
Designing a Novel eV-TEM Gun in COMSOL
Cheng, Zhiyuan

Citation
Cheng, Z. (2022). Designing a Novel eV-TEM Gun in COMSOL.
 
Version: Not Applicable (or Unknown)

License: License to inclusion and publication of a Bachelor or Master thesis in
the Leiden University Student Repository

Downloaded from: https://hdl.handle.net/1887/3453471
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:1
https://hdl.handle.net/1887/license:1
https://hdl.handle.net/1887/3453471


Designing a novel eV-TEM gun in
COMSOL

THESIS

submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE
in

PHYSICS AND ASTRONOMY

Author : Zhiyuan Cheng
Student ID : 2673568
Supervisor : Prof. Dr. Ir. Sense Jan van der Molen
Second corrector : Prof. Dr. Ir. Tjerk Oosterkamp

Leiden, The Netherlands, July 3, 2022





Designing a novel eV-TEM gun in
COMSOL

Zhiyuan Cheng

Huygens-Kamerlingh Onnes Laboratorium, Universiteit Leiden
P.O. Box 9500, 2300 RA Leiden, The Netherlands

July 3, 2022

Abstract

We designed a new eV-TEM gun by using a field emission electron tip. We
determined the best collimation voltage to be around 520 V. This is valid
for electrons with landing energies varying from 1 eV to 100 eV. The angle
distribution of electrons is improved down to around 1◦, which is much
smaller than that in the previous design (around 10◦). We also simulated
the lensing effect near the TEM-grid, which enables us to calibrate the cur-
rent profile incident on the camera in ESCHER.





Contents

1 Introduction 1

2 Background 5
2.1 Electrostatic Lens 5
2.2 Field Emission 8
2.3 Electron Microscopy 11

2.3.1 LEEM and eV-TEM 13
2.3.2 Mean Free Path 16

3 eV-TEM Gun 21
3.1 Methods 21

3.1.1 Geometry 21
3.1.2 Time Steps 23
3.1.3 Emission area 25

3.2 Results and Discussions 26

4 Lensing Effect of the TEM-grid 37
4.1 Methods 37
4.2 Results and Discussions 38

5 Conclusion 47

6 Acknowledgement 49

Version of July 3, 2022– Created July 3, 2022 - 22:18

v





Chapter 1
Introduction

The emergence of Electron Microscopy (EM) has paved the way to study
materials with higher spatial resolution than traditional optical microscopes.
By studying the mean free path (MFP) of the electrons when transmitting
in the samples, EM can be a powerful tool to ”visualize” the internal struc-
tures and study transport properties of the materials of interest[1]. Over
the past few decades, the advance of energy filtering, which enables high-
spatial-resolution microscopy, and aberration correction optics has even
allowed us to observe microscopic structures at atomic scales[2]. Accord-
ing to Rayleigh’s criterion, shorter wavelengths will provide higher spatial
resolution, thus by using high-energy (keV or even MeV) electron beams,
sub-Ångstrom resolution could be realized in EM[3, 4]. However, elec-
trons at such high energy could easily break bonds between atoms and
thus damage the samples, thus EM’s operating at kilo-electron volts or
even higher energy would not be ideal to study materials that are ra-
diation sensitive[5]. Studies on 2D materials have always been topics
since the emergence of quantum theory. This has encouraged physicists
to bring up ideas such as Low Energy Electron Microscopy (LEEM) and
Photo Electron Emission Microscopy (PEEM) to image materials with low
dimentionality[2]. Yet some 2D materials are very sensitive to radiations
due to their low dimentionality, D. Geelen et al. developed electron-Volt
Transmission Electron Microscopy (eV-TEM)[5], which could be a poten-
tial method to image radiation-sensitive 2D materials without much dam-
age.

Unlike conventional EM, the landing energy of incoming electrons in
LEEM and eV-TEM is typically 4 to 6 orders of magnitude smaller, and
it lies between 0 and 100 eV in general[2, 6]. Especially for a landing en-
ergy below 30 eV, the incoming electrons are barely able to create excitons
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2 Introduction

Figure 1.1: Configuration of ESCHER, figure is taken from [5].

or plasmons in thin samples, which increases MFP of electrons and thus
allows high electrons transmission rate[5, 6]. Hence, the increasing MFP
at lower energies, as is described in the ”universal” MFP curve, can still
provide us with atomic resolution[1] with minor sample damage[6].

