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1 ABSTRACT August 2, 2020

1 Abstract

Magnetic nanoparticles is an important part of today’s technology. They are used to make

fertilizers and used for water purification and in medicine. Improving the understanding of

how these nanoparticles work is an important field of science.

This project aims precisely at learning how magnetic nanoparticles behave when they are ex-

posed to certain gasses such as hydrogen, oxygen, nitrogen and others. To gain this knowledge,

we need to image the nanoparticles in a controlled gas environment. In order to do this a new

technique was realized by combining environmental TEM, a special TEM allows the presence of

gasses and off-axis electron holography. The result of this synergy is a new, powerful magnetic

imaging technique that we named ”gas electron holography”.

Electron holography provides add an extra layer of information on top of what we can see with

electron microscopy: the electric and magnetic fields produced by the object under observation.

To enable off-axis electron holography the microscope needs to be equipped with a device called

”electron biprism”. In a microscope that has gas inside there is a risk corroding the electron

biprism, and since the electron biprism is very expensive, a part of this project has been

to design and fabricate one that is hard to damage and yet cheap to replace. The electron

biprism was designed by using physics models and computer simulations, and then realized

using MEMS fabrication technology.

With the electron biprism added to the microscope, gas electron holography was used to study

how the presence of gas changes the coherency of the electron beam. In the end gas electron

holography was used to study magnetic nanoparticles in order to gain a deeper understanding

of how their magnetic properties change when heated up in various gasses.
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2 RESUMÉ August 2, 2020

2 Resumé

Magnetiske nanopartikler er en vigtig del af vore dages teknologi. De bliver brugt ved frem-

stilling af kunstgødning og til vandrensning samt inden for medicin til at kurerer cancer. At

forbedre vores forst̊aelse af, hvordan de fungerer, er afgørende for at fremme videnskabelige og

teknologiske applikationer til gavn for samfundet.

Dette projekt sigter netop til at lære, hvordan magnetiske nanopartikler opfører sig, n̊ar de

udsættes for visse gasser, s̊asom hydrogen, oxygen, nitrogen of andre. For at f̊a denne viden er

vi nødt til at tage et billede af nanopartiklerne i et kontrolleret gasmiljø. For at gøre dette blev

en ny teknik realiseret ved at kombinere ETEM, et specielt TEM der tillader tilstedeværelse af

gasser og off-axis elektronisk holografi. Resultatet af denne synergi er en ny, kraftig magnetisk

billeddannelsesteknik, som vi kalder ”gas elektron holografi”

Elektron holografi tilføjer et ekstra lag af information oven p̊a hvad vi kan se med elektron

mikroskopi hvilket er information omkring de elektriske og magnetiske felter, der er produceret

af objektet under observation. For at bruge elektron holografi skal mikroskopet udstyres med

et specielt stykke udstyr kaldet elektron biprism. I et mikroskop med gas indeni der er en risiko

for, at biprismen bliver korroderet af gassen, og eftersom elektron biprism er et meget dyrt

stykke udstyr, har en del af dette projekt været at designe og fremstille en elektron biprism, der

er vanskelig at beskadige og billig at erstatte. Elektron biprismen blev designet ved hjælp af

simple fysiske modeller og computersimuleringer. Derefter blev elektron biprismen fabrikeret

ved at bruge MEMS fremstillingsteknologi.

Da elektron biprismen var færdigfremstillet, blev denne nye teknik gas elektron holografi brugt

til at kigge p̊a hvordan tilstedeværelsen af gas ændre coherencen af elektron str̊alen. Til

sidst blev gas elektron holografi brugt til at studere de magnetiske nanopartikler for at f̊a

en yderligere forst̊aelse af, hvordan de sm̊a partiklers magnetiske egenskaber ændres, n̊ar de

opvarmes i forskellige gasser.
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3 INTRODUCTION August 2, 2020

3 Introduction

Transmission electron microscopy (TEM) involves the use of high-energy electrons that have

passed through a thin specimen in order to obtain information about the specimen. TEM is

an important analytical tool in many scientific fields with numerous application in material

science, nanotechnology, semiconductor research and biology. Off-axis electron holography is

a technique performed in a TEM that allows for electrostatic potential and magnetic fields in

materials to be imaged quantitatively with nanometer spatial resolution [1]. Environmental

TEM (ETEM) is used to study crystallographic and chemical changes of a specimen in various

gasses [2]. Combining off-axis electron holography with ETEM is very attractive since they are

both capable of investigating the functionality and reactions directly at atomic to nanometer

scales.

As a part of this project, a novel TEM technique has been established that combines off-axis

electron holography and ETEM. This new technique referred to as gas electron holography

in this project has great potential for various applications in research fields such as: E.g.,

studies on changes in magnetic structures under reduction/oxidation conditions[71], charge

distributions in catalytic nanoparticles under the presence of various gases [3], electric field

distributions in working fuel cells[4] and the study of doping in semiconductors[5].

In order to use off-axis electron holography a special device called an electron biprism is needed.

A conventional electron biprism is designed for the vacuum environment of TEM and therefore

in an ETEM where the pressure is 3-6 orders of magnitude higher it will be in danger of

being contaminated and corroded by the gasses present in the microscope. As such in order to

combine off-axis electron holography and ETEM the development of an exchangeable biprism

device [6] is needed, it should be based on semiconductor fabrication technology that is resistant

to the contamination and corrosion and easily exchangeable if damaged.

Performing off-axis electron holography in a ETEM will be different than in high-vacuum due

to the presence of the gas molecules in the column and this means that the coherency of the

electron beam will be degraded by the presence of the gas. The coherency of the electron

beam is a critical parameter for electron holography and as such in order to investigate the

effects of gas on practical holography experiments the interaction of electron holography with a

gas atmosphere must be studied furthering the study of gas–electron interaction in the ETEM

[7][8].

Another study is the effect of oxidation/reduction on magnetic properties of iron-containing

materials nanoparticles for fundamental understanding of dynamical nanoscale magnetism and

study of how the materials gain/lose magnetization during oxidation/reduction and how the

magnetic changes are associated with crystallographic or chemical, microstructural alterations

induced by the oxidation/reduction.
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4 Transmission electron microscopy

The history of the transmission electron microscopy [9] can be said to have its true start in

1931 under the researchers Max Knoll and Ernst Ruska. Though research into the nature of

the electron had been performed earlier, it was in this research group that worked on improving

the previous cathode ray oscilloscopes that it really started to take the form of TEM.

In 1932 this group realized that the hypothesis written by de Broglie in 1927 [10] showed

that the electron also possessed wave particle nature like light and that using their wave-like

properties meant that a beam of electrons could be focused and diffracted much like light.

Another consequence of de Broglie wavelength of electrons is that for a 300 keV electron beam

it is 20000 times smaller than the wavelength of light, which is approximately 400 nm. That

means that the resolution achievable with electrons is much better than with light. This lead

to the research group constructing an electron microscope in 1933 with a resolution better than

could be achieved with alight microscope.

A few years later in 1939 the first commercial TEM was sold and the instrument has since

then grown into the modern TEM through improvements in technology. In 1986, Ruska was

awarded the Nobel Prize in physics for the development of transmission electron microscopy

[11].

Transmission electron microscopy is a microscopy technique that works by sending a beam of

electrons through an ultrathin specimen to form an image. Transmission electron microscopy

is capable of imaging with a resolution down to atomic resolution, however this comes with

a price. The specimen will scatter the electrons that hit it and eventually these electron will

no longer have the energy to escape the sample, the thicker the sample and the more density

it has the shorter the distance is needed to absorb the electron. So in order to do TEM the

specimen typically needs to be less than a 100 nm thick in order to allow the electrons to pass

through the specimen.

The image is formed by electron-matter interactions changing the illumination from a plane

wave to something else, which is then imaged by the imaging system. The electron beam

interacting with the specimen works by electron scattering, where the primary beam will have

electrons being scattered at different angles from hitting the sample, which will result in a

beam that has lost or gained electrons in certain areas. This will contain information about

the thickness, density and element of the specimen, which can be extracted with an appropriate

imaging device.

4
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4.1 Components of TEM

A modern transmission electron microscope consists of a number of components as seen in

figure 4.1. Starting from the top is the electron source or as it is usually called the electron

gun. There is a number of different electron sources .and they can be divided into two categories:

Thermionic sources, where electrons are produced by heating a tip made, e.g., of tungsten or

LaB6, and field emission sources, where electrons are extracted from the tip with the help

of a strong electric field after the electrons are produced they are then accelerated down the

column. A field emission gun (FEG) will provide a brighter and more coherent electron beam

than a thermionic source and it is required to use a FEG for obtaining atomic resolution. A

FEG is much more expensive than a thermionic source and it requires an extreme vacuum in

order to work.

Figure 4.1: An illustration showing a TEM. The illustration is from [75]

5
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The vacuum system is an important part of an electron microscope and it is required to have

a high vacuum in the microscope column in order for the electron beam not to be scattered

by the gas. The vacuum system in a TEM works by having three types of pumps; first, is the

ordinary vacuum pump, which is usually a rotary vane or diaphragm pump that will do the

initial rough pumping. Then there is the turbo-molecular pumps that will ensure a normal

vacuum of 10−4 − 10−7 Pa in the microscope and finally there is the ion pumps that generates

the extreme vacuum of 10−7 − 10−9 Pa needed for the FEG and for microscopes with a high

acceleration voltage.

The next component is the lenses and apertures needed to shape and focus the electron beam.

The lenses work using electromagnetism and are deliberately designed to emulate optical lenses,

by focusing parallel electrons at a constant focal distance. There are three stages of lenses in a

TEM. As seen in figure 4.1 the first stage is the condenser lenses, here the electron beam can be

condensed down to gain the optimal illumination for a given magnification. Sometimes there

is also a special set of lenses that can remove chromatic aberration during the condenser stage

of lenses. The second stage of lenses is the objective lens, which controls the focus plane of the

optical set-up and the magnification at the specimen. The objective is sometimes replaced with

another lens further away from the sample called the Lorentz lens in order to image magnetic

properties of the samples because the objective lens creates a powerful magnetic field at the

specimen. The third stage of lenses is the projection lenses, which are used to magnify and

project the electron beam unto the imaging device. It is also possible to have a special set of

lenses during the projection part of the lenses that can be used to correct part of the image

aberrations. There is also stigmator lenses in all three lens stages that allow the operator to

shape the beam, usually to account for lens astigmatism from the ”normal” electromagnetic

lenses.

The apertures are annular metallic disks of metal throughout the microscope that are used to

filter out unwanted electrons that are scattered at high angles. While this will decrease the

beam intensity it will usually also remove some of the noise generated by spherical or chromatic

aberration, or due to diffraction from interaction within the sample.

Another component is the sample holders used to hold the sample in the microscope. These

holders can be in many shapes allowing for a variety of samples and for the sample holder to

rotate at high angles and to tilt in more than one direction. The holders can also possess the

ability to heat up and cool down as well as the possibility of biasing the sample. There is also

a subsection of holders that allows the sample to be in a variety of environments such a holders

that contain gas and liquids.

6
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The final components in the microscope is the various devices used to analyze the electron beam.

The most obvious device is the fluorescent screen which glows when hit by electrons allowing

an amplitude image of the electron beam to be seen. For a digital image, an electron sensitive

CCD camera can be used allowing for an accurate count of the number of electrons per pixel.

It is also possible to have an x-ray detector in the microscope that can run spectroscopy on the

x-ray released when the electron beam hits the sample obtaining spectroscopic information.

The last detector discussed here is the EELS spectrometer which is a device that separates the

electron beam according to its energy allowing for spectroscopic analysis of the beam energy

[12].

4.2 Imaging and analysis

In this section how an image is formed in the TEM will discussed. The electrons will hit the

sample, and as a result of their scattering by the atoms in the material, will produce a number

of effects and signals as sketched in figure 4.2. With the various detectors inside an electron

microscope, we have the opportunity to collect some or all of these signals, and analyze them

to learn about our sample. For TEM the electrons used to make an image are from the direct

beam that has lost a number of electrons due to scattering. There are in general two categories

of electron scattering; one is elastic scattering, which is scattering where the electrons did not

change in energy. In addition, the other is the inelastic scattering where the electrons will

change in energy.

Figure 4.2: An illustration of the effects of electron-matter interactions, and the range of signals
produced as a result

7
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The image formed will depend on the image contrast mechanisms. The most obvious is the

mass-thickness contrast, this occurs when the electrons entering the material are scattered

accordingly to the density and thickness of the material they pass through. It is the most

intuitive form of contrast in a TEM and is typically how the geometric shape of a sample is

found.

Another contrast mechanic is the diffraction contrast, which is caused by the different crystallo-

graphic orientation of the specimen. The electron beam moving through a crystalline material

will experience Bragg scattering, which will cause the electron beam to scatter into discrete

locations in the back focal plan. This contrast can be used by imaging the back focal plane to

gain an understanding of the crystal structure of the sample and by tilting the sample a more

thorough understanding of the crystallographic orientation of the specimen can be found.

The energy change in the electrons after inelastic scattering can be detected through electron

energy loss spectroscopy (EELS) allowing for imaging of where the contrast depends on the

atomic transition during electron-electron interaction [14]. This technique can also be used

to create spectroscopic information about the elemental composition of the material. Another

way of gaining information from the sample is through the characteristic x-ray emitted when

the electrons scatter inelastically on the sample. This will also allow for information of the

elemental composition of the material.

The last contrast mechanic that should be mentioned is phase contrast, which occurs due to

the slight quantum-mechanical phase shifts that individual atoms produce in electrons that

pass through them. Phase contrast is most famous for its use in high-resolution transmission

electron microscopy (HRTEM) where it allows for individual atomic columns to be images,

which is essentially atomic resolution. There also other forms of microscopy for example there

is Fresnel Lorentz TEM (LTEM) that can use phase contrast to image part of the magnetic

structure of a specimen. The way it works is that the specimen is illuminated with a parallel

electron beam and the in-plane component of the internal magnetic field deflects the electron

beam and create phase shifts in the beam. Then the changes in the magnetic induction of the

specimen can be imaged by moving the focus over or under of the specimen.

This contrast mechanic can be said to be the most essential to this thesis as it is through phase

contrast that electron holography works more detail on how electron holography is used to

interpret phase contrast will be explained in a later section.

8
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4.3 Enviromental TEM

In regards to performing in-situ electron microscopy involving non-vacuum imaging there are

two general approaches which were initially proposed by Marton in 1935 [13]. One approach

is to keep the gas directly in the microscope column, this was developed over the years and

was at first coined with the term controlled atmosphere electron microscopy (CAEM) but is

now more commonly known as environmental transmission electron microscopy (ETEM) [2].

The approach to this technique is to use a microscope with differential pumping and pressure

limiting apertures to keep the gas in the sample area of the column. An illustration of such an

microscope can be seen in figure 4.4. In the sample area a pressure of 1-20 mbar of gas can be

maintained depending on the gas used for lighter gasses, a lower pressure can be obtained for

example hydrogen is limited to stay below six mbar. This is due to the gas diffusing into the

rest of the microscope is easier for light gasses. The gas pressure outside of the pressure limiting

aperture is three to four orders of magnitudes lower than the gas pressure in the sample area

and this is the gas pressure the electron biprism is exposed to during a gas experiment in the

ETEM.

The second approach proposed by Marton was the closed cell system, which is a specialized

holder containing the gas inside a closed cell. The closed cell has been developed since then

mainly focusing on windowed gas cells[15]. The closed cell system used in this project is

DenSolutions Climate holder [76] which consists of a bottom chip containing heating elements

with a number holes covered in 25-50 nm of silicon nitride. The lid of of the closed cell also

consists of thin membrane of silicon nitride. An example of the holder used in this project can

be seen in figure 4.3. This holder can have a pressure of up to one bar and a temperature up

to 1100oC. The membranes will bulge out as the pressure in the holder increases, which can

make quantitative measurements a challenge with this kind of holder.

Figure 4.3: An illustration showing the DENsolutions climate holder that is used in this project,
Illustration is from [76]

9
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Figure 4.4: Schematic diagram of a differentially pumped TEM column. FEG: field emission gun;
IGP: ion getter pump; TMP: turbo molecular pump; RGA: residual gas analyzer; PC: plasma cleaner;
C1: first condenser aperture; SA: selected area aperture. [77] The red star is the location of the
electron biprism

10
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5 Electron holography

Electron holography has been utilized in many fields of study such as strain distributions[19],

charge distribution [20][21], dopant distribution[22] and biological samples[23][24]. According

to Cowley more than 20 different forms of electron holography has been utilized in the past[1].

The technique has history going back to 1949 where Gabor [16] proposed electron holography

as a means to compensate for lens aberrations and to improve electron microscope resolution.

However the technique was greatly limited by the brightness and coherence of the tungsten

electron guns used back then [17]. Technology has since improved with the emergence of the

field emission gun (FEG) which has a high degree of brightness and coherency which has

resulted in a number of different holography techniques including in-line and scanning TEM-

based electron holography [18].

In this thesis, only the most common method of electron holography known as off-axis electron

holography will be used. Off-axis electron holography can be said to be divided into two

different purposes. One is to use phase plates to improve the interpretable resolution of high-

resolution TEM images [25]. The other is to use electron holography to extract the phase shift

that occurs in the electron beam as it passes through the sample in order to find quantitative

information about the magnetic and electrostatic fields of a thin material [26]. This technique

has resulted in a number of interesting results but the most famous two experiments are the

experimental confirmation of the Aharonov-Bohm effect [27] and the study of magnetic flux in

superconductors [28].

In order to perform off-axis holography a Möllenstedt electrostatic biprism is required [29], an

electrostatic biprism consists of a charged nanowire placed in the path of the electron beam

close to the image plan as seen in figure 7.15. The charged nanowire will cause the electron

beam to fold unto itself causing part of the beam to interfere with itself, if the beam is coherent

enough this causes an interference pattern to appear that contains phase information about

the electron beam as seen in figure 5.2.

Figure 5.1: A schematic diagram of a Möllenstedt electrostatic biprism
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If one part of the beam contains a sample and the other part of the beam is in vacuum or on

a part of the sample with uniform thickness, then information about how the sample affects

the phase of the electron beam can be extracted. The two ways that a sample can affect the

phase of the electron wave is first a phase shift caused by the electrostatic potential of the

sample and the second contribution is the magnetic vector potential of the sample, this will be

further elaborated on later on in the thesis. One thing to note is if you were observing magnetic

materials in the microscope the objective lens, needs to be turned off or else the magnetic field

from the lens would saturate the samples magnetization along the electron beam direction. In

order to still be able to look at the sample with high magnification a high-strength mini lens

usually referred to as the Lorentz lens is placed below the sample as seen in figure 5.2 providing

a sample area with no magnetic fields to magnetize the sample.

Figure 5.2: A schematic diagram of the set-up for off-axis electron holography

12
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5.1 Holographic reconstruction

In order to obtain the phase information in the electron hologram it is necessary to understand

how the phase information is hidden in the image.

In the image plane, a coherent electron wave function can be described as:

ψimg(r) = Aimg(r) exp[iφimg(r)] (5.1)

where r is a two dimensional vector describing the spatial coordinate in the image plane and

A / φ describe the amplitude and the phase of the electron wave respectively.

In the case of a normal TEM image, what is the camera records can be described as:

I(r) = |Aimg(r)|2 (5.2)

Here it can be seen that all phase information is lost, whereas in off-axis electron holography

where the image recorded on the camera is a hologram given by the addition of a tilted plane

reference wave to the complex specimen wave which can be described as:

Ihol(r) = |ψimg(r) + exp[2πiqc · r]|2 (5.3)

Where the tilt of the reference wave is described by the two dimensional reciprocal space vector

q = qc

Figure 5.3: A hologram of a magnetite nanoparticle and a reference hologram
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By substituting equation (5.3) into equation (5.1) it can be rewritten as:

Ihol(r) = 1 + A2
img(r) + 2Aimg(r) cos[2πqc · r + φimg(r)] (5.4)

This equation demonstrates clearly that there are three contributions to the intensity of an

electron hologram. The first two are the intensities of the reference and image waves, and the

last is an additional set of cosinusoidal fringes containing the information about the phase and

amplitude of the image wave. These are the small fringes that can be seen in figure 5.3.

Now having understood how the phase information is hidden in the electron hologram, a method

for extracting the information can be implemented. A typical hologram can look like figure

5.3. In this dataset a pair of magnetite nanoparticles can be seen, in order to get the phase

information out of the image the first step is Fourier transforming the image getting the image

seen in figure 5.4 and based on equation (5.3) the transformed equation can be written in the

form:
FT [Ihol(r)] = δ(q) + FT [A2

img(r)]+

δ(q + qc)⊗ FT [Aimg(r) exp[iφimg(r)]]+

δ(q − qc)⊗ FT [Aimg(r) exp[−iφimg(r)]]

(5.5)

This equation shows four different contributions, the first two are peaks centered on the origin

corresponding to the intensity of the reference image and the intensity of the normal TEM

image. The last two contributions are related to image wavefunction we wish to obtain with

one peak centered at q = −qc and the other at q = qc describing the complex conjugate of

the image wave function. These two peaks are generally referred to as the ”sidebands” and

they each contain the phase information.

Figure 5.4: (A) A FFT of the electron hologram shown in fig 5.3 (B)An example of a mask in FFT
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In order to reconstruct the complex wavefunction in the image plane you have to extract the

”sideband” from the rest of electron hologram, this is done as seen in figure 5.4B where one

of the sidebands is filtered out by inverse Fourier transforming back figure 5.4B the complex

wavefunction can be obtained. The size of the filter around the sideband is also an important

parameter when reconstructing the complex wavefunction; the larger the sideband filter is the

better spatial resolution is gained but also the more noise, determining the optimal size usually

depends on the needed spatial resolution.

The above method will result in obtaining the complex wavefunction; however, there is still

a number of artefacts that should be dealt with one of which is the Fresnel fringes generated

by the biprism wire. They can be seen in figure 5.3 as the large fringes that gradually grow

smaller towards the center and in figure 5.4A they can be seen as the streak of light going from

the center to the sidebands.

There are two general ways to deal with Fresnel fringes, the first is to mask out the streak in the

sideband before Inverse Fourier transforming. The other method is to have a second biprism

[32] in the microscope along with an extra lens, while this method is the most thorough way

to deal with the Fresnel fringes it also requires an expensive rebuilt of the microscope. The

other artefacts are caused by long-range phase modulations arising from inhomogeneities in the

charge and thickness of the biprism wire, as well as from lens distortions and charging effects,

however these artefacts can be dealt with using an elegant trick, namely to use a reference

hologram.

The idea is that the phase of the image can be written as:

φimg = φobj + φbg (5.6)

Where φobj is the phase object without the background artefacts φbg. This means that the

reconstructed phase we are interested in can be written as:

φobj = φimg − φbg (5.7)

A reference hologram is a hologram taken either in vacuum or in a flat region of the sample,

resulting in an ”empty” hologram as seen in figure 5.3B. Which by using the exact same

reconstruction method as with the specimen hologram a vacuum reference wavefunction can

be obtained which has an amplitude of one and the phase φbg.

ψref (r) = 1 exp[iφbg(r)] (5.8)

Then a complex division of the image wavefunction by the vacuum reference wavefunction in

real space which is essentially doing the same as equation (5.7) will result in a distortion-free
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complex wavefunction of the image wave.

ψrec =
Aimg(r) exp[iφimg(r)]

1 exp[iφbg(r)]
= Aimg(r) exp[iφobj(r)] (5.9)

Having obtained the reconstructed complex image wave the amplitude and phase can be easily

be found as:

Aimg =
√

Re[ψrec]2 + Im[ψrec]2 (5.10)

φobj = tan−1
(

Im[ψrec]

Re[ψrec]

)
(5.11)

Where Re and Im is the real and imaginary parts of the reconstructed complex image wave

function. The phase image obtained this way will be in modulo 2π meaning there will be

sudden jumps of 2π in the image.

In order to fix this phase jump it is necessary to unwrap the phase which is done by adding

2π every time there is a gap of 2π, in this thesis is done with the algorithm described in this

article [33]. This will result in the final unwrapped phase image as seen in figure 5.5, where

the magnetite nanoparticles show up with a strong phase contribution and a phase shift occurs

between the silicon nitride membrane and the vacuum. The vertical stripes tat can be seen is

the Fresnel fringes adding noise to the image. In order to gain a further understanding of what

causes changes in the phase is needed.

Figure 5.5: An unwrapped phase image showing the magnetic nanoparticle.
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5.2 Contributions to the phase shift

There are two ways that a sample will affect the phase of an electron wave as it passes through.

The first is a contribution from the electrostatic potential of the sample and the second is a

contribution from the magnetic vector potential of the sample. If we can ignore dynamical

diffraction effects meaning if the sample is thin enough or weakly diffraction which is almost

always the case with TEM samples, the local phase shift caused by a sample as an electron

wave passes through can then be described as [34]:

φ(x, y) = CE

∫ +∞

−∞
V (x, y, z)dz − e

~

∫ +∞

−∞
Az(x, y, z)dz (5.12)

where e is elementary charge of an electron and ~ is Plank’s constant. The electrostatic

potential is called V and the magnetic vector potential is called A, the last parameter is CE

which is related to the electron beam itself and is given as:

CE =
e

~c
E + E0√
E(E + 2E0)

(5.13)

where c is the speed of light and E0 = 511keV is the rest mass energy of the electron and the

kinetic energy of the electron is E = eU with U being the accelerating potential of the electron

microscope.

If one assumes that the sample is an isolated spherical magnetic particle. Then the line profile

across the center of the particle in direction x perpendicular to Bs the phase shift can be written

as [34]:

φ(x)||x|≤a = 2CEV0
√
a2 − x2 +

2

3

( e
~

)
Bs

(
a3 − (a2 − x2) 3

2

x

)
(5.14)

φ(x)||x|>a =
2

3

( e
~

)
Bs

(
a3

x

)
(5.15)

Where a is the radius of the magnetic nanoparticle and Bs is the magnetic induction.

