, all of the phases in the image area range between −π and π. Finally, the 

unwrapping process is not executed. 

 

A clear wire-frame image of part of the original phase image shown in Fig.3-6(b) is 

depicted in Fig. 3-10(a), where the abrupt reversals are clearly evident compared with 

the surroundings.  

 

A wire-frame image of the corrected phase of the same area is shown in Fig. 3-10(b). 

No abrupt reversals are evident in the corrected phase. 
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 Fig. 3-10(a). Wire-frame image of the original 

phase. (b). Wire-frame image of the corrected phase. 
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3.7 Conclusion 

In this section, digital image processing was used for phase restoration in a 

reconstructed phase image using high-resolution electron holograms of a well-known 

thin crystal.  

The processing methods are similar to those described in the previous chapter, 

including binarization, phase reconnection, and smoothing. Aberration correction was 

also introduced for processing high-resolution electron holograms. 

Furthermore, the quality of the reconstructed phase image was improved by removing 

singularities from the phase based on the crystal phase structure results.  

More work is required to improve the resolution and to obtain sharper or larger phase 

change images, but this crystal phase image restoration method produces a clearer 

phase distribution image, which facilitates the study of the inner electrostatic potential 

and the in-plane component of magnetic induction in a sample. 
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Chapter four 

4. Elimination of undulation noise 
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4.1 Preamble 

During image processing or computing, the noise mainly comprises unwanted random 

additions to an image.  

Noise refers to unwanted information or data that is not relevant to the analysis. Image 

noise is an undesirable by-product of image capture that adds spurious and extraneous 

information, which is usually related to electronic noise. This noise can be generated 

by the sensor and circuitry of a scanner or digital camera. Image noise can also 

originate from the film grain and the unavoidable shot noise of an ideal photon 

detector. 

The reconstructed phase image obtained from the corrected interference fringes shows 

that phase errors can be reduced dramatically, but undulation noise may sometimes be 

present in the phase image. 

The undulation noise that originates during digital image processing is unwanted 

additional information and it must be reduced. 

This chapter addresses the causes of undulation noise and the efforts made to eliminate 

it. 
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4.2 Undulation noise  

4.2.1 Electron hologram of a particle 

Figure 1 shows the interference pattern of an electron hologram of a CeO2 particle, 

which was captured using a slow-scan CCD camera (Gatan; Model 794) attached to 

the bottom of a Hitachi field-emission electron microscope (HF-2000) that operated at 

200 kV.  

 

 

 

 

 

The red oval in Fig. 4-1 shows the weak electron-wave amplitudes found in specific 

areas of the sample, which may cause problems during the connection of fringes. The 

fringes in the hologram are not clearly defined, which can lead to confusion when 

Fig. 4-1. Electron hologram with weak electron-wave 

amplitudes in specific areas. 

100nm 

vacuum 

CeO2 
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computing connections in these areas. 

The reconstructed phase image obtained directly from the electron hologram is shown 

in Fig. 4-2. 

Some phase imperfections that jump 2π are indicated by the red arrowhead in an area 

with weak electron-wave amplitudes. 

 

 

 

A binary image of the interference fringes obtained from the interference fringes of the 

electron hologram can be used to reconstruct the phase images. However, some 

imperfections in the interference fringes, i.e., the disconnected and incorrectly 

connected fringes indicated by red ovals, occur in the binary image, as shown in 

Fig.4-3.  

 

Fig. 4-2. Reconstructed phase image. 

100nm 



92 
 

 

 

Figure 4-4 shows the reconstructed phase image obtained from the hologram in Fig. 

4-3, which also contains phase imperfections indicated by arrowhead.  

 

  

Fig. 4-3. Disconnected and incorrectly connected fringes. 

Fig. 4-4. Phase image reconstructed from the hologram in 

Fig. 4-3. 
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4.2.2 Undulation noise in the corrected phase image 

To correct the phase imperfections, we must first identify the incorrect fringes.  

Based on the methods described in the previous chapter, the skeletonized binary image 

of the interference fringes shown in Fig. 4-5 is used for burr removal. An example of a 

burr in the interference fringes is indicated by the red oval. 