In the previous study by Geelen et al., a combination of LEEM and eV-
TEM was used to measure both inelastic mean free path (IMFP) and elastic
mean free path (EMFP)[1]. In that experiment, eV-TEM has proven itself
to have a clear potential in determining the MFP’s. In our lab, we are using
ESCHER[7] (set-up is shown in Figure 1.1) to probe the MFP’s of samples
in UHV. In both LEEM and eV-TEM experiments, we are using varying
landing energies of electron beams to probe the total MFP of the sample.
As indicated in Figure 1.1, the detector detects the intensity of electron
beam from reflectance in LEEM mode whereas the eV-TEM probes from
the transmission of the beam. In general, the reflectance should increase
when the landing energy of the electrons does not match with the band
structure of the sample since existence of electrons at such energies in-
side the sample would be prohibited. And thus the transmission would

2
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3

decrease since the incoming electrons cannot propagate through the sam-
ple, and vise versa. Hence, it is expected that there should always be a
dip(peak) in eV-TEM curves in correspondence to a peak(dip) in LEEM.

(a)
(b)

(c)

Figure 1.2: (a) LEEM image of the stacked sample of graphene, hBN and pen-
tacene crystalline, intensity curves from (b) LEEM and (c) eV-TEM were mea-
sured on different spots indicated in (a). Figures offered by Leander Kalff.

In recent experiment by Neu et al., a newly developed eV-TEM has al-
ready exhibited high spatial resolution less than 10 nm, which can be ap-
plied to image samples of tens of nanometers in size[6]. However, that eV-
TEM resolution is still much larger than the theoretical resolution limit[6].
As is shown in Figure 1.2(b), the LEEM curve of graphene-hBN (plotted in
blue) has distinguishable peaks at around 2 eV and 6 eV, however there is
no clear sign of corresponding dips in the eV-TEM curves (shown in (c)).
Hence it is very likely that the spread of energy in eV-TEM is too large
and thus it eliminates the peaks and dips. The disappearance of dips and
peaks may be caused by considerably large energy spread and low spa-
tial coherence of the electron beam[6]. Thus to improve the resolution of
eV-TEM, a new configuration of eV-TEM with better collimated electron
beam is needed.

In this thesis, we will introduce a new configuration of eV-TEM, which
is aimed to improve both energy spread and spatial coherence at the same
time by replacing the thermal emission tip to a field emission tip. Some
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4 Introduction

background theories will be briefly introduced in Chapter 2. Then we will
focus on the new design of eV-TEM, namely the geometry of the eV-TEM
gun and the corresponding voltage configuration for the best beam colli-
mation in Chapter 3. After electrons transmit through the TEM-grid, we
need to normalize the current density based on the current density trans-
mitted through empty holes of the TEM-grid. However, the current den-
sity through the hole is not consistent with different landing energies due
to lensing effect. In Chapter 4, we will set up another model to find out
how lensing effect will influence the probing results.

4
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Chapter 2
Background

As we plan to replace the electron source with a field emission tip, which
has a different size and operation principle from the thermal emission tip
we are currently using in the lab. Hence changes in the electron optics
will be necessary, to ensure best collimation. And we will use electrostatic
lenses to collimate the electron beams in this project.

2.1 Electrostatic Lens

The working principle for optical lenses has been well studied since hu-
mans started to make prescription lenses for better eye sight. By inserting
certain transparent materials on the optical path, the light can be deflected.
If we can arrange the configuration of the geometry properly, we can have
a focus vision of the objective we want to observe.

However, it is rather hard to apply the identical method to electrostatic
lenses because they are using electrons instead of photons for probing. But
based on the same idea, we can image the samples from electron beams by
altering the ”refractive index” of the medium through which the electrons
travel.

Since forces are applied to electrons when traveling in an electric field,
electrons can be accelerated or decelerated in the field. Hence it is pos-
sible to create a certain field in which the trajectories of electrons can be
calculated analytically so that we are able to design the lens to meet our
requirements[8].

Figure 2.1 shows an example of an electrostatic lens called einzel lens.
In the einzel lens, the field is generated by putting three electrodes (shown
in Figure 2.1(a)) with a spacing of 2 cm at different potential values. In this
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6 Background

(a)

(b)

Figure 2.1: (a) 3D and (b) 2D contours of the field in an einzel lens, the color
legends indicate the potential values. Simulations and plots are generated from
COMSOL.

6
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2.1 Electrostatic Lens 7

Figure 2.2: Trajectories of electrons traveling through the einzel lens. The legend
bar indicates the portion of kinetic energy with respect to the initial kinetic energy
of the electrons. There is a clear beam waist at around x = 0.8m.

example, the electrons have a high initial kinetic energy of 20 keV, the field
in between the electrodes must be strong enough so that electron trajecto-
ries can be ”bent” more noticeable based on the theorem of momentum. In
this example, we ground Electrodes 1 and 3 and set Electrode 2 at -10 kV,
which will only allow electrons with kinetic energies larger than 10 kV to
pass through. This can create a strong field in space, especially in between
the electrodes where electrons will pass through.