The magnitude of the difference between the maximum and minimum values of the magnetic

contribution to the phase shift across a uniformly magnetized sphere can be given as [34]:

|∆φm| = 2.044
( e
~

)
|Bs|a2 (5.16)

For a uniformly-magnetized infinite cylinder, the equivalent expression is [34]:

|∆φm| = π
( e
~

)
|Bs|a2 (5.17)
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5.3 Magnetic reconstruction

It is often required to separate the electrostatic and magnetic contribution to the phase, if one

wants to interpret a magnetic phenomenon; one exception that comes to mind is the case of

magnetic thinfilm with a uniform thickness.

In order to separate, the two phase contributions it is required to change one of them without

changing the other. There are a few ways to do this; the first is that the electrostatic contribu-

tion of phase scales accordingly to the beam acceleration voltage allowing one to distinguish the

magnetic and electrostatic phase contributions by changing the beam. This is a very tedious

solution since changing the acceleration voltage can be quite time consuming especially since

the coherency of the electron beam is so important in electron holography.

The other solutions is all about changing the magnetic phase contribution and the most com-

mon way of doing so is called magnetic reversal experiment. The main idea is that by changing

the direction of the magnetization of the sample you effectively change the sign of the mag-

netic contribution to the phase as seen in equation (5.12) from there gaining the electrostatic

contribution and magnetic contribution is trivial:

MIP =
φ+tilt + φ−tilt

2
MAG =

φ+tilt − φ−tilt
2

(5.18)

However, both obtaining complete magnetic reversal and even knowing if you have done so

successfully is not so trivial. In order to reverse the magnetization of the sample a powerful

magnetic field is needed. Conveniently, inside the microscope column there is a powerful

electromagnet namely the objective lens. The objective lens can provide a powerful magnetic

field in the beam direction meaning that if we want to magnetize the sample we have to tilt

the sample and with most sample holders turning a full 90o is not possible. That means that

in order for the magnetization to be completely reversed the sample needs to have a preferred

direction of magnetization, this usually means that one needs to find an elongated cluster.

In order to perform a magnetic reversal experiment, four holograms would be needed in order

to isolate the magnetic phase contribution. A hologram and a reference image magnetized in

one direction and a hologram and its reference hologram magnetized in the reverse direction.

An example can be seen in figure 5.6 where two magnetite nanoparticles can be seen after

being magnetized by tilting the sample 30o clockwise and then exposed to the strong magnetic

field of the objective lens. After which a hologram and reference was taken and then tilted

30o anti-clockwise, then it was magnetized using the objective lens and the final hologram and

reference taken.
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Figure 5.6: Two holograms of a magnetite nanoparticle taken in a magnetic reversal experiment and
their reference holograms

These two pairs of holograms are then used to phase of the image wave using the procedure

described in the previous section resulting in the two unwrapped phase images seen in figure

5.7.

Figure 5.7: Two unwrapped phase images each magnetized in different directions

The next step is to cross correlate the two images and shift one of them so that the nanoparticles

perfect overlap. Then use the equations (5.18) to find the electrostatic contribution of the phase,

which can be seen in figure 5.8 to the left and the magnetic contribution of phase which can

be seen in figure 5.8 to the right.

Figure 5.8: The MIP and the MAG phase contributions
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The electrostatic and magnetic contributions to the phase have been successfully separated

and it can be seen in figure 5.8 to the right that the magnetite nanoparticles have a magnetic

signal. Analyzing this signal can be a little tricky just from the phase image unless you have

a lot of experience so it is normal to make another kind of plot. This kind of plot can be seen

in figure 5.9 where a contour plot describes the strength of the magnetic field and the colors

describe the gradient of the magnetic field indicating the direction the field.

Figure 5.9: A contour plot and gradient colormap of the magnetic phase contribution
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6 Design of an exchangeable biprism

The first electrostatic biprism designed by G. Möllenstedt and H. Düker in 1955 [29] consisted

of a charged wire made from a 2 µm in diameter metallized quartz wire and a pair of grounding

electrodes placed in the path of the electron beam close to the image plan as seen in Figure

5.2. This basic design has since been refined into the modern commercial biprism made by

using the fiber pulling method. This method consists of manually drawing a thin glass fiber

from a quartz rod above a hydrogen-oxygen flame and then coating the wire in platinum [30]

resulting in a nanowire of around 400-600 nm in diameter. Recently, the method was improved

by using a computer-controlled fiber pulling system, allowing for biprism diameters to reach

around 400 nm in diameter consistently [31].

As outlined by Duchamp et al there are many issues with the modern commercial biprism [6].

Such as the fact that the thin metal layer can be sputtered off by the electron beam, the core

shell design of the nanowire can cause some innate charging due to the different materials, and

lastly that the round shape of the thin nanowire is not completely opaque to electrons causing

additional noise in the electron hologram from the beam scattering of the biprism.

After examining various designs Duchamp et al. proposed the rectangular exchangeable elec-

tron biprism as a solution [6]; the concept is an electron biprism in the form of a silicon-on-

insulator device chip that can be shaped using semiconductor fabrication processes, with the

biprism wire and grounding electrodes made of doped silicon over the insulating silicon-oxide

chip substrate. The chip can be placed in a modified SAD aperture holder to be used in a

microscope allowing for easy replacement of the biprism by exchanging the chip. In this way

the exchangeable biprism can be replaced if damaged. The rectangular design of the electron

biprism solves the issues with the biprism wire being opaque mentioned earlier as the biprism

wire can be thin allowing for better biprism performance, as well as being tall enough that the

biprism wire is not electron opaque.

The electron biprism we made is of a similar design as Duchamp et al it consists of an ex-

changeable device in a custom SAD holder and is fabricated using semiconductor fabrication

technology. It differs mainly in the materials used as it need to survive in the ETEM as such

the wire is made from platinum supported by silicon nitride bridges and a chip substrate of

pure silicon. The metal nanowire is resistant to corrosion and can be easily cleaned via mild

plasma cleaning, as compared to a doped silicon nanowire that will decay quickly in an ETEM.

To design an optimal electron biprism we must first understand how the quality of an electron

hologram is affected by the electron biprism.

21



6 DESIGN OF AN EXCHANGEABLE BIPRISM August 2, 2020

6.1 Imaging parameters

In this section, we will look into what determines the quality of a electron hologram. The quality

of electron holograms recorded by off-axis electron holography is assessed by two factors: the

spatial resolution, and the other is the phase resolution.

The spatial resolution of electron holography can be found quite intuitively as it is at best

three times the fringe spacing in an electron hologram. This is because one third of the fringe

spacing is the highest amount of spatial frequencies the sideband in the Fourier transformation

of an electron holograms can carry without overlapping with the autocorrelation [35].

Looking at figure 5.2 and 6.1 there are four parameters that describes the electron biprism;

The first is d1 describing the distance from the focal plane to the biprism. The second is d2

describing the distance from the biprism to the image plane. The third is the parameter α

describing the deflection angle defined in figure 5.2 and fourth the radius of the biprism wire

a. The equation governing the fringe spacing s can be found by taking the lateral coherency

patch produced by the beam which can be given as p = λ/α for a small circular electron

source of uniform intensity [6] and then magnifying the patch into the image plane with the

magnification factor (1 + d2/d1) giving the fringe spacing as [36]:

s =
λ

2α

(
1 +

d2
d1

)
(6.1)

where λ is the de Broglie wavelength of the electron beam.

The next parameter that can describe an electron hologram is the width of the interference

region w as seen in figure 5.2 and 6.1, it is the overlap generated by the two image and reference

waves. This parameter that describes the field of view in a hologram.

Looking at figure 5.2 the equation governing the overlap width can be derived from geometrical

considerations: by using trigonometry half the overlap distance can be found as d2 arctan(α);

under the assumption that α is very small, w is then 2αd2 in a first approximation. However,

the opaque biprism wire blocks out a portion of the electron beam, resulting in a negative

contribution to w that amounts to the width of the electron biprism 2a times the magnification

factor (1 + d2/d1) . Therefore [36]:

w = 2αd2 − 2a

(
1 +

d2
d1

)
(6.2)

Equations (6.1) and (6.2) highlight that both spatial resolution and field of view depend on

the magnification factor of the biprism onto the image plane. This factor is rarely changed

during an experimental session. It can also be seen from (6.1) that the spatial resolution of

the hologram improves with a beam of a higher energy (smaller wavelength). It is evident that

the smaller the biprism radius is, the larger is the field of view.

22



6 DESIGN OF AN EXCHANGEABLE BIPRISM August 2, 2020

Moreover, since the electrons blocked by the electron biprism are from the central, most coher-

ent portion of the electron beam, a smaller biprism diameter will allow more coherent electrons

to contribute to the electron hologram. It is also known that the radius of the biprism can also

have an influence on vignetting effects [37].

The last important parameter for the spatial resolution is the deflection angle α. It is evident

from equations (6.1) and (6.2) that size α affects both the spatial resolution and the field of

view. Since α depends linearly on the voltage applied to the biprism, we can tune freely and

accurately the spatial resolution. However, while spatial resolution and field of view are both

positively affected by a larger deflection angle, phase resolution has the opposite trend.

Figure 6.1: A hologram taken in vacuum and an integrated cross-section of the middle of the hologram

The phase resolution is given by the smallest phase difference detectable between two adjacent

pixels reconstructed from hologram fringes. Its expression [38] is given as:

φmin =
SNR

µ

√
2

Nel

(6.3)

where SNR is the desirable signal-to-noise ratio in final reconstructed phase image a reasonable

value used for this is SNR=3 [39]. The parameter Nel is average number of electrons per pixel

on the detector from the middle of the hologram. This parameter depends on the electron dose

of the electron beam which is controlled by the brightness of the electron source and the electro

optical set-up of the electron microscope. Nel is also linked to the overlap width as the larger

w is, the further the electrons are spread out. The parameter µ, called the fringe visibility, is

defined as:

µ =

(
Imax − Imin
Imax + Imin

)
(6.4)

where Imax and Imin represent the average value of the top and bottom of the fringes, respec-

tively as seen in figure 6.1.
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The fringe visibility is assessed by sampling a region from the middle of the hologram and then

averaging in the direction of the fringes, followed by a peak-finding algorithm to determine the

intensity maxima and minima. This data is then used to find the mean value and standard

deviation of Imax, Imin and the fringe spacing.

The fringe visibility is dependent on the coherence of the electron beam, which is primarily

affected by the transverse spatial coherency of the electron source [40]. As the electron sources

have significantly improved over the last few decades, especially with the advent of the cold

Field Emission Gun (FEG), the increase in the brightness of the electron beam has allowed for

better phase resolution [41]. The coherency is also affected by the electro optical settings of

the microscope having a competing relation with the electron dose. It is difficult to find the

optimal balance except by experimenting and finding the most appropriate settings for a given

microscope+sample combination [40]. Nevertheless, there is one procedure that guarantees

improvements in all circumstances: shaping the illumination into a high-aspect-ratio ellipse

by the action of the condenser stigmators, and then aligning the stretched beam along the

perpendicular to the biprism. This is the most efficient way of sacrificing electron dose for an

improvement in the transverse spatial coherency of the electron beam [42].

Another crucial factor affecting the visibility is the stability of the microscope and the quality

of the detector. If the sample and biprism can remain perfectly still, the exposure time can be

increased without limit, resulting in a higher detector count without loss of visibility, which

improves the phase resolution [43]. In reality, vibrations, fluctuations and noise limit the

acquisition time to 2-5 seconds, any longer than this the visibility of the hologram is lowered.

Improving on the stability of the microscope itself has always been a challenge, however using

a better camera assures higher quality holograms can be taken in the window of stability is

also a viable solution [44].

The last crucial parameter is the deflection angle α, which influences both the spatial and the

phase resolution. Three factors affect α: 1) the acceleration voltage of the electron beam, 2)

the voltage applied to the biprism, and 3) the geometry of the electron biprism. In order design

an electron biprism it is then essential to understand how the geometry of the biprism affects

the deflection angle.

24



6 DESIGN OF AN EXCHANGEABLE BIPRISM August 2, 2020

6.2 Electrostatic calculation

We learned that the biprism should be as stable as possible to get a good phase resolution and

that its radius should be as small as possible to increase the field of view and to preserve the

most coherent part of the electron beam. We also learned that a critical factor in determining

the performance of the electron biprism is the deflection angle α. Therefore, modelling how

the geometry of the biprism influences α allows us to link the geometry of the electron biprism

to the quality of the holograms produced by it.

As sketched in figure 6.2, we model the biprism as a nanowire of radius a biased at V = Va

with respect to a concentric grounded electrode positioned at a distance b away.

Figure 6.2: The 2D model of the electrostatic biprism

Look at a cylindrical surface at radius r with the charge being uniformly distributed across the

surface of the biprism wire we get that:∫
S

|E|da = |E|
∫
S

da = |E|2πr (6.5)

It is know that the biprism is in vacuum leading to:

|E|2πr =
λc
ε0

(6.6)

where λc is the uniform charge density along the wire and ε0 is vacuum permeability.

The definition of the electrical potential

|E| = λc
2πε0r

= − ∂

∂r
V (r) (6.7)
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Knowing that V (r = b) = 0 one get that the electrical potential is given as:

V (r) =
λc

2πε0
ln

(
b

r

)
(6.8)

The electric potential of the surface of the filament is given as:

Va = V (r = a) =
λc

2πε0
ln

(
b

a

)
⇔ λc

2πε0
=

Va

ln
(
b
a

) (6.9)

Substituting this into equation (6.8) for the electrical potential gives:

V (r) = Va
ln
(
b
r

)
ln
(
b
a

) a ≤ r ≤ b (6.10)

Going to the Cartesian coordinate system with r =
√
x2 + z2:

V (x, z) = Va
ln( b√

x2+z2
)

ln( b
a
)

(6.11)

Calculating the electric field in the x-direction:

Ex(x, z) = − ∂

∂x
V (x, z) = Va

x

(x2 + z2) ln( b
a
)

(6.12)

The impulse in the x-direction given to an electron moving parallel to the z-axis:

Px =
1

vz

∫ ∞
−∞
−e0Ex(x, z) dz|x=a =

e0Vaπ

vz| ln( b
a
)|

(6.13)

Velocity in the x-direction:

vx =
Px
me

=
eVaπ

mevz| ln( b
a
)|

(6.14)

Deflection angle can then be given as:

α = arctan

(
vx
vz

)
= arctan

(
e0Vaπ

mev2z | ln( b
a
)|

)
(6.15)

The energy of the electron beam can be defined as Ebeam = 1
2
mev

2
z giving the final equation for

the deflection angle as:

α = arctan

(
eVaπ

2Ebeam| ln( b
a
)|

)
⇔α<<1 α =

eVaπ

2Ebeam| ln( b
a
)|

= ξVa (6.16)

where e is the elementary charge and Va is the potential biased to the biprism.
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We now have a simplified model linking α to the biprism radius and distance to ground, valid

under the assumption of a cylindrical capacitor. Equation (6.16) shows that α increases by

increasing the bias Va and that by either bringing the ground electrode closer, or choosing a

larger radius, will strengthen the proportionality factor between deflection angle and biprism

voltage. This analytical model is suitable for a commercial biprism, where b >> a and the

wire are exceptionally long. However, for a more compact design, the analytical model breaks

down, as will be shown with the following simulations. To maintain the link between geometry,

bias, and deflection angle, we will resort to a finite element model.
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6.3 COMSOL modelling of an electron biprism

We employ COMSOL Multiphysics, a commercial software package that performs equation-

based multiphysics modelling for different physical processes by applying the finite element

method to a system of partial differential equations [45]. The physics model that will be used

in this article is the electrostatics physics package that works by solving Gauss law for the

electric field using the scalar electric potential as the dependent variable for each mesh unit.

The output of the COMSOL simulation is the spatial profile of the x-component of the electric

field. To compare the results of the COMSOL simulation with the measurable quantities in

equations (6.1) and (6.2), we need to link the deflection angle directly to the electric field. This

is accomplished by merging equations (6.13) and (6.14) giving:

α = arctan

(
−e

2Ebeam
·
∫ ∞
−∞

Exdz

)
(6.17)

The mesh used in the simulations are made more refined close to the nanowire and ground

electrodes, and gradually sparser at a distance. The mesh has been refined to convergence for

all results shown.

6.3.1 2D models

The finite element models investigated first is a series of 2D models, where a variety ground

electrode designs are investigated. The geometry of the models can be seen in figure 6.3. It

consists of a square vacuum region that is 2.5 mm on each side, with a round circle in the

middle of radius a = 0.1 µm and applied bias Va = 100 V, and with the ground electrodes

located at a distance b away on both sides.

We tested four different kinds of ground electrodes: A ”Tall walls” (figure 6.3A), consisting of

two vertical walls a distance b away from the center of the wire, stretching from the top to the

bottom of the screen; B ”Wide walls” (figure 6.3B), consisting of two ground planar electrodes

0.2 µm in height, stretching to the edge of the simulation box starting at a distance b away

from the center of the wire; C ”KOH walls” (figure 6.3C), with an additional bulk grounded

element 20 µm away from the edge of ground electrodes, to simulate the presence of the rest

of the chip; D ”Realistic” (figure 6.3D), with a platinum coating on the electrodes and where

the various elements are simulated with appropriate material parameters.

Figure 6.4A shows a plot with the deflection angle as a function of the distance between the

nanowire and the ground electrode b. The deflection angle is calculated using equation (6.17)

from the transverse electric field Ex integrated in the electron beam direction. To compare the

finite-element results and the analytical model from (6.16) as the ground electrodes are moved

further from the biprism wire.
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Figure 6.3: Schematics of 4 different 2D simulations: (Schematics of 3 different 2D simulations:
(A)tall walls, (B)wide walls and (C)KOH wall (D)Realistic biprism

The Tall walls model follows the analytical curve quite well, as would be expected since it

most resembles the analytical model, with the ground electrodes surrounding the nanowire.

As the model is close to the expected result, this validates the COMSOL simulation. The

Wide walls model shows that the deflection angle is lower as a function of b than the analytical

model, however it follows the same kind of trend. The KOH walls model has nearly identical

behavior as the Wide walls, suggesting that the part of the electrodes closest to the biprism

dominates the result, however it deviates at a large distance because the protrusion of the

ground electrode becomes negligible compared to the distance to the biprism. It should be

emphasized that these simulations confirm the α ∝ 1/ ln(b) dependence of the deflection angle

vs. distance, regardless of the electrode shape.

The Realistic model, where the specific material properties were taken into account and a layer

of silicon nitride was added beneath the conducting metal layer (see figure 6.3D) was simulated

only for one point b = 7 µm and as seen in Figure 6.4A to check if the added layer would

change the deflection angle. The Realistic deflection angle landed somewhere between the Tall

and the Wide walls models, suggesting that the details of the simulation do matter, but they

do not deviate far from the simpler COMSOL models, at least in 2D.
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Figure 6.4: (A) A plot showing the deflection angle as a function of the distance b from the biprism
to the grounded plates with a 300 kV beam and a biprism radius of 0.1 µm (B) A plot showing the
deflection angle as a function of the width of the biprism with a 300 kV beam and with b=7 µm

Another batch of simulations focused on exposing the influence of the biprism geometry on the

deflection angle. In these simulations, the gap distance was set to b = 7 µm with the Wide

walls type of electrodes and the nanowire in the middle was modelled as a rectangle allowing

for the width and thickness to be changed separately. The results shown in figure 6.4B, where

α is plotted as function of the biprism width for three different thickness’s of the metal layer,

which include both the biprism wire and the electrodes, reveals a significant mismatch with

the analytical model. We interpret this as the analytical model not being able to account for

rectangular ground electrodes as it assumes the nanowire is circular. However, the general

trend of α increasing as the biprism becomes bigger remains the same.

6.3.2 3D models

To explore the effect of the finite dimensions of the biprism we expanded the model into the

third dimension. The first 3D model seen in figure 6.5A is an extension of the Tall walls

scenario. The simulation domain is a cube with a side length of 2.5 mm and the depth of the

biprism wire and of the ground electrode is 500 µm. The curves shown in figure 6.5B reveal

that the closer the walls get to the biprism wire the closer is the agreement with the analytical

model, which indicates that for this type of electrodes the influence of the finite length of the

wire is negated by the proximity with the ground electrodes.
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Figure 6.5: Showing a model of the biprism and a plot showing the deflection angle as a function of
b with a 300 kV beam and a biprism radius of 0.1 µm with the field measured at x=1 µm

We next tested whether adding a silicon substrate similar to the KOH walls simulation as

seen in figure 6.6 will significantly change the deflection angle in 3D, concluding based on our

simulations was that the difference between the two simulations was negligible as in less than

0.5% in difference for simulations with b < 10 µm. This means that there is no need to consider

the silicon substrate in further simulation.

Figure 6.6: A figure showing a 3D model of ”wide” biprism with and without the silicon bulk

In the next model, shown in figure 6.7A, we included the complete shape of the contacts to

the ground electrode and the biprism wire. Here, after setting the biprism distance to b = 3

µm we varied the wire length to assess whether the contacts affect the choice of how long the

biprism needs to be. In figure 6.7B the deflection angle is plotted as a function of the x-axis

with the x = 0 being the center of the biprism for different wire lengths.
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It is important to note that in the analytical model α does not depend on the distance from

the wire and the same is true for all 2D models given the “air” is sufficiently big. However,

for the 3D models α will unfortunately develop a dependence on the x-coordinate as seen in

figure 6.7B. It can be seen that a slope appears when the biprism wire is too short, caused

by the thick ends of the nanowire creating an electrical field that adds to the field present in

between the nanowire and the ground electrodes. The consequences of α having a dependence

on how far it is from the nanowire will cause the electrons closer to the wire to be deflected

less than electrons further away this means that reconstructed hologram from such a slope will

be distorted. In our design we limit this distortion to < 1% of the full value of α by making

sure that the wire is sufficiently long in comparison to the field of view.

Figure 6.7: (A) A figure showing a model of the biprism and the ground electrodes. (B) A plot showing
the deflection angle as a function of the x coordinate with x=0 at the center of the biprism

The purpose of the next model is to assess whether the distance from the electrode to the wire

b, the thickness of the metal layer T and the biprism radius a have an effect on this slope. By

keeping the length of nanowire at a 100 µm and then changing the other geometric parameters

one at a time with b = 3 µm, T = 0.2 µm and a = 0.2 µm as the initial values. figure 6.8

shows the difference between the deflection angle evaluated at a distance x from the wire and

the value of α at x = 0.6 just off the wire. To check if the slope of α is affected by another

parameter than the biprism length.

Figure 6.8 reveals that by changing any of the three parameters results in a line with the exact

same slope, indicating that these parameters do not influence the severity of the artefact caused

by the short electron biprism. However, looking at the legend in figure 6.8, increasing the T

and/or decreasing b and a will increase α as a function of the voltage making the impact of

the artefact lower.
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Figure 6.8: A plot showing the deflection angle with the value at x=0.6 subtracted as a function of the
x coordinate with three parameters b,T and a changing.

The Realistic model considers material properties by adding a top layer is made of platinum

with a thickness of 0.2 µm with and converting the previous layer to silicon nitride with a

thickness of 0.1 µm and then adding a bulk made of silicon beneath it all. The biprism radius

is a = 0.1 µm and the gap is b = 3 µm. We run two simulations: one with a 100 µm long

biprism wire as seen in figure 6.8, and one with a 200 µm long wire. The 200 µm wire has a

bridge in the middle made of silicon nitride with an island of gold in the middle as sketched in

figure 6.9A.

Figure 6.9: (A)A figure showing a model of the a realistic electron biprism. (B) A plot showing the
deflection angle as a function of the x coordinate
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Figure 6.9B shows the simulated deflection angle as a function of distance from the wire for

the two wire lengths considered. For the 100 µm wire the result was taken from the middle

of the wire and for the 200 µm wire the result was taken at the quarter distance up the wire

to avoid sampling to close to the silicon nitride bridge. The plot shows that the slope is

present in both cases however the 200 µm line has a smaller slope indicating that it is less

influenced by the artefact. The field of view in a biprism is typically around 1 − 2 µm when

looking at nanoparticles and the greatest error caused by the artefact here is then roughly

0.002/0.104 = 1.9%.

Summarizing the result gained from these simulations it is evident that the biprism radius a

need to be as small as possible in order to increase the field of view and to avoid vignetting

effects [37]. In addition, the nanowire needs to be stable, which means that it should be around

a = 50 − 200 nm in radius ideally, depending on the material of the wire. From the above

simulations the ideal electron biprism is one where the nanowire needs to be as long as possible

in order to avoid the artefact of α depending on the x-coordinate. This however is not as easy

as the wire also needs to be very thin and stable, resulting in the nanowire having to be at

least 100 − 200 nm long and preferably longer with the use of support bridges or advanced

materials.

Another parameter analyzed in the finite element simulations is the gap between the nanowire

and the ground electrodes b which needs to be small to increase the deflection angle as a function

of the voltage. Hereby decreasing the influence caused by the slope of the deflection angle from

the finite length of the wire and the influence caused by the bulk of the chip, however the

smallest size is limited by the field of view and avoiding Fresnel fringes from ground electrodes,

resulting in the gap size being b = 2.5− 5 µm.

The small size of b also requires that the edges of the nanowire and the grounded electrodes

need to be as smooth as possible in order to avoid artefacts from the changes in the a/b ratio

and the Fresnel fringes. On the influence of the bulk of the chip it was found that it does not

matter much as long as the bulk is more than 10− 20 µm away from the gap, at least as long

as b is below 10 µm. In the finite element simulations the thickness of the metal layer T was

also investigated and it was ascertained that the metal layer should be as thick as possible with

the only factor limiting the thickness of the metal layer is the fabrication techniques used to

make it and shape it into a nanowire.

34



7 FABRICATION OF AN ELECTRON BIPRISM August 2, 2020

7 Fabrication of an electron biprism

Our systematic simulations guided us towards the final design of the electron biprism chip.

The main body of the chip is single-crystalline p-doped silicon, easy to shape with fabrication

technology and conductive enough to prevent charging under illumination. The chip was chosen

to be 2.5 mm wide and 12.1 mm long with the silicon substrate of the chip being 350 µm thick

so it is big enough to be handled and improving the stability of the electron biprism and while

not be too fragile.