 

 

   

 

 

  

Fig. 4-5. Example showing a burr in the interference 

fringes. 
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Figure 4-6 shows a skeletonized binary image without the burr points indicated by the 

red oval mark after burr removal using MATLAB. 

 

  

 

 

 

The disconnected and incorrectly connected points are indicated in Fig. 4-7 based on 

the skeletonized binary image without burr points. 

 

 

 

 

Fig. 4-6. Binary image without burr points.  
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The distorted interference fringes are corrected by cut-and-reconnect processing, 

before smoothing using a median filter, as shown in Fig. 4-8. 

 

Fig. 4-7. Incorrectly connected points. 
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The reconstructed phase image shown in Fig. 4-9, which was obtained from the 

corrected interference fringes, demonstrates that the phase error caused by the 

weakness of the electron-wave amplitudes has been reduced.  

 

Fig. 4-8. Distorted interference fringes. 

100nm 
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The unwrapping process (designed by Gatan) is used to remove the phase jump 

caused by the digital reconstruction process to obtain the final image without any 

phase jump, as shown in Fig. 4-10.  

The phase error in the reconstructed phase image was reduced dramatically, but a 

new type of noise is sometimes present in the phase image: undulation noise.  

 

Fig. 4-9. Reconstructed phase image obtained from the 

corrected interference fringes.  

50nm 
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Undulation noise 

 

Fig. 4-10. Final reconstructed phase image with undulation 

noise. 

50nm 
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4.3 Origin of undulation noise 

Identifying the source of undulation noise is important for improving the restoration 

quality. The interference pattern of an electron hologram was captured using another 

sample with the same external conditions (same electron microscope, same 

illumination condition, same CCD camera in vacuum). The same image processing 

method was used to obtain the phase image, but undulation noise did not occur.  

After comparing the images produced, the source of this noise was found to be the 

unevenness of the interference fringes in the binary image shown in Fig. 4-11. This 

unevenness originates from the incline in the fringes during computational 

binarization[1]. 

 

 

 

 

  

Unevenness of fringes 

Fig. 4-11. Unevenness of the fringes. 
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Figure 4-12 shows a profile image of the phase image where this is unevenness in the 

fringes in the rectangular regions indicated the width of the fringes in fringes direction. 

The unevenness of the fringes can be characterized clearly. This unevenness originates 

from the binarization processing because the images processed by the computer are 

digital signals rather than analog signals. Thus, the pixels in the image are processed 

as rectangles by the computer and there is no smooth distinction between one pixel 

and its neighboring pixels. Thus, the binarization of fringes at some angles will cause 

unevenness because the computer mistakenly recognizes rectangles and separates the 

values of the pixels. 

 

 

 

 

 

Fig. 4-12. Profile image of a phase image with unevenness in the 

fringes. 
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4.4 Elimination of undulation noise 

4.4.1 Elimination method  

This problem can be solved by rotating the electron hologram by several degrees 

before processing. In the present case, we rotated the electron hologram by 20 and the 

unevenness of the interference fringes was eliminated after rotating the binary image, 

as shown in Fig. 4-13. 

 

  

 

 

Figure 4-14 shows the line profile of a phase image with evenness in the fringes in the 

rectangular region. Thus, the unevenness of the fringes can be corrected well. 

 

 

Evenness of fringes 

Fig. 4-13. Evenness of the fringes. 
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The reconstructed phase image in Fig. 4-15, which was obtained from the even 

interference fringes, shows that the undulation noise caused by the unevenness of the 

fringes has been reduced dramatically.  

 

 

Fig. 4-14. Profile image of a phase image with evenness in the fringes. 
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Fig. 4-15. Final image produced.  
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4.4.2 Evaluation of the elimination method 

We compared the phase image generated after elimination with that containing 

undulation noise using the profile image of the same region.  

The profile image of the phase image with undulation noise in the rectangular region 

is shown in Fig. 4-16. 