On the frontside of the chip there are four contacts to the electron biprism holder as sketched

in figure 7.1. Two of the four contacts are connected to the ground electrodes, and two are

connected to the wire. One of these two is used to bias the wire, while the other is only used

to clean the wire by heating it up with current. On backside of the chip there is a hole etched

all the way through the chip to allow the electron beam to travel past the biprism as seen in

the backside image in Figure 7.1.

The contacts and electrodes are made from a metal bilayer consisting of 200 nm Pt on top of 10

nm Ti. The metal is electrically insulated from the bulk silicon with low-stress silicon nitride

[47] due to its mechanically robustness and antioxidation as well anticorrosion properties. The

reason low stress silicon nitride was chosen over stoichiometric silicon nitride was because its

low stress will allow for a longer nanowire. The nanowire is 200-300 nm wide and is separated

from the ground electrodes by a gap of 2-4 µm with a SiN bridge in the middle to stabilize as

it shown in the frontside part of figure 7.1.

Figure 7.1: A sketch of the final chip design showing the chip design and the two sides of the nanowire

In this section, the fabrication of the biprism chip using MEMS-technology will be presented.

First, a brief summary of the fabrication plan will be presented along with illustration showing
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a cross section along with the top and the bottom of the wafer. Then in the following sections,

the fabrication steps will be described in more detail, including what problems were encountered

in the production process.

The fabrication starts by picking up a batch of substrate wafers, which in this case is several

4” doped silicon wafers with a (100) crystal direction and a thickness of 350 µm with both

sides being smoothly polished. Then a layer of low stress silicon nitride is added to both sides

of the wafer with LPCVD. This layer will be used isolate the electrodes from the silicon wafer,

strengthen the nanowire and it will be used as a mask during the wet etch performed later on.

The next step is to define the holes etched through the wafer. In order to define the holes

lithography is needed since the structures are rather large and covers a lot of space on the

wafer the most appropriate lithography technique is UV-lithography.

After using UV-lithography to define the holes dry etching is used to etch the holes into the

silicon nitride on the backside of the wafer creating a mask that can be used for wet etching

later on.
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After the dry etch, the resist is removed using an oxygen plasma.

Then the metal contacts on the frontside of the wafer is defined by lift-off where a sacrificial

photoresist layer is applied for the metal structure formation. The metal structures are also

rather large and covers a large part of the wafer, which means that UV-lithography is once

again the most appropriate lithography technique to make the sacrificial layer.

After adding the photoresist the metal is deposited using electron beam physical vapor depo-

sition
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Then lift-off is performed using a bath of ”remover 1165” to remove the photoresist layer.

The next step is to etch through the wafer with KOH etching using the silicon nitride on the

backside of the wafer as the etch mask and the silicon nitride on the frontside of the wafer as

the etch stop. During this KOH the frontside is protected using a tandem wafer holder.

A disco saw was then used to dice the wafer into chips, while the backside of the wafer was

protected by tape and the frontside was protected by photoresist.

The last step is to shape the fine structures forming the nanowire and ground electrodes, which

is too small for UV-lithography requiring another technique to form the pattern. The technique

used in this fabrication is focused ion beam (FIB) milling.

38



7 FABRICATION OF AN ELECTRON BIPRISM August 2, 2020

7.1 Low pressure chemical vapor deposition

The first step of the fabrication is to add a layer of low stress silicon nitride to both sides of

the wafers. This is done using a low pressure chemical vapor deposition(LPCVD)[46], in the

Tempress 6” LPCVD nitride furnace (E3) seen in figure 7.2.

The recipe for the low stress silicon nitride is at DTU’s cleanroom called ”4INC LS”. The

gasses used in this recipe is a flow of 200 sccm of dichlorsilane (DCS) and a flow of 50 sccm

of ammonia. This makes the reaction seen below, where the DCS and ammonia reacts on the

silicon wafer.

SiCl2H2 + NH3 ⇒ SiN + HCl + H2

The pressure in the furnace is 150 mTorr and the temperature varies from 810-845 oC across

the furnace in order to evenly deposit on all the wafers inside. This results in a deposition rate

of 5.4 nm per min at least when running it for 18 min 30 sec, which results in a thinfilm of

approximately 100 nm.

Figure 7.2: A schematic of a LPCVD furnace and a picture showing the Tempress 6” LPCVD nitride
furnace (E3). Picture from [78]

The characterization of the film thickness was done using an instrument called ”SCI’s FilmTek

4000” where a set wavelength of light from 400-1000 nm was reflected of the sample at an

angle of 70o. The reflected data is then fitted to a predefined model that is then used to find

the thickness of the thinfilm. The wafers that were measured on were all within 5 nm of each

other, sadly the exact numbers was not recorded. The final result is a batch of wafers with

100±5 nm of low stress silicon nitride on both sides.

The first big change of the fabrication plan was that there originally was a layer of amorphous

silicon on top of and silicon nitride in order to strengthen and make the nanowire taller. It was

overall a bad idea, the amorphous silicon had a lot of stress and roughness in it and there was

no good reason as to why the the silicon nitride was not just made thicker.
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7.2 Ultraviolet lithography

The next step in the fabrication plan is to pattern a structure on the wafer using ultraviolet

(UV) lithography. This technique can roughly be said to be split into three parts, spin coating,

UV exposure and development, each part will be covered in detail in this section.

7.2.1 Spin coating

The first part of photolithography is spin coating[46] on UV photoresist on the wafer. There

are two resists used for lithography in this project, one is to be used as an dry etch mask for

etching silicon nitride.

The resist chosen for this is ”AZ MiR 701” which is positive resist with a high selectivity for

dry etching, the layer thickness used is 1.5 µm.

The other resist is to be used as a sacrificial layer for lift-off. The resist chosen for this is ”AZ

nLOF 2020” a negative resist with a tendency to create negative sidewalls that make lift-off

much easier, the thickness used is 2 µm.

One issue that can appear is that the resist will not stick to the wafer. This is common especially

for silicon surfaces and a standard solution has been found which is hexamethyldisilazane

(HMDS) which can be applied from gas phase onto a wafer in a specialized oven. HMDS will

work as an adhesion promoter for the photoresist to promote the adhesion to silicon surfaces.

This can all be done automatically in a machine as seen in figure 7.3 with build in ovens, a

spinner and a resist dispenser.

Figure 7.3: A picture of the Süss MicroTec Gamma 2M cluster. Image from [79]

No issues appeared during this process step, so it has remained the same since the beginning

of the project. The only thing to note is that automatic spin coater sometimes mess up the

first wafer by distributing too little resist. Avoiding this can be done by spinning resist on a

dummy wafer before working on the actual wafers will solve the issue.
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7.2.2 UV exposure

The next step is UV exposure[46] step that controls which regions of the resist stay and which

regions are removed. In order to perform this step two UV masks has been ordered from

Compugraphics, one mask is for the holes in the backside and the other determines the pattern

of the metal on the front, they can be seen in figure7.4. Using these masks in the alignment

tool such as the ”Aligner MA6-2” seen in figure 7.4 to align the wafer with the mask and then

expose the resist to a certain amount of UV light. The amount of light needed varies with the

type of resist and its thickness.

The first exposure performed required no alignment as it was the first print. In the case of 1.5

µm of the positive resist ”AZ MiR 701” 17.2 seconds of exposure at 11 mW/cm at 365 nm for

a total dose of 169 mJ/cm2 was used.

In the second case of UV-lithography back alignment was performed. In this case of 2 µm of

the negative resist ”AZ nLOF 2020” 11 seconds of exposure at 11 mW/cm at 365 nm for at

total dose of 121 mJ/cm2 was used.

Figure 7.4: A picture of the Süss MicroTec Mask Aligner MA6-2 and two pictures showing the mask
for the final design. Picture from [80]

The resolution of UV-lithography is around 1 µm and outside of this lower limit it is largely

dependent on the type and thickness of the resist. In this plan, the minimum resolution needed

for the rough structures is around 3 µm which it is well within tolerance for the resolution of

UV-lithography and the tolerance for misalignment is of the same order of magnitude.

The only issues encountered during this process step was the masks becoming dirty over time.

This was solved by cleaning the masks in a bath of 7-Up which consist of sulfuric acid (98%)

and ammonium persulfate.

There has been some changes during this step mainly that the mask have been replaced with

mask that have better alignment marks, mainly consisting of a large cross added to the mask

to allow for better rotational alignment. On the metal patterning mask larger contact pads

along with with some holes in the pattern for the silicon nitride bridges was added.
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7.2.3 Development

The last step of the UV lithography is to develop the photoresist[46]. The specific development

recipe was the same for the two resist, first a post-exposure bake of 60 seconds at 110oC was

performed in order to finish the process initiated by the exposure light. This is especially

important for cross-linking negative resists like ”AZ nLof 2020” that will not develop properly

without this step. Then the photoresist is covered in a puddle of ”AZ 726 MIF developer” for

60 seconds and finally the wafer is cleaned with water.

The result of development will have different results for the positive and negative resist. In the

case of the positive resist the exposure of UV light has increasing the solubility of the resist

being exposed to light, causing the resist exposed to light to be removed by the developer.

In the case of negative resist being exposed to light will decreasing the solubility of the resist

exposed to light increasing the solubility of the resist being exposed to light, causing the resist

not exposed to light to be removed by the developer.

The result from the two types of resist is illustrated in figure 7.5.

Figure 7.5: A sketch of the process of UV lithography

The ”Developer TMAH UV-lithography” used for the development can be used to automate

the development of the wafers with heating plates to heat the wafers and a spinning plate with

development dispensers to develop the wafer. This machine can be seen in figure 7.6.

Figure 7.6: A picture of the Süss MicroTec Developer TMAH UV-lithography. Picture from [81]

After development, the resist was inspected using a ”Zeiss Axiotron 2” optical microscope, to

check for defects in the resist.
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7.3 Dry etching

The next step in the fabrication plan is to use a dry etch plasma [46] to etch away 100 nm of

low stress LPCVD silicon nitride down to the silicon substrate on the backside of the wafer.

This plasma needs two components: A chemical component, which is a gas that reacts chem-

ically with the substrate to form gas products that can be pumped away, and a physical

component that can be used for a bombardment of ions. A plasma that contains these two

components would form a low pressure plasma, which is highly controllable and will etch and

pump away the by-products at the same time. The disadvantages of such a plasma is that it

is complicated, expensive and quite hazardous. Now the actual mechanism of how this plasma

system is created in the etching machine is not going to be covered in this thesis.

This allows for a anisotropic etch when properly implemented which is one of the strengths of

dry etching allowing for straight etching into the substrate. Another strength of dry etching is

that is only one side that is etched ensuring that the other side does not need to be protected.

The dry etching machine used for this is the M/PLEX ICP - ASE as seen in figure 7.7. The

recipe used was the ”RIE” recipe from DTU’s cleanroom and it is a recipe that uses a plasma

of the gasses C4F8 and H2, the wafer was kept at 20 oC during the process. It took 4 min to

be sure that the low stress silicon nitride layer was etched through to the silicon substrate. In

this case a little over etching matters very little as the silicon substrate beneath is meant to

be etched away using KOH etching later.

One thing to note is that the photoresist used ”AZ MiR 701” is a resist with a high selectivity

for dry etching meaning that the dry etch will not do much damage to the resist during the

etch.

Figure 7.7: A picture of the SPTS M/PLEX ICP - ASE. Image from [82]

The only changes done to this process step was changing the process time from 3 min to 4 min

to make sure the silicon nitride layer is gone. This was done after a wafer appeared that was

only etched halfway through after KOH etching.
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7.4 Resist removal

The next step in the fabrication plan is to remove the resist. In general there are two approaches

to this: One is immersion in a chemical bath to dissolve the resist and the other is to use an

oxygen plasma to remove the resist.

In the chemical approach, the resist is dissolved with a powerful solvent kept in a bath where the

temperature can be adjusted and with ultrasound capabilities. It is specific to each resist which

solvent is the best. For the two resists used in this project ”NMP (N-Methyl-Pyrrolidone)”

called remover 1165 in the cleanroom is the best choice. Remover 1165 can remove the resist

in 15-30 minutes if ultrasound is used after which the wafer is rinsed in a bath of isopropanol

(IPA) for 5 minutes and then rinsed with water for 5 minutes. A picture of a remover baths

can be seen in figure 7.8A.

The plasma ashing approach used was to use an oxygen and nitrogen plasma to remove the

resist. The gas flow rate of oxygen was 400 sccm and the nitrogen flow rate was 70 sccm with

a process power of 1000 W, for 45 minutes will remove the two resist used in this project. The

plasma asher can be seen in figure 7.8B

Figure 7.8: A the resist strip wetbench and a picture of a TePla 300 Semi Auto Plasma Processor.
Pictures from [83] [84]

One thing to watch out for during this process step is contamination from the resist baths and

plasma asher. It has happened before that a user before have processed dirty wafers.

One change to the fabrication plan was that there were several times trouble during this project

due to using the plasma asher while having metal on top of the wafers. This resulted in residue,

which were very hard to remove. It turned out that a better choice for resist removal in this

case was wet chemical stripping.
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7.5 Metal deposition and Lift-off

The next step in the fabrication process is to add the metal electrodes to the front of the wafer.

These metal structures is defined by lift-off[46] where a sacrificial photoresist is applied for the

metal structure formation. In order to make this sacrificial photoresist layer UV lithography is

used. The UV-lithography is done as described earlier with the negative resist ”AZ nLof 2020”

being used this time in order to create the negative side walls in the resist.

With the photoresist now on the wafer the metal deposition can be done. The metal deposition

is be done using electron beam physical vapor deposition (EBPVD). This technique works by

having an anode of the source material which is bombarded by an electron beam, created

by a charged tungsten wire, resulting in the sublimation of the anode creating a ”spray” of

sublimated material that then hits the targeted wafer creating a uniform layer of the anode

material. The machine used to do EBPVD is called the ”Wordentec QCL 800”, in DTU’s

cleanroom. It is capable of carrying 6 wafers at a time. It takes around 1-2 hrs to pump

down the chamber containing the sample and then 15-20 min per wafer to do the deposition.

The material added to the wafer in this fabrication plan is first 10 nm of titanium used as an

adhesion layer and then 200 nm of platinum is added to the wafer.

How lift-off works is that the wafer is submerged in a bath of remover 1165 and depending on

the sturdiness of the sample a certain amount of ultrasound is used. As the resist gradually

dissolves the metal attached to the resist ”should” fall of the wafer as illustrated in figure 7.9.

The time in the remover bath is typically 1 hr for the 2 µm of ”AZ nLof 2020” resist to be

removed, after that the sample is rinsed in IPA for 5-10 min and then in water for 5 min.

Figure 7.9: A schemtic of the lift-off process

There was never any problems with this part of the process primarily because a layer of titanium

was used as an adhesion layer, to make sure the deposited metal adhered to the silicon nitride

layer and meaning that the structures were sturdy enough to use ultrasound while performing

the lift-off.

One change in this part of the process plan was that at first gold was used as a metal contact,

however it was very difficult to cut a smooth surface using the FIB so later platinum was used

which proved superior.
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7.6 Wet etching

The next step in the fabrication plan is to use wet etching to etch through the silicon wafer

using the low stress silicon nitride on the backside as a mask and the low stress silicon nitride

on the frontside as an etch stop.

The wet etch most often used for this is the KOH etch[46] which is an anisotropic silicon

etch, which means that the etch will have a different etching rate depending on the crystal

orientation of the silicon wafer. The silicon wafer used in this fabrication plan is in the (100)

direction meaning that the KOH etch will etch as illustrated in figure 7.10. This can be written

as equation with some simple geometry:

Wb = Wa − 2L cot(54.7o) = Wa −
√

2L⇔ Wa = Wb +
√

2 · 350 µm = Wb + 495 µm (7.1)

What can be seen is that if one wants to etch all the way through the silicon substrate, making

a membrane of low stress silicon nitride and metal with the width of 50 µm one needs to make

a hole in the mask 50+495 µm wide given a silicon wafer with the thickness of 350 µm.

Figure 7.10: An illustration of the crystal orientation dependence of KOH etch

It can be a challenge to etch down to the correct height while using KOH etch. However, in

the case of this fabrication plan the layer of silicon nitride on the frontside of the wafer will

serve as etch stop. This does still mean that if you over etch the KOH hole is going to be too

big as the side walls are still etched even if the hole reaches the bottom, however at a much

slower rate.

In order to avoid this an accurate understanding of the etch rate is needed. The etch rate of the

KOH etch depends on the concentration of KOH solution and the temperature of the solution.

The typical etch rate 80oC is set as 1.10 ± 0.20 µm/min for (100) silicon and the low stress

nitride has an etch rate below 1 Å making the selectivity more than 10000:1. A regular quality

control check of the solution is performed at the cleanroom giving a more accurate value, of

course the exact size of the structures also affects the etch rate, so stopping the process a little

early and then checking the exact depth of the etch hole is often a good idea.
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The method used to characterize the depth of the holes is to use a stylus profiler such as ”Sol

Voltaics Dektak 150”. The profiler works by using a thin needle to touch the surface of the

sample and then gently moves over the surface making a line profile with a horizontal resolution

down to 5 nm and a lateral down to 1 nm. This way the depth of a KOH cut can easily be

determined as long as the hole width is big enough for the needle profile to enter.

There are several issues I encountered using KOH etching. The first is that the titanium

bonding the contact metal to the silicon nitride will be attacked by the KOH causing the

electrode metal to be under etched; the only way to solve this is to protect the top layer in

some fashion.

There are two general ways to protect the surface. One is to use a backside protecting wafer

holder as seen in figure 7.11. This wafer holder will hold the wafer and then through a number

of O-rings isolate the backside of the wafer from the front. Using this holder can be frustrating

at times as it not entirely reliable. My own success rate is at around 80% making it so that

there will be at least one wafer surviving each time.

Figure 7.11: A picture of a Tandem wafer holder from ”AMMT”. Picture from [85]

Another way to protect one side during KOH etching is to use a protective layer on the front

of the wafer that subsequently can be removed after the KOH etch, for example using a weak

silicon nitride or an aluminum oxide layer. However they both suffer from the fact that etching

is needed to remove them after the KOH etch. While it will not damage the metal the silicon

nitride layer beneath will be damaged. A better solution is to use a polymer resistant to KOH

etching such as ”Protek B3”. The polymer works just fine in KOH etch and I had no problems

in that regard, however removing the resist afterwards can be quite difficult. The polymer is

removed with acetone and it takes about 24 hours. The problem here is that even after a long

time in acetone a small layer remains behind that can only be removed with a weak oxygen

plasma and this can be tedious to do. I hereafter decided to use the Tandem wafer holder

throughout the rest of this project.

Another problem I encountered was that after KOH etch a contamination occurred on the

surface of the wafer looking like tiny cubic iron nanoparticles and it proved quite hard to remove

failing with both RCA cleaning and piranha solution. After looking through the literature a

very easy method was found [48]. The way to remove this contamination is to submerge the

wafers in a solution of 5% HCl acid for 5 min and then flush them with water easily removing

all of the contamination.
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7.7 Wafer dicing

The next step in the fabrication plan is to dice the wafer into chips. However, before doing

this the wafer must be protected against dust and dirt present outside the cleanroom. This is

done by applying 10 µm of photoresist to the front side of the wafer with the metal electrodes.

The wafer is then taken out of the cleanroom and the backside of the wafer is covered in

”ADWILL D-628” tape, which is an adhesive protective layer that can be rendered non-adhesive

through the exposure of UV-light. This way both sides of the wafer is protected from dust.

After the wafer is protected it is put into a disco saw as seen in figure 7.12, where the wafers

are cut into chips which are 12.1 mm long and 2.5 mm wide.

Figure 7.12: A picture of a Disco DAD321 Dicer, image from [86]

When these chips need to be processed, further they can be removed conveniently from the

tape without causing damage to the chip and then submerged in acetone for 5 minutes to

remove the photoresist. After that, 5 min in IPA will remove the remaining residues. It is

necessary to dry the chips afterwards with N2 in order to avoid ”coffee ring” residue from the

IPA. This way the chips will be entirely clean and ready for further processing.
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7.8 Focused Ion beam milling

The final step in the fabrication plan is to cut out the electron biprism wire from the metal

and silicon nitride membrane using focused ion beam (FIB) milling [49].

A FIB milling machine such as the ”Helios NanoLAB 600” usually works in tandem with a

scanning electron microscope (SEM) which is a microscope that works by generating and then

focusing an electron beam down to nanometer scale using electromagnetic lenses similar to the

lenses in the TEM. When the electron beam interacts with the sample a variety of effects occur.

One of these interactions is that the electron beam scatters inelastically, which causes secondary

electrons to be generated from the conduction or valence bands of specimen. The secondary

electrons are emitted only a few nanometers below the sample surface, this means that when the

beam is hitting a corner or otherwise sharp object the number of secondary electrons emitted

will increase. The secondary electrons are then attracted to a biased detector that counts how

many electrons are being emitted for that particular spot. Then the electron beam is scanned

over the specimen, generating an image.

How the ion beam works is similar to the SEM a tungsten tip with a thin layer of gallium is

exposed to a large electric field, which ionizes the gallium into ions and then these ions are

accelerated and focused into a beam. This beam can then be used to scan across the sample

causing secondary electrons to be generated allowing for imaging. However, the ion beam will

cause damage to the sample so it is only used to image for long enough to make sure the beam

is focused and well-shaped. The main purpose of this ion beam to etch away at the sample.

The parameters used to describe the electron beam and the ion beam are similar. Both beams

have an acceleration voltage describing the speed at which the electron and the ions are mov-

ing. As well as a beam current describing the number of electrons and ions sent towards the

specimen.

In the case of the electron beam a 5 kV electron beam was used in order to cause as little

damage and contamination as possible to the specimens with the electron beam. The beam

current was set as low as possible while still allowing for high resolution imaging for the same

reason. In the case of the ion beam a 30 kV ion beam and current at 0.46 nA was found to be

the most appropriate value for this series of cuts. By weighing the speed of the milling with

the amount of damage and redoposition that occurred.

The procedure used to mill the fine structure of the electron biprism starts with mounting the

chips with backside facing upwards and are then clamped to the sample holder as seen in figure

7.13A. The chips are found in the SEM, after the microscope is calibrated and the working

distance is linked to the focus of the beam. The sample is then tilted 52o so it is perpendicular

to the ion beam. The ion beam is then calibrated quickly to avoid damaging the sample.
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During this FIB process two different kinds of cuts will be performed. The first is a ”cleaning

cut” which works by having the ion beam, do its full damage at each point before moving on

to the next point. In this case, that means the ion beam cuts through the membrane in one

spot and then proceeds to the next spot. The beam then does a rectangular cut by slowly

raster scanning following the route as shown in figure 7.13B where the red arrows indicate the

pattern the beam is moving and the blue arrow indicates the direction the beam raster scans

towards. The second kind of cut is the regular milling cut. This cut works by having ion beam

scanning across the whole rectangular area quickly slowly cutting the area layer by layer.

The first step performed in the milling process is the cuts used to define the nanowire. Two

cleaning cuts is performed as seen in figure 7.13C. The depth of the cut is set as if the beam

should cut through 200 nm of silicon, this will ensure that the beam cuts all the way through

the membrane and the nanowire ends of up having a width of around 200-300 nm.

This will result in a nice and smooth nanowire in the middle with a width of 200-300 nm.

However, the electrode side walls are usually not very smooth and therefore a second step is

needed to smoothen them. This is also done with a cleaning cut. However, this time the raster

direction is reversed as seen in figure 7.13C where it is indicated by the blue arrows.

Figure 7.13: (A)A figure showing how to mount the chips. (B) A demonstration of a cleaning cut,
with the blue arrow indicating the direction of the cut. (C) The first cleaning step. (D) The second
cleaning step.

The two previous steps will result in a nicely shaped nanowire and smooth ground electrodes.

However, a large amount of metal redeposition has occurred and this needs to be dealt with so

that there is no electrical short circuit between the nanowire and the electrodes. This is done

using the third step, which consist of six regular milling cuts as shown in figure 7.14A in order

to make sure all the redoposition is removed. The depth cut here is the same as the first two

steps which is a depth corresponding to milling 0.2 µm of silicon.
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This will remove most of the redoposition. To be sure a fourth step is used to clean up the

silicon nitride bridges as seen in figure 7.14B. The depth of this cut is a depth corresponding

to milling 0.03 µm of silicon in make sure the cut do not mill all the way through the silicon

nitride in order to preserve the silicon nitride bridges.

Figure 7.14: (A) A demonstration of the third step. (B) A demonstration of the fourth step

The final step performed is identical to the fourth step except it is performed on the frontside

of the chip in order to ensure the redeposition on that side is removed as well. This will result

in the final look for the electron biprism as can then be seen in figure 7.15.

Figure 7.15: A fully milled electron biprism
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7.9 Alternatives for the fabrication plan

Now the above fabrication plan is by no means perfect, many alternatives was not tried that

might have been better. Especially avoiding the cumbersome FIB fabrication step in the

biprism fabrication process would be a large improvement towards achieving the goal of a low

cost replaceable biprism.

For shaping the fine structure of the electron biprism other methods has also been tried. In fact,

it was originally the idea to use electron beam lithography which is a technique where electrons

are used to expose the resist allowing for much higher resolution than using UV-lithography to

define the nanowire. Then use ion beam etching (IBE), which is a physical etching technique

where the sample is bombarded with ions in order to etch away at the exposed metal. Sadly

using this method never proved successful as whenever the etching was complete the nanowire

would be crooked or simply break on its own, many different parameters were tried on the

IBE and no success was found. Eventually it was decided to cut the wires with FIB despite its

inefficiency and it proved successful.

One alternative that was not tried was using lift-off to shape the nanowire as it might have

given a better result even if this method has several diffculties as well. Yet another option

would be to make the nanowire out of silicon nitride or silicon and then using a using a shadow

mask to protect the rest of the wafer while using metal deposition to coat the nanowire in

metal. It is also possible to use other materials for the electron biprism for example making

the wire from a titanium-tungsten alloy would allow the wire to be much longer without losing

its shape.
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7.10 Biprism holder

The biprism holder was made by Murat Nulati Yesibolati and he did so by taking an old SAD

aperture holder. The holder was drilled through enabling thin electric cables to run from the

back to the front of the holder and then the holes were sealed with epoxy making the holder

vacuum tight. The tip was designed to hold the chip with an electron biprism and two extra

apertures. The electrodes on the chip are contacted to the electron biprism holder via four

”fuzz buttons” which are tiny springs made of metal. These springs lead down to the contacts

on the electron biprism holder, which is connected to the end of the electron biprism holder.

The biprism holder is illustrated in figure 7.16.

Figure 7.16: A illustration showing the design of the electron biprism holder
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8 Characterization of an electron biprism

In this section, a single electron biprism will be carefully characterized in order to understand

its exact limitations.

This biprism is not the best electron biprism fabricated during this project; however, the vast

majority of the data in this thesis was made with this biprism due to it being the first stable

biprism made. The biprism wire is 500 µm long with five supporting silicon nitride bridges as

can be seen in figure 8.1. The long nanowire ensures that the artefact occurring due to the

finite length of the nanowire is minimized. The five bridges will hold the wire steady and firmly

in the middle of the gap between the two ground electrodes. The dimensions of the biprism is

its biggest flaw, first the gap between the nanowire and the ground electrodes is b = 4.4 µm

which is 1 µm bigger than would be ideal, any smaller than 3 µm, however would limit the

field of view too much. The nanowire radius is a = 0.175 µm which is just around the correct

size, ideally the nanowire should have a radius of around 100-200 nm in order to have a greater

field of view and less Fresnel fringes.

Figure 8.1: A) A figure showing the geometry of the electron biprism. The pictures are taken in the
Helios SEM. B) A calibration picture for the magnification in TEM with the biprism

In order to use the electron biprism in the TEM the electron biprism is placed in the SAD

aperture which is in the image plan of the microscope [36]. In order to do electron holography

the biprism needs to be slightly out of the image plane and this is can be done by using the

lenses in the microscope most specific in this case by turning off the diffraction lens and then

compensate for the change in focus plane and magnification with the Lorentz lens and the

intermediate lens.

The magnification of the biprism was measured by putting the microscope into the correct

settings for electron holography and using a known calibration sample as seen in figure 8.1

finding that the for the magnification used throughout this thesis gives a pixel size of 0.4346

nm.
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Figure 8.2: A figure showing 8 holograms imaged in vacuum changing the biprism voltage from 0 V
to 35 V

The biprism can be characterized by analyzing the electron holograms taken in vacuum at

different biprism voltages [50]. Figure 8.2 shows a set of 10 holograms acquired with the bias

ranging from 0 V to 35 V.

In the previous sections we introduced four equations describing the quality factors of an

electron hologram: e fringe distance (6.1), overlap region (6.2), the visibility (6.4) and the phase

resolution (6.3). In figure 8.3 these four parameters are extracted from the eight holograms in

figure 8.2 and is plotted as function of biprism voltage, however the holograms from 0 to 10 V

did not have a clear overlap width, resulting in only 5 data points.

The data presented in figure 8.3 reveals that the fringe spacing and overlap width follows the

trend expected from equation (6.1) and (6.2). The visibility drops steadily as the biprism

voltage grows, due to larger biprism voltage causing less coherent part of the electron beam

contributing to the electron holograms. Looking at the phase resolution it deteriorating as

the biprism voltage increases, in part because of the decreasing visibility but also because the

larger overlap width means that fewer electrons per pixel will reach the camera
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Figure 8.3: A figure showing four plots characterizing the electron hologram as a function of voltage

To ascertain the electro optical properties of the electron biprism equation (6.1) and (6.2) can

be used to interpret the plots in figure 8.3, since they describe how the overlap width and

the fringe spacing changes with the biprism voltage [50]. The equation describing the overlap

width is a linear equation, and it can be rewritten in terms of intercept W0 and the slope δW :

W = δW · V +W0 (8.1)

where the intercept can be written as:

W0 = −2a

(
1 +

d2
d1

)
(8.2)

and the slope can be written as:

δW = 2d2ξ0 (8.3)
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Equation 6.1 describing the fringe spacing can be rewritten as a constant A divided with the

voltage as:

s =
A

V
=

λ

2ξ0

(
1 +

d2

d1

)
1

V
(8.4)

By fitting the curves shown in figure 8.3, we determined the three parameters as:

W0 = −106± 16 nm δW = 44± 1
nm

V
A = 243± 1 nm · V (8.5)

Knowing that the biprism radius is a = 175± 5 nm and then using the three equations 8.3, 8.2

and 8.4 the three parameters d1, d2 and ξ can be found:

d1 = −26.1± 5.7 mm d2 = 18.2± 2.8 mm ξ = 1.21± 0.19
µrad

V
(8.6)

The geometric parameters d1 and d2 are entirely related to the electron-optical setup. Even

if another biprism is used these two parameters will remain the same. Therefore, an electron

biprism can be fully described with just two parameters: the biprism radius a and the deflection

angle per unit bias ξ.

Among these three values d1 and d2 are related entirely to the TEM and the specific lens settings

for electron holography meaning that even if another biprism is used these two parameters will

remain the same. This also means that an electron biprism can be described completely with

just two values one is the biprism radius a and the other is the deflection angle slope ξ.

8.0.1 COMSOL comparison

This subsection is a small side step where the a COMSOL simulation is done of the electron

biprism with exact same dimensions as described in figure 8.1. The 3D representation can be

seen in figure 8.4.

In the simulation a 100 V is used as the biprism voltage, which is much more than would be

used in the real experiment. In equation 8.6 the value for ξ is known and therefore obtaining

the real value for α is trivial:

αexperiment = 1.21
µrad

V
· 100V = 0.121 mrad (8.7)

In the COMSOL simulation a deflection angle αcomsol was obtained as:

αcomsol = 0.107 mrad (8.8)

It can be seen that while the two values is not entirely the same they are within 20% of

each indicating that the COMSOL simulation in this case while do not provide quantitative

information its qualitative information should still be indicative of the biprism behavior.
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Figure 8.4: A) A figure showing the 3D shape of the biprism as was simulated in COMSOL with the
blue being metal, the white is silicon nitride and the gray is silicon

8.1 Simulating vacuum hologram

Having fully characterized the electron biprism the parameters can be used to make an accurate

simulation of the hologram formation process, following the procedure described by Schofield

et al [50].

The first step is to define the vacuum wavefunction as:

ψ0 = B exp(iφc) (8.9)

where φc is given as:

φc = kα |x| (8.10)

where k = 2π
λ

with λ = 1.96 pm being the electron wavelength at 300 kV. To account for the

loss of electrons hitting the electron biprism the amplitude B is defined as:

B = 1 if a < x < −a else B = 0 (8.11)

A simple vector with zeroes in the middle defining a biprism wire with radius a.

The object spectrum is then given as:

S(q) = FT[ψ0] (8.12)
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As transfer function, we only considering the Fresnel propagator

T (q) = exp
(
iπλZ |q|2

)
(8.13)

where q describes the coordinate in Fourier space and the effective focus Z is given by:

Z =
d1 · d2
d1 − d2

= 0.58 m (8.14)

Then the final step is to multiply of S(q) and T (q) and then inverse Fourier transform. Fi-

nally, the simulated hologram can be found by taking the absolute square of the complex

wavefunction:

Iholo = |iFT[S(q) · T (q)]|2 (8.15)

Figure 8.5 in the middle column shows the result of four simulation of electron holograms going

from 0 to 15 volts. To the right of the simulated holograms is the experimental holograms taken

from figure 8.2. To the left of the simulated holograms are the intensity profiles of the simulated

hologram shown as a dark blue line and the experimental hologram is shown as teal area. As the

above simulation does not account for the aberrations and the intensity loss in the microscope

the simulated intensity profiles are scaled to match the highest peak in the simulation with the

highest peak in the experimental intensity profile.

Looking at figure 8.5 the simulations fit very closely to the real electron holograms with the

fringe spacing and fringe distribution being the same. However, the intensity profiles do not

match entirely which is especially obvious in the 0-volt case where the outer part of the fringes

looks different. The Fresnel fringes is also somewhat different, however this is most likely

because this simulation does not account for the Fresnel fringes originating from the ground

electrodes.

This procedure for measuring electron optical parameters has practical implications. For exam-

ple, with the d1 and d2 in equation (8.6) values the spatial resolution is around 25 nm and the

visibility is at about 45% at a biprism voltage of 30 V. Which might be useful for looking at a

gas or a thick membrane, but not when looking at a high-resolution object like a nanoparticle.

In this case changing the lens settings to a more appropriate d1 and d2 combination would

greatly improve the spatial resolution at the price of reducing the visibility.

These simulations confirm that the measured parameters a, d1, d2 and ξ describe properly the

electron optical setup. Knowing the slope of the deflection angle ξ and the biprism radius

a allows for determining the d1 and d2 values with a single hologram using equation (6.1)

and (6.2). This means that when changing the lens settings in the microscope obtaining the

parameters needed for simulating the electron holograms will be far more convenient.

59



8 CHARACTERIZATION OF AN ELECTRON BIPRISM August 2, 2020

Figure 8.5: A figure showing the imaged holograms the simulations and the intensity profiles of each
for 0 V,5 V,10 V and 15 V
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9 Electron holography in gas

How the presence of gas affects the quality of the images obtained in the TEM has been studied

by several people. At first it was noticed that high resolution TEM imaging becomes more

difficult as the gas pressure increases due to scattering of the electron beam by the gas molecules

[51] [52]. Later more systematic studies of the relationship between achievable HRTEM and

STEM image resolution and gas pressure was performed, yet the exact mechanism for resolution

loss by gas scattering is still unclear [53] [54] [55] [56].

In this section, we investigate the yet unexplored effect of gas pressure on the performance of

electron holography. Since only coherent electrons participate to holograms fringe formation

understanding how coherency is affected by gas scattering will shed light on the resolution loss

mechanism. Furthermore, it will provide practical information about on how the quality of the

electron holograms depends on gas pressure, species and temperature.

This will be accomplished by building a simple model to aid in the analysis of the holograms and

then gaining an understanding on how the electrons can lose coherency in the gas. Finally by

putting gas in the TEM microscope through the two methods described earlier either through

the ETEM method or the closed cell method. The electron holograms will then be analyzed

and further understanding on how the electrons get scattered by the gas and how the quality

of the holograms is affected by the gas can be obtained.

9.1 Simple prediction of the behavior of coherent electrons

In order to model and analyze the partially coherent state of the electron beam we assume

that the electron beam can be described as a combination of coherent and incoherent electrons.

Only coherent electrons interfere and contribute to the formation of the holographic fringes.

As the electrons are scattered by the gas two events will occur: first, electrons are lost; second,

electrons lose energy [57]. Elastic scattering will not change the temporal coherency of the

electrons, while inelastic scattering will, due to the change in electron wavelength caused by

the energy lost in the process.

The total amount of electrons per pixel on the detector Ntot can be thought of as the sum

Ninc incoherent and Ncoh coherent electrons. A phenomenological model can be constructed

by assuming that both Ninc and Ncoh decay exponentially with gas pressure. This assumption

is reasonable because most incoherent electrons are close enough in energy to essentially have

the same scattering cross section as the coherent electrons and as such will decay the same way

with increasing gas pressure.

This assumption is based on experimental evidence reported in [58]. As it is only when the

Ncoh are inelastic scattered that the ratio between Ninc and Ncoh changes it can be written

that:
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Ninc = Ninc(P = 0) exp

(
−P
P1

)
= Ntot(P = 0)(1− µmax) exp

(
−P
P1

)
(9.1)

Ncoh = Ncoh(P = 0) exp

(
−P
P2

)
= Ntot(P = 0)µmax exp

(
−P
P2

)
(9.2)

where P is the gas pressure in the sample area and µmax is the fringe visibility at zero pressure

giving the visibility created by the electron gun and the lens system. The parameters P1 and P2

are characteristic pressures describing the rate at which the incoherent and coherent electrons

are lost.

The primary count loss mechanism for electrons is that they are scattered to an angle that

cannot be guided down to the camera [55]. This loss mechanism is the same for both incoherent

and coherent electrons, therefore the difference between the two rates is that when scattered

inelastically the coherent electrons will become incoherent. This means that P1 will always be

higher than P2 and that the change in the coherency of the electron beam can be described

by the number Ntrans of coherent electrons per pixel that have been scattered inelastically at

least once, thereby changing their wavelength and thus becoming incoherent. The parameter

Ntrans as a function of pressure can be given as:

Ntrans = Ncoh −Ncoh exp

(
− P

Ptrans

)
(9.3)

where Ptrans depends on P1 and P2 as follows:

Ptrans =
1

1
P1
− 1

P2

(9.4)

The characteristic pressure Ptrans describes the rate at which coherent electrons become inco-

herent.

The fringe visibility, another fundamental ingredient of our phenomenological model, can also

be rewritten in terms of incoherent and coherent electrons:

µ =
Imax − Imin
Imax + Imin

=
Imax−Imin

2
Imax+Imin

2

=
Ncoh

Ninc +Ncoh

=
1

1 + Ninc

Ncoh

=
1

1 +
(

1−µmax

µmax

)
exp

(
−P

Ptrans

) (9.5)

This equation is used to predict how the visibility changes as a function of pressure, since Ptrans

is known from equation (9.4). Combined with equation (9.3), it also allows us to describe the

dependence on pressure of the phase resolution.

By assuming that the scattering of the electrons in the gas will primarily change the tem-

poral coherency of the electrons rather than the transversal spatial coherency, it follows that

the change in coherency can be modelled by looking at how inelastic scattering changes the

temporal coherency of the electron beam.
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Using this assumption, the established phenomenological model can be linked to the physics

of electron scattering through the inelastic scattering cross section, which governs the rate at

which the coherent electrons become incoherent. The total inelastic cross section for low-Z

elements can be given as [59]:

σi ≈ 8πγ2Z1/3 ln

(
2

θE

)
(9.6)

where Z is the atomic number of the molecules, m0 is the electron mass, and E is the mean

energy lost by the electron during the inelastic scattering event. The latter is a difficult

parameter to quantify, but it can be estimated at 14 eV for N2, O2 and H2 due to it being

close to the first ionization energy for these gasses [60].

The parameter γ is the relativistic factor:

γ2 =
1

1− v2

c2

(9.7)

where v is the speed of the electrons and c is the speed of light.

The electron inelastic mean free path, which is the average distance an electron travels before

being inelastically scattered, can be written as a function of the inelastic scattering cross section

in the assumption of an ideal gas [59]:

λfree =
1

σi · nV
=

RT

σiPNA

(9.8)

where R is the ideal gas constant and T is the temperature and Na is Avogadro’s number.

Recalling the conventional mass-thickness formulation including multiple scattering :

I = I0

(
1− exp(

−t
λ

)

)
(9.9)

by the set of substitutions I = Ntrans , I0 = Ncoh , γ = γfree and t = Lgas 7 mm (the distance

between the two pressure limiting apertures in the microscope [51]), we arrive at an equation

identical to equation (9.3), which reveals the physical interpretation of Ptrans:

Ptrans =
RT

σiNALgas
(9.10)

The reason why the rest of the microscope does not matter is that outside the pressure limiting

apertures the gas pressure is 2− 3 orders of magnitude lower than within, which is considered

negligible [51]. Having established a firm connection between the phenomenological model and

the inelastic scattering cross section, we need to validate the model experimentally. To this

aim, we want to determine the parameters P1 and P2 from fitting the number of electrons per

pixel reaching the detector as a function of pressure as the sum of equation (9.1) and (9.2).
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9.2 Gas in the ETEM

9.2.1 Experimental set-up

The experimental set-up consists of using the ”ETEM” which is a ”FEI Titan E-Cell 80-300

ST TEM” It is equipped with a field emission gun (FEG) and a beam monochromater. The

microscope is calibrated for an acceleration voltage of 80, 120 and 300 kV. The ”ETEM” is

a microscope that has a differential pumping system making it an environmental TEM as

described in the previous section allowing for 1-20 mbar of gas pressure in the sample area. It

also has an image corrector consisting of a post objective lens spherical aberration corrector

(CETCOR unit from the CEOS Company) that allows for better resolution at <0.08 nm in

High Resolution TEM mode. The microscope is also capable of doing STEM with a resolution

of <0.14 nm. The camera used in this thesis in the ”ETEM” is the ”Gatan OneView in-situ

camera” it can do 25 fps at full 4k x 4k resolution or 300 fps at 512 x 512 resolution. Allowing

for realtime videos of any ongoing reaction. Additionally the microscope has the capability to

do EDS, Electron Diffraction and Lorentz Mode.

The exchangeable electron biprism is mounted at the SAD aperture and the lens configuration

is set so that the electron biprism is out of the image the plane. The electron biprism used is the

one with the five bridges introduced earlier as seen in figure 7.1. It has a spatial resolution of

around 25 nm making it a poor choice for looking at nanoparticles; however, it serves excellently

in this case due to the gas inside the column being uniform across the electron holograms field

of view. The electron biprism voltage is set to 30 V for to gain as much visibility as possible

with an exposure time of 5 seconds. The acceleration voltage used for this experiment is 300

kV and the beam has been stretched into an elliptical shape perpendicular to the electron

biprism in order to gain as much coherency as possible[42].

9.2.2 Data

The first set of data is a time series taken with the sample area at vacuum. A picture was taken

once per minute for 30 min automatically using the software. In order to check the stability of

the electron biprism and the TEM. The parameters of this dataset can be seen in figure 9.1 and

they were obtained using the methods discussed in the previous section. For each hologram

we measured overlap width, detector count, and visibility. Uncertainties on the measured

values were assigned by repeated sampling of the same hologram. For example, to estimate

the visibility we sampled ten squares of 50x50 pixels from the center region of the hologram,

assessed the mean value and standard deviation of Imax and Imin, and then combined them

through statistical error propagation to get the visibility value and its uncertainty. Similarly,

for the other parameters. We also kept track of changes in the spatial resolution, but found that

its variation with pressure was insignificant, remaining within the 27 ± 0.2 nm interval. The
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phase resolution was estimated from the measured detector count and the visibility according

to (6.3).

Figure 9.1: A)A hologram taken during the timeseries. Next is a series of plots showing the B)Fringe
spacing C)Overlap width D)Detector count E)Visibility F)Phase resolution as a function of time
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The other dataset in figure 9.2 was obtained by setting a specific gas pressure of either nitro-

gen, hydrogen, or oxygen in the ETEM sample area, waiting 5-10 minutes for the system to

stabilize and then acquiring an electron hologram. After that, the pressure was increased, and

the previous step was repeated all the way up to a certain pressure specific to each gas and

then decreasing the pressure in steps while recording holograms. For each dataset, the above

procedure was carried out twice to check for microscope instabilities by looking at whether the

detector count for each dataset followed the same line. If they did, then the dataset is deemed

valid and used in the analysis.

Figure 9.2: Datasets showing A) overlap width B) detector count C) visibility and D) phase resolution
as a function of gas pressure for the three gasses oxygen, nitrogen and hydrogen in the ETEM.
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9.2.3 Analysis and discussion

The first data set seen in figure 9.1 is a time series and from this dataset, the stability of the

microscope and the electron biprism can be estimated. Looking at the fringes in the plot 9.1B

it can be seem that no noticeable change is occurring. The reason for the large error bars is

related to the Fresnel fringes, which has affected the precision of the measurement of the fringe

spacing. While this influence could perhaps have been removed the changes to fringe spacing

is very small and hard to measure and as such, it will be counted as a parameter in the rest of

the analysis.

In 9.1D the number of electrons per pixel can be seen and it is stable staying within 10 electrons

of the initial values showing that the microscope stable. 9.1C shows that the overlap width

and there is some instability with the overlap width only staying with 25 nm of the mean,

which is a 2% shift that will not affect the quality of the hologram. In regards to the visibility

seen in 9.1E the visibility is at 0.4 which is very good and the instability is at around 0.05

which a 12.5% shift, which is enough that a significant difference between holograms could

occur indicating that the electron biprism is experiencing vibrations. The phase resolution in

9.1F is at 0.1 rad, if more were needed for a given measurement, increasing the detector count

would improve the phase resolution. Looking at both the visibility and the overlap width a

dip can be seen at around 9 minute and at the 18-20 minute, which may coincide with an idle

microscope operator leaving to get a glass water and then returning 10 min later. Electron

holography is very sensitive to vibrations due to even the smallest amount of vibration at the

electron biprism will change the deflection angle and as such change the hologram resulting in

a noisy image.

The other data set seen in figure 9.2 shows three different gasses plotted as a function of pressure

with oxygen having been plotted twice to demonstrate reproducibility. In the plot 9.2A the

overlap width is plotted as function of pressure. We observe a slight increase of overlap width

for nitrogen and oxygen with gas pressure. This occurred repeatedly over multiple measurement

series suggesting that a change in the biprism geometry is unlikely to be its cause. Looking at

equation (6.2) it can be seen that the only parameters unrelated to the biprism geometry are

d1 and d2, defining the position of electron biprism in the lens system. The change in d1 and d2

indicates that the presence of gas in the specimen area changes the focal distance of the Lorentz

lens as if a new very weak lens has appeared due to the gas scattering the electron beam into

a slightly broader beam. The increase however is small and as such the impact on the spatial

resolution of the electron holograms is in the order of 1% and can as such be neglected. The

hydrogen data shows no increase with pressure due to the noise in the data being of the same

scale as the increase itself.
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The detector count seen in 9.2B follows the decaying exponential trend that was expected:

it drops from around 1700 el/pix at low pressure to around 600 el/pix at 15 mbar of gas for

oxygen and nitrogen. This indicates that the analysis of thick samples at high gas pressures

might be challenging due to the lack of electrons.

The visibility in 9.2C shows a clear decreasing trend as the gas pressure increases, although

the data contains several outliers due to biprism instabilities. The increase in gas pressure

severely affects the visibility, thereby impacting the phase resolution of holograms: for oxygen

and nitrogen (Figure 9.2D) φmin increases 2-3 times when the gas pressure reaches 15 mbar.

These findings highlight the difficulties encountered when working at higher gas pressures in

the ETEM, which cause a large change in the phase resolution.

The loss in phase resolution can be partially counteracted by decreasing the biprism voltage

which decreases the overlap width and increases the fringe spacing according to (6.2) and (6.1).

This will result in better phase resolution due to the transversal spatial coherency being higher

as the beam is more condensed and because more electrons are in the interference region. The

cost of decreasing the biprism voltage is that the spatial resolution is worse due to the increase

in fringe spacing. Choosing the ideal biprism voltage for an electron holography experiment

is a common problem. For gas electron holography the choice of biprism voltage should be

made at the highest gas pressure involved in the experiment in order to judge the needed phase

resolution.

To further understand and to analyze more quantitatively the data shown in Figure 1 we rely on

equation (9.2) and (9.1). This equation contains two parameters that needs to be determined

first: the detector count and the visibility at low pressure. The former is estimated by fitting an

exponential curve to the detector count data shown in Figure 9.3A,C,E. The latter is found by

linear fitting of the visibility data shown in Figure 9.3B,D,F. With the two parameter known,

equation (9.2) and (9.1) can be used to find P1 and P2. The results of the fits are shown in

the insets of Figure 9.3A,C,E. The fit worked well for oxygen and nitrogen. For hydrogen, the

fit is poor due to the large error on the detector count data for hydrogen as seen in Figure

9.3E. Having found P1 and P2 equation (9.5) can now be used to plot the visibility calculated

according to the model we established. This was done in Figure 9.3B,D,F and is shown as a

series of black squares. For oxygen and nitrogen, the data points calculated based on the fitted

P1 and P2 values match well the expected trend. Once again, the hydrogen data fits poorly

due to the error in the detector count being 100 times larger than for oxygen and nitrogen.
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Figure 9.3: Three pairs of plots plotting the detector count and visibility as a function of the gas
pressure for three different gasses A)B)Oxygen C)D)Nitrogen E)F)Hydrogen. In the left column the
data fitted with two functions one a exponential and the other corresponding to equation sum of
equation (9.2) and (9.1) and in the right column a dataset was made using equation (9.5) called
simple model

69



9 ELECTRON HOLOGRAPHY IN GAS August 2, 2020

We can now compare the characteristic pressure Ptrans as calculated from equation (9.4) using

the determined values of P1 and P2, with the Ptrans calculated from equation (9.10). Figure

9.4 shows equation (9.10) plotted as a function of atomic number Z, assuming a mean energy

loss of 14 eV and 300 keV electrons. The mean energy loss is estimated at 14 eV from the first

ionization energy of all three gasses [60].

Looking at Figure 9.4 the Ptrans calculated based on the P1 and P2 of nitrogen and oxygen

agrees well with the curve calculated from equation (9.10), indicating a strong link between the

phenomenological model and the estimated inelastic cross section. The Ptrans for hydrogen,

instead, is far from the line calculated based on equation (9.10), even with the large error

bar assigned to it. We interpret this discrepancy as originating from a poor estimate of the

mean energy loss parameter for hydrogen. In fact, since hydrogen is likely to have additional

significant contributions to the energy loss than the first ionization energy, the choice E =14

eV for hydrogen might not be sensible. The reason for the large error bar on the hydrogen data

is due to the change in detection count being much smaller for hydrogen than for the other two

gasses. However, the measurement error remains the same giving the large error bars seen in

Figure 9.3. The uncertainty propagates to P1 and P2, and further to the Ptrans value, causing

the large error bar seen in Figure 9.4 for the hydrogen data point.

In summary, data analysis reveals that the loss of coherency in the electron beam due to

presence of gas can be reliably accounted for through the inelastic scattering cross section,

which exposes its dependence on the gas pressure, atomic weight and the mean energy loss of

the gas in the sample area. This allows for quantitative determination of the effect the gas has

on the coherency of the electron beam when designing an experiment.