 

 

 

 

Fig. 4-16. The profile image of the phase image with undulation 

noise in the rectangular region. 
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The profile image of the phase image after applying the elimination process to the 

rectangular region is shown in Fig. 4-17. 

The results show clearly that the undulation noise has been eliminated to a great 

extent based on a comparison of these two output images. 

 

 

 

 

 

Fig. 4-17. The profile image of the phase image after applying the 

elimination process to the rectangular region. 
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4.5 Conclusion 

The reconstructed phase image obtained from the corrected interference fringes 

showed that the phase error was reduced dramatically, but undulation noise was 

present in the phase image.  

Thus, it was necessary to find the source of the undulation noise.  

A comparison of the two phase image before and after processing showed that the 

unevenness of the interference fringes in the binary image was the source of the 

undulation noise.  

This problem was solved by rotating the electron hologram by an appropriate angle 

before processing. 
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Chapter five 

5. Simulation of the processing of holograms with 

noise  
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5.1 Preamble 

Noise refers to any unwanted and not necessarily random information. Noise is always 

a random fluctuation in the electrical signal in electronic systems, which is a 

characteristic of all electronic circuits. Various types of noise are generated by 

electronic devices, which can be produced by several different effects. 

Thermal noise is a type of unavoidable noise that occurs at non-zero temperatures, 

while other types such as shot noise depend mostly on the device type [1, 2]. 

In practice, two main types of noises may occur when capturing holograms, i.e., 

Poisson noise and Gaussian noise. The interference fringes may not be distinguished 

for much noise in the hologram. In addition, low electron luminance can also make the 

interference fringes undistinguishable, as seldom electrons hardly form the fringes. 

We aimed to eliminate the imperfections in the hologram in these noise and low 

electron luminance situations  

This chapter addresses the simulation of holograms with noise and low electron 

luminance, and these two main noises were added to the hologram in the simulation. 

Thus, we applied the phase reconstruction processing to a simulated hologram, which 

contained much more noise and lower electron luminance than that found in practice. 

 

 

 

 

 

http://en.wikipedia.org/wiki/Electronics
http://en.wikipedia.org/wiki/Electrical_circuit
http://en.wikipedia.org/wiki/Thermal_noise
http://en.wikipedia.org/wiki/Shot_noise
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5.2 Poisson noise  

In this case, Poisson noise is a type of shot noise.  

In electronic devices, shot noise originates from unavoidable random statistical 

fluctuations in the electric current [3]. When the charge carriers traverse a gap, the 

number of traversable carriers is random, such as specific electrons. The current can 

be regarded as a flow of discrete charges and the shot noise originates from 

fluctuations when these charges arrive. Shot noise is similar to the noise created by 

snow falling on a flatbed. The flow of snow may be relatively constant, but the 

snowflakes arrive discretely on the flatbed. 

Shot noise may be a major problem when the finite number of particles with energy, 

such as electrons in an electronic circuit or photons in an optical device, is sufficiently 

small. Thus, uncertainties related to the Poisson distribution that describes the 

occurrence of independent random events can describe these uncertainties. Shot noise 

is important in electronics.  

Shot noise is temperature- and frequency-independent noise, which may be the 

dominant source of noise at high frequencies and low temperatures. 

Shot noise is relatively insignificant in many cases of electrical conduction, but it can 

be significant with very small currents and short time scales. 

If the intensity of the electron wave is extremely weak in a TEM, shot noise will be a 

significant problem. The emission of electrons from the FEG is random according to 

the quantum theory, so if the average number emitted is eight, the actual number may 

be 6 or 10.  

http://en.wikipedia.org/wiki/Electric_current
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Poisson_distribution
http://en.wikipedia.org/wiki/Electronics
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A Poisson process is a random process that counts the number of events within a given 

time interval. The time between each pair of continuous events has an exponential 

distribution with parameter λ and each of these inter-arrival times is assumed to be 

independent of other inter-arrival times.  

A Poisson distribution can be defined by the following probability mass function. 

 

𝑃(𝑋 = 𝑘) =
𝜆𝑘𝑒−𝜆

𝑘!
     (5-1) 

where 𝑋 is the discrete random variable, 𝑘 = 0,1,2, … . 

This probability mass function can be used to formulate Poisson noise.  

Figure 5-1 shows a plot of the probability mass function with different values of λ. 

 

  

λ=10 

λ=5 

λ=20 

Fig. 5-1. A plot of the probability mass function with different 

values of λ. 

 

 

http://en.wikipedia.org/wiki/Exponential_distribution
http://en.wikipedia.org/wiki/Exponential_distribution
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5.3 Simulation of a hologram with Poisson noise  

Poisson noise was simulated according to the probability mass function, as stated 

earlier. 

In this case, Poisson distribution functions were used to formulate an image of the 

Poisson noise using the toolbox in Matlab. 

Several different values of λ were used to compare the differences in the effect. 

Figure 5-2 shows an image of the Poisson noise with different values of λ. 
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Fig. 5-2. The Poisson noise with different values of λ. 

 

λ =8    

λ =128 λ =96     

λ =32    λ =64     

λ =16   

λ =192    λ =160     
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Because the value of λ is equal to the expected value of X and also equal to its 

variance, the value of λ is related directly to the brightness of the Poisson noise in 

images. 

Poisson noise was added to the hologram making the pixel yield Poisson distribution 

in the simulation using toolbox in Matlab, which could change the brightness directly 

in the same manner as a weak electron-wave. 

 

Figure 5-3 shows an image of the hologram after adding Poisson noise with different 

values of λ. In this case, the hologram shown in chapter four was used in the 

simulation. 

 

 

 

 

 

 

 

 

  

http://en.wikipedia.org/wiki/Expected_value
http://en.wikipedia.org/wiki/Variance
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Fig. 5-3. The image of the hologram after adding Poisson noise 

with different values of λ. 

 

λ =192 
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Because the effect of the value of λ on the brightness was fairly small, a histogram 

equalization processing was introduced to enhance the brightness of the hologram. 

Low values of λ were more valuable in the simulation of a hologram with Poisson 

noise because we wanted to test the case with the weakest electron-wave with several 

electron emissions. Thus, a hologram with Poisson noise where the value of λ was low 

was selected for the next process. 

Figure 5-4 shows a hologram with Poisson noise where λ has a low value after the 

histogram equalization process. Its distribution in Fig. 5-4(a) shows that the pixel 

values cover about 8 values. 

 

       

(a) 

Pixel value 

Pixel number     

100nm    
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Fig. 5-4. The holograms with Poisson noise after the histogram equalization 

process. (a) λ=8 and its distribution; (b) λ=16;(c) λ=32. 

 

(b) 

(c) 

100nm    
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The brightness was increased after histogram equalization processing and Poisson 

noise is evident in the hologram. The pixels in the histogram of the hologram intensity 

have various values. The distribution of the histogram agrees with the distribution of 

the low values of λ, which also indicates that several electrons are emitted, as 

indicated earlier. 

The histogram of the hologram shows that a Poisson distribution was simulated 

successfully because the distribution of the pixel values is very similar to a Poisson 

distribution.  
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5.4 Simulation of a hologram with Gaussian noise 

Gaussian noise is a type of statistical noise. The probability density function of 

Gaussian noise is equal to that of the normal distribution, which is also known as a 

Gaussian distribution. 

The probability density function of a Gaussian distribution is obtained as follows: 

𝑓(𝑥) =
1

√2𝜋𝜎
𝑒𝑥𝑝(−

(𝑥−𝜇)2

2𝜎2
)                     (5-2) 

where the mean value 𝜇 is equal to zero and the standard deviation is 𝜎. This 

distribution is known as the standard normal distribution or the unit normal 

distribution. 

We consider the use of a gas environment to make in situ observations, which 

obstructs clear imaging because the electrons are scattered by gas molecules. 

Other sources of Gaussian noise in electron hologram images are sensor noise caused 

by poor illumination, high temperature, transmission noise, and electronic circuit noise 

[4-6]. Transmission system and electronic circuit will cause additional noise to the 

signal. Poor illumination and high temperature may reduce the signal noise ratio. 