Figure 9.4: A plot showing the characteristic pressure calculated from (9.10) as a function of atomic
number Z. Given that the mean energy loss is 14 eV and a 300 kV electron beam is used. With three
points based on hydrogen, nitrogen and oxygen added calculated with (9.4) and the data in figure 9.3.
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9.3 Gas in the closed cell holder

9.3.1 Experimental set-up

The microscope used was the ”Titan Analytical 80-300ST TEM” is equipped with a field

emission gun (FEG) and a beam monochromater. The microscopes are calibrated for an

acceleration voltage of 120 and 300 kV. The ”ATEM” is a microscope that specialises in high

spatial resolution chemical analysis, such as STEM. It has a probe corrector consisting of a pre

objective lens spherical aberration corrector (CESCOR unit from the CEOS Company) that

allows for a STEM resolution of around 0.08 nm. In regards to its TEM information limit it

should be <0.1 nm. The camera used in this thesis in the ”ATEM” is the ”Gatan Tridiem GIF

(965)” with a resolution of 2k x 2k pixels and the option to filter the energy of the electrons

hitting the camera with a drift tube. Additionally the microscope has the capability to do

EELS, EDS, Electron Diffraction and Lorentz Mode.

The ”ATEM” is equipped with a commercial electron biprism consisting of a long quartz wire

coated in platinum. This electron biprism in mounted in the TEM at SAD aperture and the

lens configuration is set so the electron biprism is out of the image the plane. The electron

biprism voltage used in this experiment is set to 130 V which gives it a spatial resolution of

around 9 nm and an exposure time of 5 seconds is used. The electron beam used is 300 kV and

it has been stretched into an elliptical shape perpendicular to the electron biprism in order to

gain as much coherency as possible[42]. The closed cell holder used is DENS Climate holder

with a heating chip with top and bottom window that is 50 nm thick one each side for a total

of 100 nm of silicon nitride.
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9.3.2 Data

The first dataset is a time series taken with a vacuum in the closed holder. A hologram

was automatically taken each minute for 30 minutes. In order to check the stability of the

microscope and the holder. The parameters taken from this dataset can be seen in figure 9.5.

It should be noted that this dataset was taken on a day where the gas system providing gas to

the climate holder was placed in a unfortunate position resulting in a lot of vibrations ruining

most of the datasets that day. Unfortunately, no time series was recorded on other days.

Figure 9.5: A figure with a series of plots showing the A)Overlap width B)Detector count C)Visibility
D)Phase resolution as a function of time
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The second dataset is a temperature series taken for three different pressures of nitrogen in

the closed cell holder. The parameters of the data series can be seen in figure 9.6. The series

was made in order to check if the temperature changes the holder in any way that affects the

quality of the electron holograms. The camera used can filter the electron beam according to

its energy allowing for all energies deviating more than 20 eV from the zero-loss peak to be

removed, this is called the ”filtered” data in figure 9.6. The data referred to as ”after” is a

data point taken at room temperature after the longer data series.

Figure 9.6: A figure with a series of plots showing the A)Overlap width B)Detector count C)Visibility
D)Phase resolution as a function of temperature for three different pressures of nitrogen
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The third dataset is a pressure series taken for four different series all with nitrogen gas.

The series is split into two different days with about a month in between them where two

measurement series were taken with nitrogen on each of the two days. Each data point is taken

after letting the pressure change and then waiting for 5-15 minutes for the pressure to stabilize.

The camera used can filter the electron beam according to its energy allowing for all energies

deviating more than 20 eV from the zero-loss peak to be removed, this is called the ”filtered”

data in figure 9.7. The data referred to as ”after” is a data point taken at room temperature

after the longer data series.

Figure 9.7: A figure with a series of plots showing the A)Overlap width B)Detector count C)Visibility
D)Phase resolution as a function of pressure for four different measurements over two days
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The last dataset is a pressure series for nitrogen, hydrogen and oxygen gasses. The data was

acquired on different days and at least one nitrogen series was acquired every day for the data

to be comparable between different gasses. Each data point is an electron hologram taken after

setting the pressure to a certain value, allowing sufficient time (5-10 minutes) for the pressure

to stabilize. A few of the nitrogen data series are repeated from figure 9.7 for easier comparison.

Figure 9.8: A series of plots showing the A) Overlap width B) Detector count C) Visibility D) Phase
resolution as a function of pressure for three different gasses oxygen, nitrogen and hydrogen
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9.3.3 Analysis and discussion

The first dataset in figure 9.5 shows a time series and from this dataset the stability of the

microscope, the electron biprism and the closed cell holder can be estimated. Looking at the

overlap width and count in 9.5A/9.5B little noise is there indicating that the microscope is

very stable. However, when looking at the visibility in 9.5C a large amount of noise is obvious,

indicating that the electron biprism is unstable. This instability should be due to the gas

pumping system for the closed cell holder being in a bad spot making its turbo pump vibrate

the biprism and the sample holder.

The next dataset can be seen in figure 9.6, here a temperature series for three different gas

pressures has been performed. Looking at the overlap width in figure 9.6A it can be seen that

no change occurs for the overlap width as the temperature increases, which makes perfect sense

as the temperature of the gas should have no effect on this parameter. In the plot 9.6B, it can

be seen that the detector count is increasing as the temperature goes up, this is most likely that

the increasing temperature is helping to remove contaminations inside of the closed holder. In

regards to the visibility seen in figure 9.6C there are no large scale changes and there is a lot

of noise making it hard to judge any small changes due to the increase in temperature. What

can also be seen is that the visibility of the filtered holograms is nearly always higher than

the unfiltered, which makes sense, as filtering out the electrons with a different energy would

decrease the amount of incoherent electrons allowing for a higher visibility.

In the third dataset four pressure series have been plotted for nitrogen gas as seen in figure

9.7. Looking at overlap width in figure 9.7A it can be seen that for all four data series. That

as the pressure increases so does the overlap width, as no gas is present at the electron biprism

looking at equation (6.2) it must mean that the parameters d1 and d2 is affected as if another

lens has appeared in the microscope. Looking at the data series ”F N2 Day1 S2” a rather odd

behavior is shown where the overlap width is different for filtered and unfiltered data. This is

probably not the actual truth, what happened is more likely that the algorithm used to detect

the overlap width treated the two slightly differently due to large gab in detector counts as

seen in figure 9.7B.

In regards to the detector count as shown in figure 9.7B, what can be seen is that the detector

count decreases as the pressure increases, however the decrease is not exponential as was the

case for the ETEM. This is because the gas is confined to the image plan in the closed cell

holder, allowing for larger scattering angles to contribute to the image, unlike in the ETEM

case where the gas can scatter the electron in back focal plane resulting in loss of electrons at

smaller scattering angles [55]. Another thing to note is that the silicon nitride membranes will

bulge outwards as the pressure increases making the volume of the closed cell bigger, which

should increase the loss of electrons [61]. It can be seen that the filtered and unfiltered data has

a large difference in detector count indicating the presence of inelastically scattered electrons.

The two different days have different lens configurations allowing for far more electrons in the
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case of day 1 compared to day 2.

The next parameter is the visibility shown in figure 9.7C. The visibility shows a rather odd

behavior, it increases as the pressure increases. This does not conform to what was expected,

as the pressure increases the number of inelastic scattering events should also increase and

therefore decreasing the visibility, instead the opposite result is shown. The reason the visibility

can go up is that the inelastic scattering will decrease as the gas pressure goes up, this can only

be contributed to the silicon nitride membrane changing in some manner, the exact change is

unknown, however it is known that the membrane will bulge out as the pressure increases[61].

The last parameter shown in figure 9.7D is the phase contrast, which shows that having more

pressure improves the phase contrast and that the filtered holograms provides a better phase

contrast compared to the unfiltered.

The last dataset is a pressure series for three different gasses nitrogen, hydrogen and oxygen

as seen in figure 9.8. In figure 9.8A the overlap is plotted as a function of the pressure and it

can be seen that in most cases the overlap width is increasing as the pressure increases. This

indicates a lens effect shifting the d1 and d2 values in similar manner to what was encountered

in the ETEM case. However, also in this case the increase is very small (1-2 %), so that its

impact on the spatial resolution of the electron holograms can be neglected.

In the case of the detector count seen in figure 9.8B. The detector count decreases with gas

pressure, though at a slower rate than in the ETEM case. This is on one hand due to the fewer

gas molecules in the beam path than in the ETEM. As the height of the closed cell is only 50-

200 µm compared to the 7 mm in the ETEM, despite the 50 times higher gas pressures allowed

in the closed-cell holder. Another thing to note is that the silicon nitride membranes will bulge

outwards as the pressure increases making the volume of the closed cell bigger, which should

increase the loss of electrons[61]. On the other hand, in this case the gas is confined around the

image plane, which allows for larger scattering angles to contribute to the image; in contrast,

scattering in the ETEM case can occur all the way to the back focal plane, which results in

the loss of electrons at smaller scattering angles [55]. The outlier line “NF H2 Day 1 S1” is

decreasing far more drastically due to the hydrogen gas transporting nickel from the stainless-

steel pipes in the gas system unto the sample causing nickel nanoparticles to contaminate the

silicon nitride membranes. Regarding the other two “day 1” lines they have a slight increase

and then a decrease in electron count. This should due to a slight contamination being removed

by the electron beam while performing the measurement.
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Looking at the visibility in figure 9.8C. It can be seen that that the visibility increases with

gas pressure. This is not the expected behavior, as an increase in the amount of gas molecules

should increase scattering rate as observed in Figure 9.2. In turns, this should lead to a reduced

visibility. The interpretation of this finding is unclear. We speculate that it might be related

to a deformation of the silicon nitride membranes as they bulge due to the gas pressure in

the closed cell. As for the difference between different gasses, the change is smaller than the

experimental uncertainties preventing quantitative analysis. In the case of ”NF H2 Day 3 S1”

is an exception as the contamination layer naturally will decrease the visibility due to the

increase in scattering events will decrease the coherency of the electron beam.

The phase resolution seen in figure 9.8D shows a small decrease with gas pressure, with no

detectable difference between the different gasses. In the pressure range investigated, it remains

relatively steady at around 0.4-0.3 radians. This is a rather poor phase resolution for electron

holography, as there are many phenomena that would be difficult to resolve at this level. Phase

resolution could be improved by decreasing the biprism voltage at the cost of a worse spatial

resolution and a narrower field of view. In alternative, thinner silicon nitride membranes would

improve the setup [62], but they would also increase the risk of the closed cell breaking during

the experiment.
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9.4 ETEM versus Closed cell holder

This section compares gas electron holography in the ETEM and with a closed-cell holder, to

highlight the advantages and disadvantages of the two experimental set-ups. First, in regards

to the electron count, which limits the sample thickness, depending on the stability of the

microscope, biprism and camera. In the ETEM, the number of electrons drops exponentially

with gas pressure, with a characteristic decay time that depends on the type of gas. In the

case of the closed cell holder, the number of electrons will decrease with pressure at a much

smaller rate, seemingly linear in the range investigated. This is most likely due to the gas

being confined in the image plane in the closed cell holder, allowing larger scattering angles

to contribute to the image, unlike the ETEM case where the gas can scatter in the back focal

plane resulting in loss of electrons at smaller scattering angles. However, the presence of the

nitride membranes will also reduce the number of electrons.

The visibility of the holograms also behaves very differently in the two set-ups: in the ETEM,

the visibility decreases with gas pressure due to the increase in inelastic scattering, whereas in

the closed cell holder the visibility seem to increase with gas pressure. The interpretation of

this unexpected behavior is unclear.

These findings suggest that both spatial resolution and phase resolution of closed-cell gas

electron holography have a weaker dependence on the gas pressure than the ETEM system.

With a closed cell holder, the thickness and quality of the silicon membranes, and how they

bulge as the gas pressure increases, are affecting the performance more significantly than the

gas itself. There are other closed cell holders in literature with options for thinner membranes

made off lighter materials which would be more desirable [15][63]. A beneficial implication is

that with a closed cell holder the quality of the electron holograms will not depend on the gas

pressure used in the experiment. For example the electron dose, the sample will be exposed

to during imaging will be the same for different gas pressures in the closed cell setup unlike in

the ETEM where it can change by almost 50% making it challenging to compare the effects

the electron beam has on the sample [64]. However, on the downside, the silicon membranes

on their own degrade the quality of the electron holograms further than even the highest gas

pressure in the ETEM using lighter gasses.
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10 Oxidation of magnetite

In today’s world magnetite (Fe3O4) is an important material, with applications in numerous

fields. For example, 2-3% of the world’s energy budget is used for the Haber process for nitrogen

fixation. The catalytic nanoparticles used in this process consist of a magnetite core with a

shell of wüstite (FeO) with a final outer shell of iron metal [65] making magnetite an important

part of this massive industry.

Magnetite also has important application when used in the form of nanoparticle. For example,

magnetite nanoparticles are used in water purification, where the nanoparticles bind to the

suspended dirt and heavy metals in the water. Then the contaminants will settle to the

bottom of the fluid allowing for their removal [66]. Magnetite nanoparticles can also be used

as a ferrofluid, which has many applications. The most promising being targeted drug delivery

where a magnetic field can be utilized to drive the drugs to the afflicted area [66] [68]. Ferrofluids

are also an important part of MRI technology [67]. Therefore, understanding the magnetic

behavior of nanoparticles is important and many works have been dedicated to this in the past

[34].

Gas-electron holography will provide a convenient way to quantify how the magnetic behavior

of magnetic nanoparticles changes under oxidation and/or reduction conditions. In a previous

work, Almeida et al. [71] have studied the effects of oxidation on the magnetization of indi-

vidual Fe3O4 nanoparticles as they gradually transform to γ−Fe2O3. They provided oxidation

conditions within an ETEM and then in a different microscope they performed off-axis electron

holography to observe the result. The procedure is cumbersome and problematic in that the

sample is exposed to the atmosphere during the sample transfer and that transferring the sam-

ple takes a long time. In that particular case this mattered little, but it could be detrimental

in more sensitive experiments. By using gas electron holography, experiments such as this can

be performed directly allowing for in-situ imaging of the magnetic states as they evolved under

the influence of gases, thereby obtaining a full understanding of environmental processes.

At least this is what was attempted in this section, sadly due to a number of reasons the

experiment for doing so did not succeed in time for this thesis due to a couple of facts. The

first problem was related to the sample, the magnetic powder was stored in a bottle in powder

form. This meant that the sample was exposed to air, which has partially oxidized some of the

sample over the years it has been the bottle. This has made it a little tricky to work with since

it is partially hematite and magnetite. The second problem was that for the last 6+4 months

the ETEM has had problems with its EELS camera/detector resulting in it not being useful

for this experiment. The last problem was that the MEMS heater chips with silicon nitride

membrane that was used for this experiment ran out and new batch have not arrived yet.

The EELS detector on the ETEM broke down completely in May and on top of the corona

crisis no solution to continue this experiment was found.
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10.1 Oxidation behaviour of magnetite

I this section the properties that allows for identification of magnetite and some of the products

produced through oxidation will be discussed. Magnetite is an iron oxide and it is ferromagnetic

which means it can be attracted by a permanent magnet and that it can be magnetized to

become a permanent magnet. It is the most magnetic mineral that occurs in nature.

The oxidation of magnetite will in general produce to two different materials. If the oxidation

is ”slow” and careful magnetite will oxidize into maghemite (γ-Fe2O3) and if the oxidation is

”fast” it will oxidize into hematite (α-Fe2O3). Maghemite will also oxidize into hematite given

time.

This means the oxidization of magnetite can be written as:

2Fe3O4 +1
2
O2 ⇒ 3γ-Fe2O3 ⇒ 3α-Fe2O3

In regards to going the other way and reducing hematite back to magnetite. It is not possible

to reduce hematite into maghemite, so if one wants to go from hematite to maghemite one

must first reduce hematite to magnetite and then oxidize magnetite into maghemite.

Maghemite is also ferromagnetic like magnetite, it is slightly less magnetic than magnetite. In

regards to hematite it is extremely weakly ferromagnetic, so weak that it will not be detectable

in conventional electron holography.

In order to distinguish these iron oxides from each other there are two techniques needed which

can be used in the TEM. The first is to use electron diffraction, which was briefly introduced

earlier in this thesis. In the diffraction image a pattern will form that contains information

about the crystal structure, The crystal structure of magnetite and hematite will make a

diffraction pattern corresponding to the d-spacing’s seen in table 10.1.

Magnetite 4.81 Å 2.96 Å 2.52 Å 2.41 Å 2.09 Å 1.71 Å
Hematite 3.68 Å 2.70 Å 2.51 Å 2.20 Å 1.84 Å 1.69 Å

Table 10.1: A table containing the d-spacings for magnetite [69] and hematite [70]

In regards to maghemite, it is almost the same diffraction pattern as magnetite, which makes

maghemite almost indistinguishable from magnetite at least when using electron diffraction.

The other technique that can be used to distinguish the different iron oxides from each other

is EELS. EELS is a technique that can be used to prop the electron structure of the sample, in

this case by looking at the electron energy loss range of 705-725 eV the iron L2 and L3 edges

can be observed. These provide information about the iron ions in the material and as such

can be used to distinguish the three different iron oxides from each other [71].
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Magnetite is a ferromagnetic material with the saturation magnetization around 92 Am2/kg

and a density of 5250 kg/m3 [72]. Which can be used to calculate the magnetic induction:

Bs = 4π10−7
kgm

s2A2
· 92

Am2

kg
· 5250

kg

m3
= 0.61T (10.1)

Maghemite is a ferromagnetic material with the saturation magnetization around 76 A m2/kg

and a density of 4880 kg/m3 [73][74]. Which can be used to calculate the magnetic induction:

Bs = 4π10−7
kgm

s2A2
· 76

Am2

kg
· 4880

kg

m3
= 0.47T (10.2)

Hematite is a very weak ferromagnetic material with the saturation magnetization around 0.5

A m2/kg and a density of 5000 kg/m3 [72]. Which can be used to calculate the magnetic

induction:

Bs = 4π10−7
kgm

s2A2
· 0.5Am2

kg
· 5000

kg

m3
= 3mT (10.3)

Using equation (5.15) the magnetic contribution to the phase shift can be estimated for a

nanoparticle with a 100 nm radius. This can be seen in figure 10.1 where the magnetic phase

contribution for magnetite, maghemite and hematite is plotted.

Figure 10.1: A plot showing the magnetic contribution to the phase shift as a function of the x-
coordinate starting at the center of the particle

It can be seen in figure 10.1 that for hematite it is it not possible to detect being a phase shift

that is too small. The phase shift for magnetite is at 6.2 radians with maghemite having a

phase shift of 4.9 radians.
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10.2 Experimental set-up

The experimental set-up consists of using the environmental TEM, with the electron biprism

mounted at the SAD aperture and the lens configuration is set so the electron biprism is out

of the image the plane. The electron biprism used is the one with the five bridges introduced

earlier as seen in figure 7.1. It has a spatial resolution of around 25 nm making it a poor choice

for looking at nanoparticles; however, it serves excellently in this case due to the gas inside the

column being uniform across the electron holograms field of view.

The electron biprism voltage is set to 30 V to gain as much fringe visibility as possible, while

still having a spatial resolution of around 20 nm as seen in figure 8.3. At 30 V and in 10 mbar

of oxygen the phase resolution should be around 0.14 radians according to figure 9.2D.

The electron beam used is 300 kV and it has been stretched into an elliptical shape perpendic-

ular to the electron biprism in order to gain as much coherency as possible. The sample is a

commercial powder of magnetite nanoparticles from Sigma-Aldrich with a nanoparticle size of

50-100 nm. This powder was then dispersed in ethanol and a small amount of ultrasound was

used to disperse them further. Then the solution was drop casted unto the MEMS heating chip

for the DENS wildfire heating holder. The MEMS heating chip has a silicon nitride membrane

on which the nanoparticles are resting.

10.3 Data

The procedure for the experiment was that the sample was put into the microscope and few

areas of interest was found in TEM mode and some diffraction images of the particles were

taken. Then the microscope was switched to Lorentz mode and the electron biprism inserted

and biased. A couple of electron holograms were taken using the +30/-30 magnetic reversal

experiment using the 2 T field from the objective lens resulting in four images per area of

interest.

Then the oxygen gas was included in the column at 10 mbar of pressure and the sample was

heated to heating 700oC for 30 min. The sample was then cooled down to room temperature

and another series of +30/-30 magnetic reversal electron holograms was taken. This procedure

was then repeated 12 times after which the microscope was switched back to TEM mode and a

couple of diffraction images were taken, unfortunately the gas was still present in the microscope

when the diffraction images was taken creating a large background to the diffraction image.
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Figure 10.2: Two diffraction patterns with left one taken before oxidation and the right one after

There are holograms taken for three nanoparticles, which can be seen in figure 10.3. Where the

applied field direction and the size of the nanoparticles is indicated. They are all rectangular

and have a similar width of about 160-200 nm.

Figure 10.3: The three holograms of the magnetite nanoparticles, with the pixelsize is 0.4347 nm/pixel,
showing the applied field direction of 2 T objective lens

In figure 10.4 The electron holograms for a +30/-30 experiment was reconstructed as described

in the electron holography section. The phase from the +30 and the phase from the -30

holograms are plotted with the background field removed via adding a slope in the x and y

direction.
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Figure 10.4: Particle 1 after 30 min of oxidation (A)Total phase for +30 holograms (B) Total phase
for -30 holograms

In figure 10.5 and 10.6 the electron holograms was reconstructed as described in the electron

holography section, resulting in these 12 reconstructed magnetic phase contribution contour

images, for three different magnetite nanoparticles, the contours have been enhanced 10 times

to make it easier to intrepid.

Figure 10.5: Contour plot showing the magnetic phase contribution for particle 1 with a 10 times
phase multiplier, blue text indicate a magnetic and red text indicate no magnetic stray fields
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Figure 10.6: Contour plot showing the magnetic phase contribution for particle 2 and 3 with a 10
times phase multiplier, blue text indicate a magnetic and red text indicate no magnetic stray fields
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In figure 10.7 the electron holograms for a +30/-30 experiment was reconstructed as described

in the electron holography section. The electrostatic phase and the magnetic phase are plotted

with a line scan showing the phase changes across the magnetic nanoparticle.

Figure 10.7: Particle 1 after 30 min of oxidation (A)Mean inner potential contribution to the phase
(B)Magnetic contribution to the phase (C)A line scan between the two points with the blue line from
the mean inner potential phase and the orange line from magnetic phase

In figure 10.8 The electron holograms for a +30/-30 experiment was reconstructed as described

in the electron holography section. The electrostatic phase and the magnetic phase are plotted

with a line scan showing the phase changes across the magnetic nanoparticle.

Figure 10.8: Particle 1 after 5 hr 30 min of oxidation (A)Mean inner potential contribution to the
phase (B)Magnetic contribution to the phase (C)A line scan between the two points with the blue line
from the mean inner potential phase and the orange line from magnetic phase
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10.4 Analysis and discussion

What can be seen from the electron diffraction patterns is the spots and rings corresponding

to the nanoparticles. The red letters in figure 10.2 each correspond to a d-spacing value, which

can be seen in table 10.2.

Before 1: 4.98 Å 2: 2.97 Å 3: 2.56 Å 4: 2.11 Å 5: 1.72 Å 6: 1.62 Å
After 1: 4.99 Å 2: 2.93 Å 3: 2.69 Å 4: 2.47 Å 5: 2.2 Å 6: 1.76 Å

Table 10.2: A table containing the d-spacings from before oxidation and after 5 hours of oxidation

What can be seen in figure 10.2 and table 10.2 is that before the oxidation the sample consists

primarily of magnetite. Then after oxidation, the sample has changed to a combination of

magnetite/maghemite and hematite. The magnetite is pretty clear from the spots 1 and 2 and

the hematite can be seen by the rings 3, 4 and 5.

In regards to the electron holography data the first thing that should be checked is if the

nanoparticle possesses viable fringes. This is done by looking at the holograms in figure 10.3.

It can be measured that the visibility outside the nanoparticles is 0.1 and the visibility inside

of the nanoparticles is roughly 0.05, which is half the visibility outside, however it is more than

enough to clearly image the nanoparticles.

Next the magnetic reversal needs to be investigated, first the direction of the applied field should

be considered, in this case the field is applied from the left and the right as indicated in the

figure 10.3. The next thing that needs to be considered is the shape of the nanoparticle and its

preferred magnetization direction, in this case the particle 1 is elongated in the same direction

as the applied field making it likely that the magnetization would happen in the direction. The

final step is to check the stray fields by looking at the total phase contributions for the +30 and

-30 holograms as seen in figure 10.4. Looking at the two images and taking into account the

direction of the applied field and the preferred magnetic direction of the elongated nanoparticle

it is quite clear that the magnetic field has reversed properly. This analysis was also done to

a couple of the other holograms where it was checked whether they reversed properly. In the

case of any contour marked as magnetic the phase should have reversed properly. Except for

the particle 1 hologram at 6 hr it does not look right.

Next task is checking the strength of the magnetic phase contribution. This can be done using a

linescan as seen in figure 10.7 and 10.8. Looking at the figures there is a strong slope evident in

the electrostatic phase, this slope is present in all the holograms. It looks like some kind of field

is affecting the holograms, since the slope was not removed by using the reference holograms it

is unlikely to be a field generated by the lenses in the microscope. The field appears to be quite

similar even for the different nanoparticles and the field is mostly removed in the magnetic

phase contribution.
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This shows that it is unlikely to be a magnetic field that disturbs the measurements. The most

likely scenario is that the heating elements on the MEMS heating chip is being charged by the

electron beam causing the field. The best way of checking would have been to take a hologram

in vacuum back then, however this was not done.

Now looking at the magnetic contribution in figure 10.7 and 10.8 it can be seen that for the

early case the magnetic shift is at around 2.5 radians and for the late case the phase shift is

similar when looking at the magnetic phase just before and just after the nanoparticles. Since

the data inside the particles is unreliable. Comparing this with the data simulated for the

magnetic phase shift in figure 10.1. It can be seen that it is less than it should be, which is

around 12 radians. However, it is still the correct order of magnitude. The reason for it being

smaller could be that the magnetite nanoparticles are in fact not pure magnetite any more but

has been partially oxidized already, however the diffraction patterns matches d-spacings for

magnetite.

Looking at the whole series of holograms taken during the oxidazation, the magnetic phase is

plotted in figure 10.5 and 10.6. However, the quality of the holograms should be looked at first.

Looking at the magnetic phase contours it is evident that there is far too much phase inside

the particles strongly indicating that the subtraction of the +30 and -30 data has a problem.