Figure 5-5 shows a hologram after adding Gaussian noise to Fig. 5-4(a), where the 

lowest value of λ was selected. Its distribution show that pixel values cover all the 

range of values 

 

 

http://en.wikipedia.org/wiki/Statistical_noise
http://en.wikipedia.org/wiki/Probability_density_function
http://en.wikipedia.org/wiki/Normal_distribution
http://en.wikipedia.org/wiki/Gaussian_distribution
http://en.wikipedia.org/wiki/Gaussian_distribution
http://en.wikipedia.org/wiki/Digital_image
http://en.wikipedia.org/wiki/Sensor_noise
http://en.wikipedia.org/wiki/Circuit_noise_level
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Fig. 5-5. A hologram after adding Gaussian noise to Fig. 4(a) and its 

distribution. 
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The pixels have even values in the histogram of the hologram, which means that the 

Gaussian noise is distributed evenly throughout the hologram. 

The reconstructed phase image obtained directly from the electron hologram with 

Gaussian noise and Poisson noise is shown in Fig. 5-6(a), which includes many phase 

imperfections. This is because the interference fringes were not recognized correctly. 

Figure 5-6(b) shows a phase image obtained after unwrapping processing, which 

cannot be used. 
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  Fig. 5-6. (a) The reconstructed phase image obtained directly from the electron hologram 

with Gaussian noise and Poisson noise , which includes many phase imperfections; (b) 

shows a phase image obtained after unwrapping processing. 

 

(a) 

(b) 
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5.5 Restoration of singularities 

A similar processing method to that described in chapter 2 is used to restore the 

singularities present in the reconstructed phase image. 

Figure 5-7 shows the fringes of the hologram, where singularities are present in some 

areas. 

 

 

 

 

During binary conversion, the threshold value is dynamic in practice, which may have 

major effects on the results. In this case, a fairly low value is a good choice, e.g., 0.48 

instead of 0.5. 

Figure 5-8 shows the fringes of the hologram after binary conversion.  

The singularities have been reduced to a great extent by binary conversion, but they 

Fig. 5-7. The fringes of the hologram. 
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are more abundant compared with the hologram with no added noise, as described in 

chapter 2.  

 

 

 

 

Next the processing method described in chapter 2 was used to restore the 

singularities. 

Figure 5-9 shows the interference of the corrected binary fringes in the hologram. 

Fig. 5-8. The fringes of the hologram after binary conversion. 
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The corrected interference fringes need to be smoothed using a median filter.  

Figure 5-10 shows the corrected interference fringes after smoothing. 

 

 

Fig. 5-9. The interference of the corrected binary fringes in the hologram. 
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Figure 5-11 shows the reconstructed phase image obtained from the corrected 

interference fringes. The phase image shows that the phase imperfections have been 

reduced dramatically, including the singularities.  This confirms that the processing 

method is also effective for electron holograms with Poisson and Gaussian noise. 

Fig. 5-10. The corrected interference fringes after smoothing. 
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The unwrapping process must be applied because phase jumps are produced in the 

reconstructed phase image by the digital reconstruction process. 

Figure 5-12 shows the reconstructed phase image after the unwrapping process. 

 

Fig. 5-11. The reconstructed phase image obtained from the 

corrected interference fringes. 
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Fig.5-12. The reconstructed phase image after the 

unwrapping process. 
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5.6 Simulation of a hologram with different luminance 

The interference fringes may not be distinguished for the low electron luminance, as 

seldom electrons hardly form the fringes. 

The images of hologram after Poisson noise added with different luminance (electron 

numbers) are shown in Fig.5-13. Figure 5-13(a) shows the electrons of the luminance 

are seldom about one thousand electrons. Figure 5-13(b) shows the electrons of the 

luminance are just enough to distinguish the interference fringes about 25 thousands 

electrons. Figure 5-13(c) shows the electrons of the luminance are enough to 

distinguish the interference fringes clearly. 
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(b)    

(a)    

(c)    

Fig.5-13. (a)Seldom electrons of the luminance about one thousand. (b) Just enough electrons of 

the luminance about 25 thousands. (c) Enough electrons of the luminance to form clear fringes. 
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Fig. 5-14(a) shows the binary fringes of the hologram in Fig. 5-13(b) after binary 

conversion. Fig. 5-14(b) shows the corrected interference fringes after smoothing out. 

Fig. 5-15(a) shows the reconstructed phase image obtained from the corrected 

interference fringes in Fig. 5-14(b).  Fig. 5-15(b) shows the reconstructed phase 

image after unwrapping process.  

 

  

 

 

 

 

Fig.5-14. (a) The binary fringes of the hologram in Fig. 5-13(b) after binary.  

(b) The corrected interference fringes after smoothing out. 

(a)    (b)    
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From the result, the phase can be restored with phase imperfections including 

singularities being drastically reduced in the low electron luminance situation. 

In the practice, the electrons of the luminance are about 25 thousands at least 

distributed in the area of 500nm × 500nm of the specimen. That means 0.016C/M
2
 

though the specimen. The least value may be different according to the specimen with 

different thickness and properties. 

  

(a)    (b)    

Fig. 5-15. (a) The reconstructed phase image obtained from the corrected 

interference fringes in Fig. 5-14(b). (b) The reconstructed phase image after 

unwrapping process. 
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5.7 Conclusion 

In summary, the simulation of an electron hologram with Poisson and Gaussian noise 

and low electron luminance were described in this chapter. 

We tested a method for restoring singularities using the digital simulation hologram 

with added noise and low electron luminance. The implementation demonstrated that 

the proposed processing method is effective and it has practical value for processing 

electron holograms with noise and low electron luminance situations. 
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Chapter six  

6. Summary 
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This study was aimed to apply the digital image processing to deal with the problems 

that occur in the image of electron hologram.  

The actual applications of electron holography overcome the limitation of absent 

information compared to the previous TEM. Meanwhile, the problems occur in the 

processing when reconstructing the hologram. Noises are primary problems to be 

eliminated. It makes a great effect on the quality of the reconstructed result.  

In addition, the phase jumps of 2π are ought to be restored to obtain the correct phase 

image. 

In order to obtain the correct reconstructed phase image from the hologram, digital 

image processing has been introduced in the processing. 

Firstly, principles of the holography are of importance for digital image processing 

methods in the next step. The study of the procedure of hologram generation, 

recording and reconstruction determines which processing methods to be picked up. 

The morphological image processing could play a role in the description of the 

interference fringes of holograms. Digital image processing was introduced to the in 

situ off-axis electron holography. Many processing methods were tried to find the 

efficacious methods on the hologram processing for smoothing and noise removing. 

Secondly, phase imperfections in the reconstructed phase image were studied. Mainly 

two types of phase imperfections are clarified, except the imperfection come from the 

external noise. One type of well-known 2π phase jump during the digital 

reconstruction process can be unwrapped and connected in a smooth manner using the 

appropriate software nowadays. However, the other type of phase jump has not been 
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studied and solved. 

Finding out that wrong recognization of the fringes in hologram owing to low contrast 

of the electron wave amplitude make the other type of 2π jump, phase imperfections 

could be corrected by correcting the interference fringes.  

Thirdly, the processing method proposed was applied to a hologram of crystal 

structure image. Aberration correction was introduced too. The result of the 

singularities restored phase image shows a good phase structures.  

Fourthly, the undulation noise was studied, as it sometimes occurs. The elimination of 

undulation noise was accomplished after finding out the reasons of occurrence. 

Finally, simulation of hologram with noise was achieved. Poisson noise and Gaussian 

noise were studied, and they were added to the hologram for simulating the situation 

of quite week electron wave.  Using the simulation of hologram with much noise, the 

same processing methods were executed for noise elimination and singularities 

restoring. A comparatively clear phase image can be obtained after the processing.   

  

http://www.jukuu.com/show-recognization-0.html
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