There are a couple of reasons for this, one is that the spatial resolution is 20 nm with this

microscope set-up and this could lead to the +30 and -30 holograms matching poorly. The

other reason is related to diffraction, it can be a challenge to spot diffraction while the biprism

is used. If the crystal structure of the sample has changed in such a way that the diffraction

contrast appears then that could account for some of the artefacts that can be seen. Another

reason is related to unwrapping of the phase. This also sometimes lead to defects appearing

where one part of the nanoparticle is one pi shifted from the rest. An example of this can be

seen in figure 10.7B where the bottom right of the particle is clearly different.

With the number of artefacts inside the particles, the magnetic contour inside of the particles

are of little use. This means that only the stray fields can be used to analyze the magnetic

structure of the nanoparticles.

Looking at figure the data in figure 10.5 and 10.6 it can be seen that the three particles have

magnetic stray fields in the beginning; however, they quickly loose the stray fields after one

hour of oxidation. This could be because the oxidation is occurring too quickly turning the

magnetite into hematite. On the other hand, it could be that the 700 oC that the particles

heated at have changed the crystal structure in such a way that the nanoparticles preferred

magnetic state is a magnetic vortex that would not have a preferred direction of magnetization.

After 5 hours of oxidization, two of the nanoparticles seems to have stray magnetic fields again.

The reason for this behavior is hard to analyze without EELS spectra to indicate which kind

of iron oxide is present.
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One thing that can be concluded is that hematite will not have a magnetic signal that strong.

This could mean that for particle 1 and 3 the magnetite oxidized into a non-magnetic iron oxide

before becoming maghemite, which is also ferromagnetic. As for nanoparticle 2 it could have

directly oxidized into hematite. Resulting in the sample being a mix of magnetite/maghemite

and hematite. Giving the diffraction pattern seen in figure 10.2. More work is needed both in

the analysis of the electron holograms for this dataset and future experiments to discover the

changes in magnetic structure magnetite undergoes as it oxidized.

10.5 Future work

The previous section can only be set to cover the most preliminary work needed to analyze

the magnetic structure of magnetite while it is being oxidized. Improving the reconstruction

of the electron holograms would help the analysis a great deal; this can be done primarily by

having a better spatial resolution and visibility. The spatial resolution can be increased by

changing the height of the electron biprism using the lens system, while this will decrease the

overlap width. It should not be a big problem as the current overlap width is around 1200 nm

and for this experiment no more than 500 nm is really needed. The next step would then be

to take a dataset with smaller nanoparticles and easier to analyze cluster. Supplementing the

electron holograms with EELS data that can be used to tell the oxidation state of the magnetic

nanoparticles. Finally, after a successful oxidization one could try looking at the reduction of

magnetite and hematite to make a complete cycle of oxidation and reduction within the ETEM.
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11 Conclusion

In this project a we have combined off-axis electron holography and environmental TEM

(ETEM) to realize a technique we choose to call ”gas electron holography”. To combine

off-axis electron holography and ETEM the development of a special electron biprism device

suitable for the corrosive environment in the column of the ETEM is needed.

Inspire by state-of-the-art biprism designs from the literature, we fabricated a low-cost MEMS-

based exchangeable electron biprism chip that can be conveniently replaced. The design relies

on analytical and finite-element electrostatic models to optimize the geometry of the experi-

mental setup, including biprism width, height, length and distance to the grounding electrodes,

and overall dimensions of the device to avoid disturbances from stray fields.

The electron biprism was fabricated with two photolithography steps to form the chip and a

FIB step to cut out the wire. The FIB step is the most costly, time- and money-wise. Finding

an alternative solution, for example e-beam lithography, would improve our device significantly.

We estimated experimentally the electron optical parameters of the electron biprism, including

the deflection angle per unit bias and the relevant optical distances, by acquiring a hologram

series in the ETEM as a function of bias and comparing them to hologram simulations. Knowing

these parameters will facilitate the identification of the experimental settings most appropriate

for a given sample, and the assessment of the biprism performance in different conditions.

A study of how gas-electron interactions affect the performance of off-axis electron holography

both in the ETEM and with a closed cell holder. It was found that in the ETEM the gas pressure

and gas type are the critical parameters influencing the quality of the electron holograms

and should be considered carefully when planning gas electron holography experiments in

the ETEM. It was also found that by comparing the inelastic scattering cross section with a

phenomenological model, that the loss of the visibility given the gas pressure, atomic weight,

and mean energy loss of the gas is known could be estimated.

In the closed-cell setup, we found that the gas pressure and gas type have a minor impact on

the quality of the holograms, the crucial parameters being more the quality and thickness of

the silicon nitride membranes. As such using the closed-cell setup can be more advantages if

larger gas pressures and heavier gasses are used compared with using the ETEM setup.

Finally, at the end of the project a study of the oxidation of magnetite nanoparticles was

started and was not completed in time for this thesis.

The successful implementation of gas electron holography opens up for a large number ex-

citing experiments, not just in the field of magnetic nanoparticles but also in fields such as

charge distributions in catalytic nanoparticles under the presence of various gases, electric field

distributions in working fuel cells and the study of doping in semiconductors nanowires.
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Abstract 

A conventional transmission electron microscope (TEM) is nearly blind to electric and magnetic fields as these 

are pure phase objects. Considering that such fields contain information about the mean inner potential and 

magnetic structure of the material obtaining this phase information is highly desirable. There are several 

techniques that are phase sensitive meaning that they exploit electron interference to produce phase 

contrast. Off-axis electron holography allows for reconstruction of the phase and amplitude of the electron 

wave, thereby providing additional information compared to conventional TEM. The technique requires the 

use of an electron biprism to split the electron beam and deflect the resulting object and reference wave to 

overlap and form an interference pattern. The combination off-axis electron holography and environmental 

transmission electron microscopy (ETEM), is an experimental setup we termed 'gas electron holography'. To 

realize this setup a special electron biprism is needed as a conventional electron biprism is optimized for use 

in a high vacuum environment and will be contaminated and corroded in the gas atmosphere of an ETEM. 

We aim to design and fabricate an exchangeable electron biprism that can better handle the gas environment 

and to be exchangeable as well as low cost enough to make 'gas electron holography' a viable microscopy 

technique. To design the electron biprism we perform electrostatic finite element simulation to determine 

the ideal geometry of the electron biprism. The electron biprism is fabricated via semiconductor fabrication 

technology in DTU Nanolabs cleanroom and was positioned in SAD aperture of an ETEM. Finally, the 

fabricated electron biprism is characterized to determine its electron optical parameters from a comparison 

with simulated electron holograms. 

 

Keywords: in-situ electron holography, MEMS-based, Electron biprism, Off-axis electron holography, ETEM 
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Introduction 

Off-axis electron holography is a transmission electron microscope (TEM) technique that enables quantitative  

imaging of electric and magnetic fields in materials with nanometer spatial resolution [1]. 

Off-axis electron holography has conventionally been used in an ultra-high vacuum (UHV) environment to 

maintain high spatial and temporal coherence. Recently, Tavabi et. al. reported using off-axis electron 

holography to probe a solid-gas interface of a fuel cell in the presence of oxygen [2][3]. The prospect of 

performing electron holography in the environmental TEM (ETEM) will unlock studies that have stalled due 

to technical limitations and extract additional information on electrical and chemical changes during gas 

exposure beyond what is currently possible. For example, to study the changes in magnetic structure of 

magnetite nanoparticles  under oxidation conditions, Almeida et al [4] had to bring the sample from one 

microscope to the other in order to perform off-axis electron holography. This will cause the sample to be 

influence by changing environment during sample transport and a delay from the inducing oxidation of the 

sample to the electron hologram being recorded. While in this case it should not have altered the result much 

it still means that recording the intermediate steps of oxidation would have been quite challenging. Other 

examples of possible interesting studies that could be performed with gas electron holography would be in-

situ doping of nanowires [5] as well as observing the charge distribution of catalytic nanoparticles  in the 

presence of various gasses  [6].   

Off-axis electron holography requires a special device called electron biprism,  consisting of a charged wire 

that folds the electron beam unto itself.  With sufficient coherence, this results in an interference pattern 

that carries information about the phase of the electron wave [1]. A conventional electron biprism is designed 

for the vacuum environment of TEM. In an ETEM, where the gas pressure at the biprism plane is 3-6 orders 

of magnitude higher [7][8], the device will be in danger of contamination and corrosion. Therefore, to 

combine off-axis electron holography and ETEM the development of a special electron biprism device is 

needed. This electron biprism should in addition to the 'normal' requirements of electron biprism be resistant 

to corrosion and be replaceable by being low cost and easy to exchange.  

In this paper we will design such an electron biprism for use in an ETEM by first gaining a full understanding 

of the current state of the art electron biprisms,  by looking at the geometry and materials used in state of 

art electron biprism. Then to design the electron biprism a full understanding of how the geometry of the 

electron biprism affects the performance of the device is found via an electrostatic analytical model and 

several finite element simulations in COMSOL [9]. The electron biprism is fabricated via semiconductor 

fabrication technology in DTU Nanolabs cleanroom. Finally, we characterize the parameters that describe the 

performance of the electron biprism inside the microscope and use these parameters to simulate electron 

holograms and compare the holograms to experimental results. 

Our results confirm that the electron biprism performance suitably for off axis electron holography 

experiments. The fabricated electron biprism had a radius of 175±5 nm and provided a deflection angle of 

1.21±0.19 µrad/V,  and with the medium resolution settings chosen for our analysis formed holograms with 

a visibility ranging from 70-45% and spatial resolution ranging from 45-25 nm with a bias voltage running 

from 15-35 volts. 
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The electron biprism 

The first electrostatic biprism designed by G. Möllenstedt and H. Düker in 1955 [10] consisted of a charged 

wire made from a 2 µm in diameter metallized quartz wire and a pair of grounding electrodes placed in the 

path of the electron beam close to the image plan as seen in Figure 1. This basic design has since been refined 

into the modern commercial biprism made by using the fiber pulling method. This method consists of 

manually drawing a thin glass fiber from a quartz rod above a hydrogen-oxygen flame and then coating the 

wire in platinum [11] resulting in a nanowire of around 400-600 nm in diameter. Recently, the method was 

improved by using a computer-controlled fiber pulling system, allowing for biprism diameters to reach 

around 400 nm in diameter consistently [12]. 

As outlined by Duchamp et al there are many issues with the modern commercial biprism [13]. Such as the 

fact that the thin metal layer can be sputtered off by the electron beam, the core shell design of the nanowire 

can cause some innate charging due to the different materials, and lastly that the round shape of the thin 

nanowire is not completely opaque to electrons causing additional noise in the electron hologram from the 

beam scattering of the biprism. 

After examining various designs Duchamp et al. proposed the rectangular exchangeable electron biprism as 

a solution [13]; the concept is an electron biprism in the form of a silicon-on-insulator device chip that can 

be shaped using semiconductor fabrication processes, with the biprism wire and grounding electrodes made 

of doped silicon over the insulating silicon-oxide chip substrate. The chip can be placed in a modified SAD 

aperture holder to be used in a microscope allowing for  easy replacement of the biprism by exchanging the 

chip. In this way the exchangeable biprism can be replaced if damaged. The rectangular design of the electron 

biprism solves the issues with the biprism wire being opaque mentioned earlier as the biprism wire can be 

thin allowing for better biprism performance, as well as being tall enough that the biprism wire is not electron 

opaque. 

The electron biprism we made is of a similar design as Duchamp et al it consists of an exchangeable device in 

a custom SAD holder and is fabricated using semiconductor fabrication technology. It differs mainly in the 

materials used as it need to survive in the ETEM as such the wire is made from platinum supported by silicon 

nitride bridges and a chip substrate of pure silicon. The metal nanowire is resistant to corrosion and can be 

easily cleaned via mild plasma cleaning, as compared to a doped silicon nanowire that will decay quickly in 

an ETEM.  

To design an optimal electron biprism we must first understand how the quality of an electron hologram is 

affected by the electron biprism.  
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Off-axis electron holography 

The quality of electron holograms recorded by off-axis electron holography is assessed by two factors: the 

spatial resolution, and the other is the phase resolution.  

The spatial resolution of electron holography can be found quite intuitively as it is at best three times the 

fringe spacing in an electron hologram. This is because one third of the fringe spacing is the highest amount 

of spatial frequencies the sideband in the Fourier transformation of an electron holograms can carry without 

overlapping with the autocorrelation [14].  

Looking at Figure 1 and Figure 3 there are four parameters that decribes the electron biprism;  The first is 𝑑1 

describing the distance from the focal plane to the biprism. The second is 𝑑2 decribing the distance from the 

biprism to the image plane. The third is the parameter α decribing the deflection angle defined in figure 1 

and fourth the radius of the biprism wire a. The equation governing the fringe spacing s can be found by 

taking the lateral coherency patch produced by the beam which can be given as 𝑝 = λ/𝛼 for a small circular 

electron source of uniform intensity [13] and then magnifying the patch into the image plane with the 

magnification factor (1 + 𝑑2/𝑑1)  giving the fringe spacing as [15]: 

 

 
𝑠 =

λ

2𝛼
(1 +

𝑑2

𝑑1
) Eq. 1 

where λ is the de Broglie wavelength of the electron beam. 

The width of the field of view in the interfernce region is decribed by the parameter w as shown in figures 1 

and 2. Looking at Figure 1 the equation governing the overlap width can be derived from geometrical 

considerations: by using trigonometry half the overlap distance can be found as 𝑑2 atan(𝛼); under the 

assumption that 𝛼 is very small, w is then 2𝛼𝑑2 in a first approximation. However, the opaque biprism wire 

blocks out a portion of the electron beam, resulting in a negative contribution to w that amounts to the width 

of the electron biprism 2a  times the magnification factor (1 + 𝑑2/𝑑1) . Therefore [15]:  

 

 
𝑤 = 2𝛼𝑑2 − 2𝑎 (1 +

𝑑2

𝑑1
) Eq. 2 

Figure 1: A schematic diagram of the set-up for off-axis electron 
holography 

w 
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Equations Eq. 1 and Eq. 2 highlight that both spatial resolution and field of view depend on the magnification 

factor of the biprism onto the image plane. This factor is rarely changed during an experimental session. It 

can also be seen from Eq. 1 that the spatial resolution of the hologram improves with a beam of a higher 

energy (smaller wavelength). It is evident that the smaller the biprism radius is, the larger is the field of view. 

Moreover, since the electrons blocked by the electron biprism are from the central, most coherent portion 

of the electron beam, a smaller biprism diameter will allow more coherent electrons to contribute to the 

electron hologram. It is also known that the radius of the biprism can also have an influence on vignetting 

effects [16]. 

The last important parameter for the spatial resolution is the deflection angle α. It is evident from equations 

Eq. 1 and Eq. 2 that size α affects both the spatial resolution and the field of view. Since α depends linearly 

on the voltage applied to the biprism, we can tune freely and accurately the spatial resolution. However, 

while spatial resolution and field of view are both positively affected by a larger deflection angle, phase 

resolution has the opposite trend. 

 

 

 

 

 

 

 

 

 

The phase resolution is given by the smallest phase difference detectable between two adjacent pixels 

reconstructed from hologram fringes. Its expression [17] is given as: 

 

 
φ𝑚𝑖𝑛 =

𝑆𝑁𝑅

µ
√

2

𝑁𝑒𝑙
 

Eq. 3 

where SNR is the desirable signal-to-noise ratio in final reconstructed phase image a reasonable value used 

for this is SNR=3 [18]. The parameter 𝑁𝑒𝑙  is average number of electrons per pixel on the detector from the 

middle of the hologram. This parameter  depends on the electron dose of the electron beam which is 

controlled by the brightness of the electron source and the electro optical set-up of the electron microscope. 

𝑁𝑒𝑙  is also linked to the overlap width as the larger w is, the further the electrons are spread out. The 

parameter µ, called the fringe visibility, is defined as: 

 

 
µ =

𝐼𝑚𝑎𝑥− 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
 Eq. 4 

where 𝐼𝑚𝑎𝑥  and 𝐼𝑚𝑖𝑛 represent the average value of the top and bottom of the fringes, respectively.  

 

Figure 2 A hologram taken in vacuum and an integrated cross-section of the middle of the hologram 
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The fringe visibility is assessed by sampling a region from the middle of the hologram and then averaging in 

the direction of the fringes, followed by a peak-finding algorithm to determine the intensity maxima and 

minima. This data is then used to find the mean value and standard deviation of 𝐼𝑚𝑎𝑥, 𝐼𝑚𝑖𝑛 and the fringe 

spacing.  

The fringe visibility is dependent on the coherence of the electron beam, which is primarily affected by the 

transverse spatial coherency of the electron source [19]. As the electron sources have significantly improved 

over the last few decades, especially with the advent of the cold Field Emission Gun (FEG), the increase in the 

brightness of the electron beam has allowed for better phase resolution [20]. The coherency is also affected 

by the electro optical settings of the microscope having a competing relation with the electron dose. It is 

difficult to find the optimal balance except by experimenting and finding the most appropriate settings for a 

given microscope+sample combination [19]. Nevertheless, there is one procedure that guarantees 

improvements in all circumstances: shaping the illumination into a high-aspect-ratio ellipse by the action of 

the condenser stigmators, and then aligning the stretched beam along the perpendicular to the biprism. This 

is the most efficient way of sacrificing electron dose for an improvement in the transverse spatial coherency 

of the electron beam [21]. 

Another crucial factor affecting the visibility is the stability of the microscope and the quality of the detector. 

If the sample and biprism can remain perfectly still, the exposure time can be increased without limit, 

resulting in a higher detector count without loss of visibility, which improves the phase resolution [22]. In 

reality, vibrations, fluctuations and noise limit the acquisition time to 2-5 seconds, anylonger than this the 

visibility of the hologram is lowered. Improving on the stability of the microscope itself has always been a 

challenge, however using a better camera assures higher quality holograms can be taken in the window of 

stability is also a viable solution [23]. 

The last crucial parameter is the deflection angle α, which influences both the spatial and the phase 

resolution. Three factors affect α: 1) the acceleration voltage of the electron beam, 2) the voltage applied to 

the biprism, and 3) the geometry of the electron biprism. In order design an electron biprism it is then 

essential to understand how the geometry of the biprism affects the deflection angle. 
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Design of an exchangeable biprism 

We learned that the biprism should be as stable as possible to get a good phase resolution and that its radius 

should be as small as possible to increase the field of view and to preserve the most coherent part of the 

electron beam. We also learned that a critical factor in determining the performance of the electron biprism 

is the deflection angle α. Therefore, modelling how the geometry of the biprism influences α allows us to link 

the geometry of the electron biprism to the quality of the holograms produced by it. 

Electrostatic calculations 

As sketched in figure 3, we model the biprism as a nanowire of radius a biased at V = 𝑉𝑎 with respect to a 

concentric grounded electrode positioned at a distance b away. 

 

 

 

 

 

 

 

 

 

 

 

 

Look at a cylindrical surface at radius r with the charge being uniformly distributed across the surface of the 

biprism wire we get that:  

 

 
∫ |𝐸|da = |𝐸| ∫ da = |𝐸|2𝜋𝑟

 

𝑠

 

𝑠

 Eq. 5 

It is know that the biprism is in vacuum leading to: 

 

 
|𝐸|2𝜋𝑟 =

λc

𝜖0
 Eq. 6 

where λc is the uniform charge density along the wire and 𝜖0 is the vacuum permittivity.  

The definition of the electrical potential 

 

 
|𝐸| =

λc

2𝜋𝜖0𝑟
= −

𝜕

𝜕𝑟
𝑉(𝑟) Eq. 7 

 

Figure 3 The 2D model of an electrostatic biprism 
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Knowing that V (r = b) = 0 one gets that the electrical potential is given as: 

 

 
𝑉(𝑟) =

λc

2𝜋𝜖0
ln (

𝑏

𝑟
) Eq. 8 

The electric potential of the surface of the filament is given as: 

 

 
𝑉𝑎 =  𝑉(𝑟 = 𝑎) =

λc

2𝜋𝜖0
ln (

𝑏

𝑎
)             ⟺             

λc

2𝜋𝜖0
=

𝑉𝑎

ln (
𝑏
𝑎

)  
 Eq. 9 

Substituting this into equation Eq. 8 for the electrical potential gives: 

 𝑉(𝑟) = 𝑉𝑎

ln (
𝑏
𝑟)

ln (
𝑏
𝑎

)  
      a ≤  r ≤  b Eq. 10 

 Going to the Cartesian coordinate system with 𝑟 = √𝑥2 + 𝑧2  

 𝑉(𝑥, 𝑧) = 𝑉𝑎

ln (
𝑏

√𝑥2 + 𝑧2 
)

ln (
𝑏
𝑎)  

 
Eq. 11 

Calculating the electric field in the x-direction: 

 𝐸𝑥(𝑥, 𝑧) = −
𝜕

𝜕𝑥
𝑉(𝑥, 𝑧) = 𝑉𝑎

x

(𝑥2 + 𝑧2) ln (
𝑏
𝑎)  

 Eq. 12 

The impulse in the x-direction given to an electron moving parallel to the z-axis: 

 

 
𝑃𝑥 =

1

𝑣𝑧
∫ −𝑒0

∞

−∞

𝐸𝑥(𝑥, 𝑧)dz|𝑥=𝑎 =
𝑒0𝑉𝑎𝜋

𝑣𝑧 |ln (
𝑏
𝑎)|

 Eq. 13 

Velocity in the x-direction: 

 𝑣𝑥 =
𝑃𝑥

𝑚𝑒
=

𝑒0𝑉𝑎𝜋

𝑚𝑒𝑣𝑧 |ln (
𝑏
𝑎)|

 Eq. 14 

Deflection angle can then be given as: 

 𝛼 = arctan (
𝑣𝑥

𝑣𝑧
) = arctan (

𝑒0𝑉𝑎𝜋

𝑚𝑒𝑣𝑧
2 |ln (

𝑏
𝑎)|

) Eq. 15 

The energy of the electron beam can be defined as 𝐸𝑏𝑒𝑎𝑚 =
1

2
𝑚𝑒𝑣𝑧

2  giving the final equation for the 

deflection angle as: 

 

 
𝛼 = arctan (

𝑒0𝑉𝑎𝜋

2𝐸𝑏𝑒𝑎𝑚 |ln (
𝑏
𝑎)|

)          ⟺𝛼≪1            𝛼 =
𝑒0𝜋

2𝐸𝑏𝑒𝑎𝑚 |ln (
𝑏
𝑎)|

 𝑉𝑎 = ξ 𝑉𝑎 Eq. 16 

where 𝑒0 is the elementary charge and 𝑉𝑎 is the potential biased to the electron biprism.  
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We now have a simplified model linking α to the biprism radius and distance to ground, valid under the 

assumption of a cylindrical capacitor. Equation 16 shows that α increases by increasing the bias 𝑉𝑎 and that 

by either bringing the ground electrode closer, or choosing a larger radius, will strengthen the proportionality 

factor between deflection angle and biprism voltage. This analytical model is suitable for a commercial 

biprism, where b>>a and the wire are exceptionally long. However, for a more compact design, the analytical 

model breaks down, as will be shown with the following simulations. To maintain the link between geometry, 

bias, and deflection angle, we will resort to a finite element model. 

Finite element modelling  

We employ COMSOL Multiphysics, a commercial software package that performs equation-based 

multiphysics modelling for different physical processes by applying the finite element method to a system of 

partial differential equations [9]. The physics model that will be used in this article is the electrostatics physics 

package that works by solving Gauss law for the electric field using the scalar electric potential as the 

dependent variable for each mesh unit.  

The output of the COMSOL simulation is the spatial profile of the x-component of the electric field. To 

compare the results of the COMSOL simulation with the measurable quantities in Eq. 1 and Eq. 2, we need 

to link the deflection angle directly to the electric field. This is accomplished by merging Eq. 13 and Eq. 14: 

 α = arctan (
−𝑒0

2𝐸𝑏𝑒𝑎𝑚
∫ 𝐸𝑥dz

∞

−∞

) Eq. 17 

The mesh used in the simulations are made more refined close to the nanowire and ground electrodes, and 

gradually sparser at a distance. The mesh has been refined to convergence for all results shown. 

The finite element models investigated first is a series of 2D models, where a variety ground electrode designs 

are investigated. The geometry of the models can be seen in figure 4. It consists of a square vacuum region 

that is 2.5 mm on each side, with a round circle in the middle of radius a=0.1 µm and applied bias 𝑉𝑎  = 100 V, 

and with the ground electrodes located at a distance b away on both sides. We tested four different kinds of 

ground electrodes: A "Tall walls" (Figure 4A), consisting of two vertical walls a distance b away from the 

center of the wire, stretching from the top to the bottom of the screen; B "Wide walls" (Figure 4B), consisting 

of two ground planar electrodes 0.2 µm in height, stretching to the edge of the simulation box starting at a 

distance b away from the center of the wire; C "KOH walls" (Figure 4C), with an additional bulk grounded 

element 20 µm away from the edge of ground electrodes, to simulate the presence of the rest of the chip; D 

"Realistic" (Figure 4D), with a platinum coating on the electrodes and where the various elements are 

simulated with appropriate material parameters. 
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Figure 5A shows a plot with the deflection angle as a function of the distance between the nanowire and the 

ground electrode b. The deflection angle is calculated using Eq. 17 from the transverse electric field 𝐸𝑥 

integrated in the electron beam direction. To compare the finite-element results and the analytical model 

from Eq. 16 as the ground electrodes are moved further from the biprism wire. 

The Tall walls model follows the analytical curve quite well, as would be expected since it most resembles 

the analytical model, with the ground electrodes surrounding the nanowire. As the model is close to the 

expected result, this validates the COMSOL simulation. The Wide walls model shows that the deflection angle 

is lower as a function of b than the analytical model, however it follows the same kind of trend. The KOH 

walls model has nearly identical behavior as the Wide walls, suggesting that the part of the electrodes closest 

to the biprism dominates the result, however it deviates at a large distance because the protrusion of the 

ground electrode becomes negligible compared to the distance to the biprism.  It should be emphasized that 

these simulations confirm the α ∝ 1/ln(b) dependence of the deflection angle vs. distance, regardless of the 

electrode shape.  

The Realistic model, where the specific material properties were taken into account and a layer of silicon 

nitride was added beneath the conducting metal layer (see figure 4D) was simulated only for one point b=7 

µm and as seen in Figure 5A to check if the added layer would change the deflection angle. The Realistic 

deflection angle landed somewhere between the Tall and the Wide walls models, suggesting that the details 

of the simulation do matter, but they do not deviate far from the simpler COMSOL models, at least in 2D. 

 

 

Figure 4: Schematics of 3 different 2D simulations: (A)tall walls, (B)wide walls and (C)KOH wall (D)Realtistic biprism 

D 
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Another batch of simulations focused on exposing the influence of the biprism geometry on the deflection 

angle. In these simulations, the gap distance was set to b = 7 µm with the Wide walls type of electrodes and 

the nanowire in the middle was modelled as a rectangle allowing for the width and thickness to be changed 

separately. The results shown in figure 5B, where α is plotted as function of the biprism width for three 

different thicknesses of the metal layer, which include both the biprism wire and the electrodes, reveals a 

significant mismatch with the analytical model. We interpret this as the analytical model not being able to 

account for rectangular ground electrodes as it assumes the nanowire is circular. However, the general trend 

of α increasing as the biprism becomes bigger remains the same. 

To explore the effect of the finite dimensions of the biprism we expanded the model into the third dimension. 

The first 3D model seen in Figure 6A is an extension of the Tall walls scenario. The simulation domain is a 

cube with a side length of 2.5 mm and the depth of the biprism wire and of the ground electrode is 500 µm. 

The curves shown in Figure 6B reveal that the closer the walls get to the biprism wire the closer is the 

agreement with the analytical model, which indicates that for this type of electrodes the influence of the 

finite length of the wire is negated by the proximity with the ground electrodes. 

  

Figure 5 (A) A plot showing the deflection angle as a function of the distance b from the biprism to the grounded plates with a 300 
kV beam and a biprism radius of 0.1 µm (B) A plot showing the deflection angle as a function of the width of the biprism with a 300 
kV beam and with b=7 µm 

Figure 6: Showing a model of the biprism and a plot showing the deflection angle as a function of b with a 300 kV beam and a 
biprism radius of 0.1 µm with the field measured at x=1 µm 
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We next tested whether adding a silicon substrate similar to the KOH walls simulation will significantly change 

the deflection angle in 3D, concluding based on our simulations was that the difference between the two 

simulations was negligible as in less than 0.5% in difference for simulations with b<10 µm. This means that 

there is no need to consider the silicon substrate in further simulation.  

In the next model, shown in Figure 7A,  we included the complete shape of the contacts to the ground 

electrode and the biprism wire. Here, after setting the biprism distance  to b = 3 µm we varied the wire length 

to assess whether the contacts affect the choice of how long the biprism needs to be. In Figure 7B the 

deflection angle is plotted as a function of the x-axis with the x = 0 being the center of the biprism for different 

wire lengths. 

It is important to note that in the analytical model α does not depend on the distance from the wire and the 

same is true for all 2D models given the “air” is sufficiently big. However, for the 3D models α will 

unfortunately develop a dependence on the x-coordinate as seen in Figure 7B. It can be seen that a slope 

appears when the biprism wire is too short, caused by the thick ends of the nanowire creating an electrical 

field that adds to the field present in between the nanowire and the ground electrodes. The consequences 

of 𝛼 having a dependence on how far it is from the nanowire will cause the electrons closer to the wire to be 

deflected less than electrons further away this means that reconstructed hologram from such a slope will be 

distorted. In our design we limit this distortion to <1 % of the full value of 𝛼 by making sure that the wire is 

sufficiently long in comparison to the field of view. 

 

 

 

 

 

 

 

 

 

 

 

The purpose of the next model is to assess whether the distance from the electrode to the wire b, the 

thickness of the metal layer T and the biprism radius a have an effect on this slope. By keeping the length of 

nanowire at a 100 µm and then changing the other geometric parameters one at a time with b = 3 µm, T = 

0.2 µm and a = 0.2 µm as the initial values. Figure 8 shows the difference between the deflection angle 

evaluated at a distance x from the wire and the value of alpha at x=0.6 just off the wire. To check if the slope 

of α is affected by another parameter than the biprism length. 

Figure 7 (A) A figure showing a model of the biprism and the ground electrodes. (B) A plot showing the deflection angle as a function 
of the x coordinate with x=0 at the center of the biprism 
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Figure 8 reveals that by changing any of the three parameters results in a line with the exact same slope, 

indicating that these parameters do not influence the severity of the artefact caused by the short electron 

biprism. However, looking at the legend in Figure 8, increasing the T and/or decreasing b and a will increase 

α as a function of the voltage making the impact of the artefact lower.  

The Realistic model considers material properties by adding a top layer is made of platinum with a thickness 

of 0.2 µm with and converting the previous layer to silicon nitride with a thickness of 0.1 µm and then adding 

a bulk made of silicon beneath it all. The biprism radius is a = 0.1 µm and the gap is b = 3 µm. We run two 

simulations: one with a 100 µm long biprism wire as seen in figure 8, and one with a 200 µm long wire. The 

200 µm wire has a bridge in the middle made of silicon nitride with an island of gold in the middle as sketched 

in figure 9A. 

 

 

 

 

 

 

 

 

 

Figure 8 A plot showing the deflection angle with the value at x=0.6 subtracted as a 
function of the x coordinate with three parameters b, T and a changing. 

Figure 9 (A)A figure showing a model of a realistic electron biprism. (B) A plot showing the deflection angle as a function of the x 
coordinate. 
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Figure 9B shows the simulated deflection angle as a function of distance from the wire for the two wire 

lengths considered. For the 100µm wire the result was taken from the middle of the wire and for the 200µm 

wire the result was taken at the quarter distance up the wire to avoid sampling to close to the silicon nitride 

bridge. The plot shows that the slope is present in both cases however the 200µm line has a smaller slope 

indicating that it is less influenced by the artefact. The field of view in a biprism is typically around 1-2 µm 

when looking at nanoparticles and the greatest error caused by the artefact here is then roughly 0.002/0.104 

= 1.9%. 

Summarizing the result gained from these simulations it is evident that the biprism radius a need to be as 

small as possible in order to increase the field of view and to avoid vignetting effects [16]. In addition, the 

nanowire needs to be stable, which means that it should be around a = 50−200 nm in radius ideally, 

depending on the material of the wire. From the above simulations the ideal electron biprism is one where 

the nanowire needs to be as long as possible in order to avoid the artefact of α depending on the x-coordinate. 

This however is not as easy as the wire also needs to be very thin and stable, resulting in the nanowire having 

to be at least 100-200 nm long and preferably longer with the use of support bridges or advanced materials. 

Another parameter analyzed in the finite element simulations is the gap between the nanowire and the 

ground electrodes b which needs to be small to increase the deflection angle as a function of the voltage. 

Hereby decreasing the influence caused by the slope of the deflection angle from the finite length of the wire 

and the influence caused by the bulk of the chip, however the smallest size is limited by the field of view and 

avoiding Fresnel fringes from ground electrodes, resulting in the gap size being b = 2.5−5 µm.  

The small size of b also requires that the edges of the nanowire and the grounded electrodes need to be as 

smooth as possible in order to avoid artefacts from the changes in the a/b ratio and the Fresnel fringes. On 

the influence of the bulk of the chip it was found that it does not matter much as long as the bulk is more 

than 10−20 µm away from the gap, at least as long as b is below 10 µm. In the finite element simulations the 

thickness of the metal layer T was also investigated and it was ascertained that the metal layer should be as 

thick as possible with the only factor limiting the thickness of the metal layer is the fabrication techniques 

used to make it and shape it into a nanowire. 
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Fabrication of an exchangeable biprism 

Our systematic simulations guided us towards the final design of the electron biprism chip. The main body of 

the chip is single-crystalline p-doped silicon, easy to shape with fabrication technology and conductive 

enough to prevent charging under illumination. The chip was chosen to be 2.5 mm wide and 12.1 mm long 

with the silicon substrate of the chip being 350 µm thick so it is big enough to be handled and improving the 

stability of the electron biprism and while not be too fragile.  

On the frontside of the chip there are four contacts to the electron biprism holder as sketched in figure 10. 

Two of the four contacts are connected to the ground electrodes, and two are connected to the wire. One of 

these two is used to bias the wire, while the other is only used to clean the wire by heating it up with current. 

On backside of the chip there is a hole etched all the way through the chip to allow the electron beam to 

travel past the biprism as seen in the backside image in Figure 10. 

The contacts and electrodes are made from a metal bilayer consisting of 200 nm Pt on top of 10 nm Ti. The 

metal is electrically insulated from the bulk silicon with low-stress silicon nitride [24] due to its mechanically 

robustness and antioxidation as well anticorrosion properties. The reason low stress silicon nitride was 

chosen over stoichiometric silicon nitride was because its low stress will allow for a longer nanowire. The 

nanowire is 200-300 nm wide and is separated from the ground electrodes by a gap of 2-4 µm with a SiN 

bridge in the middle to stabilize as it shown in the frontside part of Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: A sketch of the final chip design showing the chip design and the two sides of the nanowire 
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Silicon fabrication technology provides a way to produce many identical biprism chips at relatively low cost. 

The fabrication was performed in DTU Nanolabs cleanroom, where the fabrication started with a batch of 4 

doped silicon wafers with a (100) crystal direction and a thickness of 350 µm with both sides being smoothly 

polished. The first step as illustrated in Figure 11 is adding a layer of low stress silicon nitride to both sides of 

the wafer with low pressure chemical vapor deposition (LPCVD). This layer will be used isolate the electrodes 

from the silicon wafer, strengthen the nanowire and it will be used as a mask during the wet etch used to 

etch through the wafer from the backside later. 

 

 

 

 

 

 

 

 

 

 

The second step is turning the silicon nitride layer on the wafer backside into a mask for the KOH etch. This 

is accomplished by lithography and since the structures are rather large and covers a lot of space on the 

wafer the most appropriate lithography technique is UV-lithography. After using UV-lithography to define 

the mask on the backside dry etching is used to etch the holes into the silicon nitride. This forms a silicon 

nitride mask that can be used for wet etching later. After the dry etch, the resist is removed with oxygen 

plasma. 

The third step is to add the metal contacts on the frontside of the wafer this is accomplished by using the lift-

off technique where a sacrificial photoresist layer is applied to the wafer before metal deposition patterning 

the metal structures. The metal structures are also rather large and covers a large part of the wafer, which 

means that UV-lithography is once again the most appropriate lithography technique to make the sacrificial 

layer. After adding the photoresist, 200 nm of platinum as the bulk of the nanowire along with 10 nm of 

titanium as an adhesion layer is deposited using electron beam physical vapor deposition(EB-PVD). Finally, 

the resist is removed using a bath of “Remover 1165” along with ultrasound. 

The fourth step is to etch through the wafer with KOH using the SiN on the backside of the wafer as the etch 

mask and the SiN on the frontside of the wafer as the etch stop. During this step, the frontside is protected 

using a tandem wafer holder. A disco saw was then used to dice the wafer into chips, while the backside of 

the wafer was protected by tape and the frontside was protected by photoresist.  

 

3µm 

Figure 11: A cross section of the biprism chip showing 5 steps of the fabrication flow 

1 2 

3 4 

5 
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The last step is to shape the fine structures forming the nanowire and ground electrodes, which is too fine 

detailed for UV-lithography requiring another technique to form the pattern. For shaping the fine structure 

of the electron biprism two approaches were tried. The first method tried to define the nanowire was 

electron beam lithography, a technique with a higher resolution than UV-lithography, followed by  ion beam 

etching (IBE), a physical etching technique where the sample is bombarded with ions to etch away the 

exposed metal. This method never proved successful despite attempting various parameter sets, as the wire 

turned out crooked or simply broke on its own. The second method was to use a focused ion beam (FIB) to 

cut the nanowire out directly [25]. Doing this chip by chip was a successful method that allowed for a precise 

control over the geometry of the electron biprism, however it was not a low cost fabrication step. 

Another alternative that was not tried was using lift-off to shape the nanowire as it might have given a better 

result even if this method has several difficulties as well. Yet another option would be to make the nanowire 

out of silicon nitride or silicon and then using a using a shadow mask to protect the rest of the wafer while 

using metal deposition to coat the nanowire in metal. It is also possible to use other materials for the electron 

biprism for example making the wire from a titanium-tungsten alloy would allow the wire to be much longer 

without losing its shape. 

 

Fabrication of the biprism holder 

The biprism holder was modified from an old SAD aperture holder. The holder was drilled through enabling 

thin electric cables to run from the back to the front of the holder and then the holes were sealed with epoxy 

making the holder vacuum tight. The tip was designed to hold the chip with an electron biprism and two 

extra apertures. The electrodes on the chip are contacted to the electron biprism holder via four ”fuzz 

buttons” which are tiny springs made of metal. These springs lead down to the contacts on the electron 

biprism holder, which is connected to the end of the electron biprism holder. The biprism holder is illustrated 

in figure 12. 

Figure 12: A illustration showing the design of the electron biprism holder 
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Characterization of the exchangeable biprism 

The electron biprism fabricated consist of a 500 µm long nanowire with five supporting silicon nitride bridges 

as seen in Figure 13A. The length of the nanowire minimizes the slope of  α as a function of x discussed in the 

previous section and the five bridges hold the wire steady. The biprism dimensions consists of a gap between 

the wire and the electrodes of b = 4.4 µm and the nanowires width is a = 175±5 nm.   

 

 

 

 

 

 

 

 

For operations in the TEM, the electron biprism is placed in the vicinity of the SAD aperture, which is a 

conjugate image plane of the optical system. To form the hologram, the biprism needs to be placed above 

the image plane in order to allow the deflected electron waves to propagate so they can interferer and make 

an interference region in the image plane as seen in Figure 1. 

This is accomplished by turning off the diffraction lens and then by compensating for the change in focus and 

magnification with the Lorentz and the intermediate lenses [15]. The magnification of the biprism was 

measured by choosing the electron holography settings of the microscope and using a known calibration 

sample as seen in Figure 13B.  As a result, we determined that the pixel size in the hologram was 0.4346 nm. 

 

 

 

 

 

 

 

 

 

 

Figure 13 A) A figure showing the geometry of the electron biprism. The pictures are taken in the Helios SEM. B) A calibration picture 
for the magnification in TEM with the biprism 

Figure 14 A figure showing 8 holograms imaged in vacuum changing the biprism voltage from 0 V to 35 V 
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The biprism can be characterized by analyzing the electron holograms taken in vacuum at different biprism 

voltages [26]. Figure 14 shows a set of 10 holograms acquired with the bias ranging from  0 V to 35 V.  

In the previous sections we introduced four equations describing the quality factors of an electron hologram: 

the fringe spacing Eq. 1, the width of the overlap region Eq. 2, the visibility Eq. 3, and the phase resolution 

Eq. 4. In Figure 15 these four parameters are extracted from the eight holograms in figure 14 and is plotted 

as function of biprism voltage, however the holograms from 0 to 10 V did not have a clear overlap width, 

resulting in only 5 data points. 

The data presented in Figure 15 reveals that the fringe spacing and overlap width follows the trend expected 

from Eq. 1 and Eq. 2. The visibility drops steadily as the biprism voltage grows, due to larger biprism voltage 

causing less coherent part of the electron beam contributing to the electron holograms. Looking at the phase 

resolution it deteriorating as the biprism voltage increases, in part because of the decreasing visibility but 

also because the larger overlap width means that fewer electrons per pixel will reach the camera. 

 

  

Figure 15 A figure showing four plots characterizing the electron hologram as a function of voltage 
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To ascertain the electro optical properties of the electron biprism Eq. 1 and Eq. 2 can be used to interpret 

the plots in Figure 15, since they describe how the overlap width and the fringe spacing changes with the 

biprism voltage [26]. The equation describing the overlap width is a linear equation, and it can be rewritten 

in terms of intercept 𝑊0 and the slope δW: 

 𝑊 = δW V + 𝑊0 Eq. 18 

where  

 𝑊0 = −2𝑎 (1 +
𝑑2

𝑑1
) Eq. 19 

and  

 δW = 2𝑑2ξ  Eq. 20 

Eq. 2 describing the fringe spacing can be rewritten as a constant A divided with the voltage as:  

 𝑠 =
λ

2ξ
(1 +

𝑑2

𝑑1
)

1

𝑉𝑎
=

𝐴

𝑉𝑎
 Eq. 21 

By fitting the curves shown in Figure 15, we determined the three parameters as: 

 𝑊0 = −106±16 nm           δW = 44±1 
nm

V
              A = 243±1 nm·V  Eq. 22 

Knowing that the biprism radius is a = 175±5 nm and using the three equations Eq. 19, Eq. 20 and Eq. 21  we 

also determined the remaining three parameters 𝑑1, 𝑑2 and ξ: 

 𝑑1 = -26±5.7 mm              𝑑2 = 18.2±2.8 mm             ξ = 1.21±0.19 
µrad

V
 Eq. 23 

The geometric parameters 𝑑1  and 𝑑2  are entirely related to the electron-optical setup. Even if another 

biprism is used these two parameters will remain the same. Therefore, an electron biprism can be fully 

described with just two parameters: the biprism radius a and the deflection angle per unit bias ξ. 

Having fully characterized the electron biprism the parameters can be used to make an accurate simulation 

of the hologram formation process, following the procedure described by  Schofield et al [26]. 

 The first step is to define the vacuum wavefunction as: 

 ψ0 = 𝐵exp(𝑖φ𝑐) Eq. 24 

where φ𝑐 is given as: 

 φ𝑐 = 𝑘𝛼|𝑥|  Eq. 25 

where k = 2π/λ with λ = 1.96 pm is the wavelength of 300 keV electrons. 

To account for the loss of electrons hitting the electron biprism the amplitude B is defined as: 

 B = 1           if           a < x < −a             else            B = 0  Eq. 26 

A simple vector with zeroes in the middle defining a biprism wire with radius a.  
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The object spectrum is then given as: 

 𝑆(𝑞) = FT[ψ0]   Eq. 27 

As transfer function, we only considering the Fresnel propagator  

 𝑇(𝑞) = exp(𝑖𝜋λZ|𝑞|2)  
Eq. 28 

where q describes the coordinate in Fourier space and the effective focus Z is given by: 

 𝑍 =
𝑑1𝑑2

𝑑1−𝑑2
= 0.58 m Eq. 29 

The final step is to multiply S(q) and T(q) and then inverse Fourier transform. Finally, the simulated hologram 

can be found by taking the absolute square of the complex wavefunction:  

 Iℎ𝑜𝑙𝑜 = |iFT[𝑆(𝑞) 𝑇(𝑞)]|2   Eq. 30 

Figure 16 in the middle column shows the result of four simulation of electron holograms going from 0 to 15 

volts. To the right of the simulated holograms is the experimental holograms taken from Figure 14. To the 

left of the simulated holograms are the intensity profiles of the simulated hologram shown as a dark blue line 

and the experimental hologram is shown as teal area. As the above simulation does not account for the 

aberrations and the intensity loss in the microscope the simulated intensity profiles are scaled to match the 

highest peak in the simulation with the highest peak in the experimental intensity profile. 

Looking at Figure 16 the simulations fit very closely to the real electron holograms with the fringe spacing 

and fringe distribution being the same. However, the intensity profiles do not match entirely which is 

especially obvious in the 0-volt case where the outer part of the fringes looks different. The Fresnel fringes is 

also somewhat different, however this is most likely because this simulation does not account for the Fresnel 

fringes originating from the ground electrodes.  

This procedure for measuring electron optical parameters has practical implications. For example, with the 

𝑑1 and 𝑑2 in Eq. 23 values the spatial resolution is around 25 nm and the visibility is at about 45% at a biprism 

voltage of 30 V. Which might be useful for looking at a gas or a thick membrane, but not when looking at a 

high-resolution object like a nanoparticle. In this case changing the lens settings to a more appropriate 𝑑1 

and 𝑑2 combination would greatly improve the spatial resolution at the price of reducing the visibility. 

These simulations confirm that the measured parameters a, 𝑑1 , 𝑑2  and ξ describe properly the electron 

optical setup. Knowing the slope of the deflection angle ξ and the biprism radius a allows for determining the 

𝑑1 and 𝑑2  values with a single hologram using Eq. 1 and Eq. 2. This means that when changing the lens 

settings in the microscope obtaining the parameters needed for simulating the electron holograms will be 

far more convenient.  
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Figure 16: A figure showing the imaged holograms the simulations and the intensity profiles of each for 0 
V,5 V,10 V and 15 V 
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Conclusion 

This paper described in detail the design, fabrication and characterization of an electron biprism device that 

enables off-axis electron holography in the ETEM.  

Inspire by state-of-the-art biprism designs from the literature, we fabricated a low-cost MEMS-based 

exchangeable electron biprism chip that can be conveniently replaced. The design relies on analytical and 

finite-element electrostatic models to optimize the geometry of the experimental setup, including biprism 

width, height, length and distance to the grounding electrodes, and overall dimensions of the device to avoid 

disturbances from stray fields. 

The electron biprism was fabricated with two photolithography steps to form the chip and a FIB step to cut 

out the wire. The FIB step is the most costly, time- and money-wise. Finding an alternative solution, for 

example e-beam lithography, would improve our device significantly. The final product is an electron biprism 

consisting of a silicon bulk chip with a layer of 200 nm of platinum and a 100 nm of silicon nitride on top 

forming the electric contacts and the biprism wire. An old SAD aperture holder was converted to hold the 

biprism chip and inserted into an ETEM. 

Finally, we estimated experimentally the electron optical parameters of the electron biprism, including the 

deflection angle per unit bias and the relevant optical distances, by acquiring a hologram series in the ETEM 

as a function of bias and comparing them to hologram simulations. Knowing these parameters will facilitate 

the identification of the experimental settings most appropriate for a given sample, and the assessment of 

the biprism performance in different conditions.   

The successful implementation of the exchangeable electron biprism opens up the possibility for working 

with gas phase electron holography. This creates a new avenue for many exciting experiments, such as 

studies of changes in magnetic structures under inducement of reduction/oxidation, in situ doping of 

nanowires and charge distributions in catalytic nanoparticles under the presence of various gases. 
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Abstract 
Using the combination of off-axis electron holography and environmental Transmission Electron 

Microscopy (TEM), an experimental setup termed 'gas electron holography', we investigate how the 

presence of gas in the microscope affects the spatial resolution and the phase resolution of electron 

holograms. The gas is introduced either by using an Environmental TEM (ETEM) or a closed-cell holder. 

The data on gas electron holography in an ETEM shows that the number of electrons reaching the 

detector decreases exponentially as a function of gas pressure. From this evidence, we construct a 

phenomenological model that describes how coherency changes as a function of gas pressure. By 

linking the model with the concept of inelastic scattering cross section we find that the change in the 

coherency of the electron beam due to the presence of gas is related to the number of gas molecules 

present, their atomic weight and the average energy lost due to inelastic scattering. Regarding gas 

electron holography with a closed cell holder, we conclude that the membranes surrounding the gas 

are the primary factor in determining the quality of the electron hologram, while the gas pressure inside 

the cell has a small impact on the spatial and phase resolution of the electron holograms. 
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Introduction 
Transmission electron microscopy (TEM) is an important analytical tool in many scientific fields with numerous 

applications in material science, nanotechnology, semiconductor research and biology. Many different TEM 

techniques have been developed over the years into highly sophisticated methodologies that have found 

widespread application across scientific disciplines. Combining these methodologies to compensate for the 

weaknesses of the individual methods can result in powerful techniques that can foster studies that have stalled 

due to technical limitations.  

In this paper we present the application of “gas electron holography”. This method combines off-axis electron 

holography, a technique that allows for electric and magnetic fields in materials to be imaged quantitatively with 

nanometer spatial resolution [1] and ETEM, a technique used to study crystallographic and chemical changes of 

a specimen exposed to various gasses [2]. Gas electron holography has a great potential for various applications 

such as, e.g., mapping charge distributions in catalytic nanoparticles under the presence of various gases [3], 

measuring electric fields in working fuel cells [4], doping profiling of nanowires [5] and changes in magnetic 

structures under reduction/oxidation conditions [6].   

This paper investigates how the presence of gas affects the performance of electron holography by systematic 

experiments in an ETEM [7] and in a closed cell holder [8]. Data analysis reveals how the spatial and phase 

resolution of electron holograms are affected by the presence of gas. In electron holography, coherency is a 

necessity for any interference effects to occur, and it is the primary factor controlling the spatial resolution and 

phase resolution [9].  

In order to understand how coherency changes in the presence of gas we carried out a set of experiments in an 

ETEM to assess the performance of electron holography as a function of gas pressures with three gasses: 

hydrogen, nitrogen and oxygen. From these experiments and the theory of inelastic scattering we constructed a 

phenomenological model that links coherency and gas pressure. The model reveals that the primary factors 

affecting coherency are the number of gas molecules the electrons encounter along their path, their atomic 

weight, and the mean energy loss caused by inelastic scattering. By performing electron holography in the closed 

cell holder, we determined that the silicon nitride membranes and their bulging affected the coherency of the 

electron beam more than the gas inside the closed cell holder. 
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Gas electron holography 
Three general approaches are currently at our disposal to study the effects of a gas environment on the sample 

with electron holography. The first is ex-situ: the sample is exposed to a gas outside the microscope and then 

put back into the microscope to carry out the electron holography experiments [6].  

The second is to carry out electron holography in an ETEM [2], where the gas enters the microscope around the 

sample and is kept at ~5-20 mbar by two pressure-limiting apertures. Although the pressure range is far below 

that of closed-cell holder [11] , it is still six orders of magnitude higher than in standard TEM, causing a significant 

number of gas molecules to be present in the TEM column. 

The third approach is to use a sample holder that contains its own gas environment [8], such as the DENS climate 

holder used here. It is a closed-cell holder based on a MEMS-system consisting of two silicon chips. Both chips 

consist of a heating element on a silicon membrane with a dozen holes in it filled with 50 nm silicon nitride 

membranes. Combining these two chips results in a nanoreactor encapsulated between two silicon nitride 

membranes. The gas is cycled through the nanoreactor via gas inlets connecting it to the holder and then to an 

external apparatus controlling the gas flow and pressure. This design is advantageous because the gas 

confinement within the nanoreactor prevents contamination of the microscope and ensures that the gas remains 

in the sample plane of the microscope. The gas pressure in the nanoreactor ranges from ~200 mbar to ~1000 

mbar, enabling a realistic gas pressure for experiments. On the other hand, the climate holder can be difficult to 

use, as it requires extensive practice to create a sealed nanoreactor that can hold pressure. Furthermore, as the 

pressure in the nanoreactor increases, the membranes may bulge outwards adding uncertainty on the cross 

section of the chip  [10]. Finally, the membranes themselves are generally at least 50 nm thick, and they may 

significantly decrease the amount electrons available for imaging.  

Off-axis electron holography requires an electron biprism, an electrically biased wire symmetrically placed 

between two grounded electrodes positioned in the selected area diffraction (SAD) aperture of the TEM.  In the 

“Titan E-Cell 80-300ST TEM ” microscope used here, the pressure at the SAD aperture is around three orders of 

magnitude lower than the pressure at the sample. When combined with 300 kV electrons, this can cause damage 

to the biprism in the presence of corrosive gasses. In fact, a commercial biprism typically consist of 200-400 nm 

thick wire that can be around 1-2 mm long, which is fragile and difficult to clean [12]. To overcome this problem, 

we designed and fabricated an exchangeable electron biprism resistant to the corrosive environment in the ETEM 

column [13]. 

In off-axis electron holography, approximately half of the electron beam goes through the sample while the other 

half travels through vacuum. Then, at the electron biprism plane, the beam is folded unto itself by the action of 

the biprism voltage creating an interference pattern that contains phase information. If no sample is in the beam 

path the interference pattern contains information about the electron beam itself. The quality of the information 

is related to the coherency of the electron beam.  
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The performance of electron holography is quantified by two main factors: spatial resolution and phase 

resolution. The hologram's spatial resolution is proportional to the fringe spacing [14], which is given as [15]: 

 𝑠 =
𝜆

2𝛼
(

𝑑1 + 𝑑2

𝑑1
) Eq. 1 

where 𝑑1 is the distance from the focal plane to the biprism and 𝑑2 is the distance from the biprism to the image 

plane and 𝛼 is the deflection angle of the electron beam which depends linearly on the biprism voltage, with  𝜆  

being the de Broglie wavelength of the electron beam.  

To determine 𝑑1, 𝑑2 and 𝛼 for a given experimental setup we need an additional connection between the 

unknown parameters. This is established by the width of the interference region, which is the extent of the 

overlap between object and reference waves and describes the field of view in an electron hologram. The 

equation governing the overlap width is [15]: 

 𝑊 = 2𝛼𝑑2 − 2𝑅
𝑑1 + 𝑑2

𝑑1
 Eq. 2 

where R is the radius of the biprism wire. 

By looking at the intercept and the slope of overlap width and slope of the fringe spacing as a function of the 

biprism voltage the parameters for the specific electron holography set-up in the ETEM can be found. The details 

of this analysis will be presented in a separate publication [13]: 

𝛼 = 1.21 
µrad

V
30 V = 36.3 ± 1.0 µrad         𝑅 = 175 ± 10 nm       𝑑1 = −26.1 ± 2 mm     𝑑2 = 18.2 ± 2  mm 

The uncertainties were estimated as measurement errors based on the standard deviation of multiple 

measurements and then error-propagated into the above values. 

The phase resolution, defined as the smallest phase difference detectable between two adjacent pixels 

reconstructed from hologram fringes, is given as [16]: 

 𝜙𝑚𝑖𝑛 =
𝑆𝑁𝑅

µ
√

2

𝑁𝑡𝑜𝑡
 

Eq. 3 

where SNR describes the desired signal to noise ratio in the hologram [17], and 𝑁𝑡𝑜𝑡 is average number of 

electrons per pixel inside the interference region hitting the detector. The electron count is affected by the beam 

current of the electron beam which depends on the specific microscope set-up, but also on the size of the 

interference region, as well as the exposure time. In this paper the exposure time for all images taken is 5 s. 

The fringe visibility µ is given as: 

 µ =
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
 Eq. 4 

Where 𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛 represent the average value of the top and bottom of the fringes, respectively. This is done 

by sampling a region from the middle of the hologram and then averaging in the direction of the fringes followed 
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by using peak finding to determine the peak and bottom of each fringe. This data is then used to find the mean 

value and standard deviation of 𝐼𝑚𝑎𝑥, 𝐼𝑚𝑖𝑛 and the fringe spacing. 

The fringe visibility is a crucial parameter in electron holography: as shown in Eq. 3, the phase resolution is 

inversely proportional to it. The visibility depends on the coherency of the electron beam, which is affected by 

the electron gun and the lens system of the microscope. Usually the coherency is only modelled indirectly, for 

partial spatial coherency by a convergence angle and for temporal coherency by a defocus spread due to 

chromatic broadening [9].  It is difficult to find ways to improve coherency except by experimenting and 

determining the best settings for a certain microscope. However, there is one procedure that guarantees an 

improvement: shape the electron beam into an ellipse using the condenser stigmators and then rotate the 

illumination to have the biprism perpendicular to the major axis of the ellipse [18]. This will improve the 

transversal spatial resolution of the electron beam by lowering electron dose enhancing the visibility of the 

hologram and as such improving the phase resolution according to  Eq. 3.  
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Gas-Electron interaction  
In order to model and analyze the partially coherent state of the electron beam we assume that the electron 

beam can be described as a combination of coherent and incoherent electrons. Only coherent electrons interfere 

and contribute to the formation of the holographic fringes. As the electrons are scattered by the gas two events 

will occur: first, electrons are lost; second, electrons lose energy [19]. Elastic scattering will not change the 

temporal coherency of the electrons, while inelastic scattering will, due to the change in electron wavelength 

caused by the energy lost in the process.  

The total amount of electrons per pixel on the detector 𝑁𝑡𝑜𝑡 can be thought of as the sum 𝑁𝑖𝑛𝑐 incoherent and 

𝑁𝑐𝑜ℎ coherent electrons. A phenomenological model can be constructed by assuming that both 𝑁𝑖𝑛𝑐 and 𝑁𝑐𝑜ℎ 

decay exponentially with gas pressure. This assumption is reasonable because most incoherent electrons are 

close enough in energy to essentially have the same scattering cross section as the coherent electrons and as 

such will decay the same way with increasing gas pressure. 

This assumption is based on experimental evidence reported in [25]. As it is only when the 𝑁𝑐𝑜ℎ are inelastic 

scattered that  the ratio between 𝑁𝑖𝑛𝑐 and 𝑁𝑐𝑜ℎ changes it can be written that: 

 𝑁𝑖𝑛𝑐 = 𝑁𝑡𝑜𝑡(𝑃 = 0)(1 − µ𝑚𝑎𝑥)𝑒−𝑃/𝑃1                             𝑁𝑐𝑜ℎ = 𝑁𝑡𝑜𝑡 (𝑃 = 0)µ𝑚𝑎𝑥 𝑒−𝑃/𝑃2 Eq. 5 

where P is the gas pressure in the sample area and  µ𝑚𝑎𝑥 is the fringe visibility at zero pressure giving the visibility 

created by the electron gun and the lens system. The parameters 𝑃1 and 𝑃2 are characteristic pressures 

describing the rate at which the incoherent and coherent electrons are lost. 

The primary count loss mechanism for electrons is that they are scattered to an angle that cannot be guided 

down to the camera [7]. This loss mechanism is the same for both incoherent and coherent electrons, therefore 

the difference between the two rates is that when scattered inelastically the coherent electrons will become 

incoherent. This means that 𝑃1will always be higher than 𝑃2 and that the change in the coherency of the electron 

beam can be described by the number 𝑁𝑡𝑟𝑎𝑛𝑠 of coherent electrons per pixel that have been scattered 

inelastically at least once, thereby changing their wavelength and thus becoming incoherent. 

The parameter 𝑁𝑡𝑟𝑎𝑛𝑠 as a function of pressure can be given as: 

 𝑁𝑡𝑟𝑎𝑛𝑠 = 𝑁𝑐𝑜ℎ − 𝑁𝑐𝑜ℎ𝑒−𝑃/𝑃𝑡𝑟𝑎𝑛𝑠  Eq. 6 

where 𝑃𝑡𝑟𝑎𝑛𝑠 depends on 𝑃1 and 𝑃2 as follows: 

 𝑃𝑡𝑟𝑎𝑛𝑠 =
1

1
𝑃1

−
1
𝑃2

 Eq. 7 

The characteristic pressure 𝑃𝑡𝑟𝑎𝑛𝑠 describes the rate at which coherent electrons become incoherent. 

The fringe visibility, another fundamental ingredient of our phenomenological model, can also be rewritten in 

terms of incoherent and coherent electrons: 
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 µ =
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
=

𝑁𝑐𝑜ℎ

𝑁𝑐𝑜ℎ + 𝑁𝑖𝑛𝑐
=

1

1 +
𝑁𝑖𝑛𝑐
𝑁𝑐𝑜ℎ

=
1

1 + (
1 − µ𝑚𝑎𝑥

µ𝑚𝑎𝑥
) 𝑒−𝑃/𝑃𝑡𝑟𝑎𝑛𝑠

 Eq. 8 

This equation is used to predict how the visibility changes as a function of pressure, since 𝑃𝑡𝑟𝑎𝑛𝑠 is known from 

Eq. 7. Combined with Eq. 6, it also allows us to describe the dependence on pressure of the phase resolution. 

By assuming that the scattering of the electrons in the gas will primarily change the temporal coherency of the 

electrons rather than the transversal spatial coherency, it follows that the change in coherency can be modelled 

by looking at how inelastic scattering changes the temporal coherency of the electron beam.  

Using this assumption, the established phenomenological model can be linked to the physics of electron 

scattering through the inelastic scattering cross section, which governs the rate at which the coherent electrons 

become incoherent. The total inelastic cross section for low-Z elements can be given as [20]: 

 𝜎𝑖𝑛 ≈ 8𝜋𝛾2𝑍1/3 ln (
2𝛾𝑚0𝑣2

𝐸
) Eq. 9 

where Z is the atomic number of the molecules, 𝑚0 is the electron mass, and E is the mean energy lost by the 

electron during the inelastic scattering event. The latter is a difficult parameter to quantify, but it can be 

estimated at ~14 eV for N2, O2 and H2 due to it being close to the first ionization energy for these gasses [21].  

The parameter 𝛾 is the relativistic factor: 

 
𝛾2 =

1

1 −
𝑣2

𝑐2

 

 

Eq. 10 

where v is the speed of the electrons and c is the speed of light. 

The electron inelastic mean free path, which is the average distance an electron travels before being inelastically 

scattered, can be written as a function of the inelastic scattering cross section in the assumption of an ideal gas 

[20]: 

 𝜆𝑓𝑟𝑒𝑒 =
1

𝜎𝑖𝑛 
𝑛
𝑉 

=
𝑅𝑇

𝜎𝑖𝑛 𝑁𝑎  𝑃 
 Eq. 11 

where R is the ideal gas constant and T is the temperature and 𝑁𝑎 is Avogadro’s number. 

Recalling the conventional mass-thickness formulation including multiple scattering : 

 𝐼 = 𝐼0(1 − 𝑒−𝑡/𝜆) Eq. 12 

by the set of substitutions 𝐼 = 𝑁𝑡𝑟𝑎𝑛𝑠 , 𝐼0 = 𝑁𝑐𝑜ℎ  , 𝜆 = 𝜆𝑓𝑟𝑒𝑒  and 𝑡 = 𝐿𝑔𝑎𝑠 ~7 mm (the distance between the two 

pressure limiting apertures in the microscope [22]), we arrive at an equation identical to Eq. 6, which reveals the 
physical interpretation of 𝑃𝑡𝑟𝑎𝑛𝑠: 

 𝑃𝑡𝑟𝑎𝑛𝑠 =
𝑅𝑇

𝜎𝑖𝑛𝑐 𝑁𝑎𝐿𝑔𝑎𝑠 
 Eq. 13 
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The reason why the rest of the microscope does not matter is that outside the pressure limiting apertures the 

gas pressure is ~2-3 orders of magnitude lower than within, which is considered negligible [22]. 

Having established a firm connection between the phenomenological model and the inelastic scattering cross 

section, we need to validate the model experimentally. To this aim, we want to determine the parameters 𝑃1 

and 𝑃2 from fitting the number of electrons per pixel reaching the detector as a function of pressure as seen in 

Eq. 5.  

Gas electron holography in the environmental TEM 
Off-axis electron holograms were acquired at 300 kV in Lorentz mode in a “Titan E-Cell 80-300ST TEM“ with a 4k 

by 4k pixels “Gatan OneView camera”. The exposure time was set to 5 seconds to have as many electrons as 

possible without the instability of the microscope and electron biprism affecting the quality of the hologram. The 

custom-made exchangeable biprism was designed specifically for operation in an environmental TEM. The 

electron biprism was biased at 30 V which gave a high visibility of around 35-45% at the cost of a relatively poor 

spatial resolution of around 25 nm. However, spatial resolution matters little for this study since no sample is 

being investigated. 

The data shown in Figure 1 was obtained by setting a specific gas pressure of either nitrogen, hydrogen, or oxygen 

in the ETEM sample area, waiting 5-10 minutes for the system to stabilize and then acquiring an electron 

hologram. After that, the pressure was increased, and the previous step was repeated all the way up to a certain 

pressure specific to each gas and then decreasing the pressure in steps while recording holograms. For each 

dataset, the above procedure was carried out twice to check for microscope instabilities by looking at whether 

the detector count for each dataset followed the same line. If they did, then the dataset is deemed valid and 

used in the analysis.  

For each hologram we measured overlap width, detector count, and visibility. Uncertainties on the measured 

values were assigned by repeated sampling of the same hologram. For example, to estimate the visibility we 

sampled ten squares of 50x50 pixels from the center region of the hologram, assessed the mean value and 

standard deviation of   𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛, and then combined them through statistical error propagation to get the 

visibility value and its uncertainty. Similarly, for the other parameters. We also kept track of changes in the spatial 

resolution, but found that its variation with pressure was insignificant, remaining within the 27±0.2 nm interval. 

The phase resolution was estimated from the measured detector count and the visibility according to Eq. 3. 
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Figure 1: Datasets showing A) overlap width B) detector count C) visibility and D) phase resolution as a function of gas pressure for the three gasses 
oxygen, nitrogen and hydrogen in the ETEM. 
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In order to understand the effect of the gas on the spatial resolution, we examine the trend of the overlap width 

with pressure (Figure 1A).  We observe a slight increase of overlap width for nitrogen and oxygen with gas 

pressure. This occurred repeatedly over multiple measurement series suggesting that a change in the biprism 

geometry is unlikely to be its cause. Looking at Eq. 2 it can be seen that the only parameters unrelated to the 

biprism geometry are 𝑑1 and 𝑑2, defining the position of electron biprism in the lens system. The change in 𝑑1 

and 𝑑2 indicates that the presence of gas in the specimen area changes the focal distance of the Lorentz lens as 

if a new very weak lens has appeared due to the gas scattering the electron beam into a slightly broader beam. 

The increase however is small and as such the impact on the spatial resolution of the electron holograms is in 

the order of 1% and can as such be neglected. The hydrogen data shows no increase with pressure due to the 

noise in the data being of the same scale as the increase itself. 

The detector count (Figure 1B) follows the decaying exponential trend that was expected: it drops from around 

1700 el/pix at low pressure to around 600 el/pix at 15 mbar of gas for oxygen and nitrogen. This indicates that 

the analysis of thick samples at high gas pressures might be challenging due to the lack of electrons. 

The visibility (Figure 1C) shows a clear decreasing trend as the gas pressure increases, although the data contains 

several outliers due to biprism instabilities. The increase in gas pressure severely affects the visibility, thereby 

impacting the phase resolution of holograms: for oxygen and nitrogen (Figure 1D) min increases 2-3 times when 

the gas pressure reaches 15 mbar. These findings highlight the difficulties encountered when working at higher 

gas pressures in the ETEM, which cause a large change in the phase resolution.  

The loss in phase resolution can be partially counteracted by decreasing the biprism voltage which decreases the 

overlap width and increases the fringe spacing according to Eq. 1 and Eq. 2. This will result in better phase 

resolution due to the transversal spatial coherency being higher as the beam is more condensed and because 

more electrons are in the interference region. The cost of decreasing the biprism voltage is that the spatial 

resolution is worse due to the increase in fringe spacing. Choosing the ideal biprism voltage for an electron 

holography experiment is a common problem. For gas electron holography the choice of biprism voltage should 

be made at the highest gas pressure involved in the experiment in order to judge the needed phase resolution. 

To further understand and to analyze more quantitatively the data shown in Figure 1 we rely on Eq. 5Eq. 

12Error! Reference source not found.. This equation contains two parameters that needs to be determined first: 

the detector count and the visibility at low pressure. The former is estimated by fitting an exponential curve to 

the detector count data shown in Figure 2A,C,E. The latter is found by linear fitting of the visibility data shown in 

Figure 2B,D,F. With the two parameter known, Eq. 5Error! Reference source not found. can be used to find 

𝑃1and 𝑃2. The results of the fits are shown in the insets of Figure 2A,C,E. The fit worked well for oxygen and 

nitrogen. For hydrogen, the fit is poor due to the large error on the detector count data for hydrogen as seen in 

Figure 2E. Having found 𝑃1and 𝑃2 Eq. 8 can now be used to plot the visibility calculated according to the model 

we established. This was done in Figure 2B,D,F and is shown as a series of black squares. For oxygen and nitrogen, 

the data points calculated based on the fitted 𝑃1and 𝑃2 values match well the expected trend. Once again, the 

hydrogen data fits poorly due to the error in the detector count being ~100 times larger than for oxygen and 

nitrogen. 
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A 

Figure 2 Three pairs of plots plotting the detector count and visibility as a function of the gas pressure for three different gasses 
A)B)Oxygen C)D)Nitrogen E)F)Hydrogen. In the left column the data fitted with two functions one an exponential and the other 
corresponding to Eq. 5 and in the right column a dataset was made using Eq. 8 called simple model. 
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We can now compare the characteristic pressure 𝑃𝑡𝑟𝑎𝑛𝑠 as calculated from Eq. 7 using the determined values of 

𝑃1 and 𝑃2, with the 𝑃𝑡𝑟𝑎𝑛𝑠 calculated from Eq. 13. Figure 3 shows Eq. 13 plotted as a function of atomic number 

Z, assuming a mean energy loss of 14 eV and 300 keV electrons. The mean energy loss is estimated at 14 eV from 

the first ionization energy of all three gasses [21]. 

Looking at Figure 3 the 𝑃𝑡𝑟𝑎𝑛𝑠 calculated based on the 𝑃1 and 𝑃2 of nitrogen and oxygen agrees well with the 

curve calculated from Eq. 13, indicating a strong link between the phenomenological model and the estimated 

inelastic cross section. The 𝑃𝑡𝑟𝑎𝑛𝑠 for hydrogen, instead, is far from the line calculated based on Eq. 13,  even 

with the large error bar assigned to it. We interpret this discrepancy as originating from a poor estimate of the 

mean energy loss parameter for hydrogen. In fact, since hydrogen is likely to have additional significant 

contributions to the energy loss than the first ionization energy, the choice E=14 eV for hydrogen might not be 

sensible. The reason for the large error bar on the hydrogen data is due to the change in detection count being 

much smaller for hydrogen than for the other two gasses. However, the measurement error remains the same 

giving the large error bars seen in Figure 2. The uncertainty propagates to 𝑃1 and 𝑃2, and further to the 

𝑃𝑡𝑟𝑎𝑛𝑠 value, causing the large error bar seen in Figure 3 for the hydrogen data point. 

In summary, data analysis reveals that the loss of coherency in the electron beam due to presence of gas can be 

reliably accounted for through the inelastic scattering cross section, which exposes its dependence on the gas 

pressure, atomic weight and the mean energy loss of the gas in the sample area. This allows for quantitative 

determination of the effect the gas has on the coherency of the electron beam when designing an experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3: A plot showing the characteristic pressure calculated from Eq. 13 as a function of atomic 
number Z. Given that the mean energy loss is 14 eV and a 300 kV electron beam is used. With three 
points based on hydrogen, nitrogen and oxygen added calculated with Eq. 7 and the data in Figure 2. 
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Gas electron holography in the closed cell holder 
Off-axis electron holograms were acquired in a ”Titan Analytical 80-300ST TEM” with a 2k by 2k pixels CCD 

camera. The commercial electron biprism used consists of a long quartz wire coated in platinum with a radius of 

~200 nm. This electron biprism is mounted in the TEM at the SAD aperture and the lens configuration is chosen 

to have the electron biprism 10-20 mm away from the image the plane. The electron biprism voltage was set to 

130 V, resulting in a spatial resolution of ~10 nm. The exposure time was set to 5 seconds. The 300 keV electron 

beam was stretched into an elliptical shape perpendicular to the electron biprism to gain as much coherency as 

possible. The closed cell holder used was DENS Climate holder with a heating chip with a top and bottom window 

that was 50 nm thick on each side for a total of 100 nm of silicon nitride. 

The dataset is a pressure series for nitrogen, hydrogen and oxygen gasses. The data was acquired on different 

days and at least one nitrogen series was acquired every day for the data to be comparable between different 

gasses. Each data point is an electron hologram taken after setting the pressure to a certain value, allowing 

sufficient time (5-10 minutes) for the pressure to stabilize.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: A series of plots showing the A) Overlap width B) Detector count C) Visibility D) Phase resolution as a function of pressure 
for three different gasses oxygen, nitrogen and hydrogen 



14 
 

The spatial resolution of closed-cell gas electron holography can be assessed by analyzing the overlap width trend 

(Figure 4A), which increases with gas pressure. This indicates a lens effect shifting the 𝑑1 and 𝑑2 values in similar 

manner to what was encountered in the ETEM case. However, also in this case the increase is very small (1-2%), 

so that its impact on the spatial resolution of the electron holograms can be neglected. 

The electron count (Figure 4B) decreases with gas pressure, though at a slower rate than in the ETEM case. This 

is on one hand due to the fewer gas molecules in the beam path than in the ETEM.  As the height of the closed 

cell is only 50-200 m compared to the 7 mm in the ETEM,  despite the 50 times higher gas pressures allowed in 

the closed-cell holder. On the other hand, in this case the gas is confined around the image plane, which allows 

for larger scattering angles to contribute to the image; in contrast, scattering in the ETEM case can occur all the 

way to the back focal plane, which results in the loss of electrons at smaller scattering angles [7]. The outlier line 

“NF H2 Day 1 S1” is decreasing far more drastically due to the hydrogen gas transporting nickel from the stainless-

steel pipes in the gas system unto the sample causing nickel nanoparticles to contaminate the silicon nitride 

membranes. Regarding the other two “day 1” lines they have a slight increase and then a decrease in electron 

count. This should due to a slight contamination being removed by the electron beam while performing the 

measurement. 

In the closed-cell holder, the visibility (Figure 4C) increases with gas pressure. This is not the expected behavior, 

as an increase in the amount of gas molecules should increase scattering rate as observed in Figure 1 . In turns, 

this should lead to a reduced visibility. The interpretation of this finding is unclear. We speculate that it might be 

related to a deformation of the silicon nitride membranes as they bulge due to the gas pressure in the closed 

cell. As for the difference between different gasses, the change is smaller than the experimental uncertainties  

preventing quantitative analysis. 

The phase resolution (Figure 4D) shows a small decrease with gas pressure, with no detectable difference 

between the different gasses. In the pressure range investigated, it remains relatively steady at around 0.4-0.3 

radians. This is a rather poor phase resolution for electron holography, as there are many phenomena that would 

be difficult to resolve at this level. Phase resolution could be improved by decreasing the biprism voltage at the 

cost of a worse spatial resolution and a narrower field of view. In alternative, thinner silicon nitride membranes 

would improve the setup [11], but they would also increase the risk of the closed cell breaking during the 

experiment.  

In summary, data analysis reveals that  both spatial resolution and phase resolution of closed-cell gas electron 

holography have a weaker dependence on the gas pressure than the ETEM system. With a closed cell holder, the 

thickness and quality of the silicon membranes, and how they bulge as the gas pressure increases, are  affecting 

the performance more significantly than the gas itself. There are other closed cell holders in literature with 

options for thinner membranes made off lighter materials which would be more desirable [8][23]. A beneficial 

implication is that with a closed cell holder the quality of the electron holograms will not depend on the gas 

pressure used in the experiment. For example the electron dose, the sample will be exposed to during imaging 

will be the same for different gas pressures in the closed cell setup unlike in the ETEM where it can change by 

almost 50% making it challenging to compare the effects the electron beam has on the sample [24]. However, 

on the downside, the silicon membranes on their own degrade the quality of the electron holograms further 

than even the highest gas pressure in the ETEM using lighter gasses.  
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Conclusion 
We investigated how gas-electron interactions affect the performance of off-axis electron holography both in 

the ETEM and with a closed cell holder. It was found that in the ETEM the gas pressure and gas type are the 

critical parameters influencing the quality of the electron holograms and should be considered carefully when 

planning gas electron holography experiments in the ETEM. It was also found that by comparing the inelastic 

scattering cross section with a phenomenological model, that  the loss of the visibility given the gas pressure, 

atomic weight, and mean energy loss of the gas is known could be estimated. 

In the closed-cell setup, we found that the gas pressure and gas type have a minor impact on the quality of the 

holograms, the crucial parameters being more the quality and thickness of the silicon nitride membranes. As 

such using the closed-cell setup can be more advantages if larger gas pressures and heavier gasses are used 

compared with using the ETEM setup. 

The successful implementation of gas electron holography opens a new avenue for many exciting experiments, 

such as studies on charge distributions in catalytic nanoparticles under the presence of various gases, electric 

field distributions in working fuel cells, in situ doping of nanowires and changes in magnetic structures under 

reduction/oxidation conditions. 
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