Figure 2.2 shows the trajectories of the electron beam. The kinetic en-
ergy shown in the figure indicates that the electrons are decelerated first
when entering from Electrode 1 to Electrode 2, then they are accelerated
after Electrode 2. But since the equipotential surfaces are not perpendic-
ular to the electron beam, electrons may feel the force in the y − z plane,
i.e. they may have transverse velocities after collimated by the einzel lens.
This transverse velocity will eventually ”focus” the beam and form a waist
which can be seen at around x = 0.8m.

From the einzel lens example above, we can build up our own electro-
static lenses by using electrostatic fields. However it is not enough to sim-
ply accelerate and decelerate the electrons to build an electrostatic lens,
we must create an inhomogeneous field so that transverse velocities of
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8 Background

electrons may develop. Because the Lorentz force is always ”transverse”,
hence one could also use magnetic field to build up a lens for electron
beams.

On the other hand however, the existence of an inhomogeneous field
may also give rise to problems. In the ESCHER configuration, there is a
LEEM electrostatic lens with an electric potential of around 15 kV near
the sample. As the sample is placed on a TEM-grid which has an array
of holes, electric field may ”leak” into the holes hence create an inhomo-
geneous field near the TEM-grid. In the TEM experiments, electrons may
thus experience the inhomogeneous field. As a result, some electrons that
should hit the TEM-grid will be accelerated and go through the holes. This
unwanted phenomenon is called the lensing effect, and it will increase the
beam intensities in a noticeable way. We will go into more details about it
in Chapter 4.

2.2 Field Emission

In previous work by D. Geelen and P. Neu et al., a thermal emission tip
was used in the eV-TEM[6]. However, thermal emission tips can usually
give a wide energy spread of several electron volts[9], which decreases the
energy resolution in the MFP probing experiments.

Figure 2.3 shows how the Fermi-Dirac (FD) distribution changes as the
temperature changes. By heating up the thermal emission tip, we can ”flat-
ten” the FD curve and electrons can gain thermal energies to exceed the
work function of the tip, which enables them to have enough kinetic en-
ergy to escape from the tip. Since we usually heat the tip above 1000 K,
the FD curve can be very flat and thus electrons with a wide range of ener-
gies can escape from the thermal emission tip. Such wide range of energy
can thus give low spectral resolution in the end. Another drawback of
thermal emission tip is that it has a large emission area, which makes the
brightness of the tip very low[9].

To have a more monochromatic and brighter electron emission gun,
we need to substitute with a cold field emission (FE) gun in the eV-TEM.
Different from thermal emission gun, a cold FE gun does not need high
temperature to drive electrons out. Instead, it is using the quantum tun-
nelling effect. Figure 2.4 shows the potential barrier of field emission in a
bulk metal emitter[11]. By applying a high voltage drop outside the emit-
ter, electrons may have a higher chance to tunnel through the barrier and
escape into free space. To increase the current intensity, i.e. number of
electrons emitted, a greater electric field may be applied. This makes the

8
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2.2 Field Emission 9

Figure 2.3: Fermi-Dirac distribution as a function of energy. The curves are plot-
ted at various temperature ranges: T = 0K, T = 300K and T = 2500K. At T = 0K,
the FD distribution function has a step-like characteristic. Figure taken from [10].

slope of V(z) larger and hence narrower potential barrier:

JFN(F) = Aϕ−1F2e−Bϕ3/2/F (2.1)

where A = e3/8πh is the first Fowler-Nordheim constant and B = 8π
√

2m0/3eh
is the second Fowler-Nordheim constant. F is the magnitude of electric
field and ϕ is the work function of the metal. Equation 2.1 is known
as the elementary Fowler-Nordheim equation[11]. Even though Eqn 2.1
may need adaptions to describe the field emission from highly-curved FE
tips[11] as we are using a FE tip with radius of R = 100 nm, it is still suffi-
cient to get an intuition from Eqn 2.1 that higher electric field does help to
increase the current intensity.

Since the transmission rate of electrons decreases exponentially as the
energy difference increases, this may guarantee a much narrower energy
spread compared to the thermal emission. In fact a FE gun can provide
electron beams with an energy spread of a few tenths of an electron volt
as well as an emitting area less than 10 nm[9]. Besides, it also has a high
brightness, which is about three orders of magnitude higher than that of
conventional thermal emission guns[9].

There is another factor of field emission we should consider in this ex-
periment. As we have only discussed energy spread in FE guns above,
the directions of outgoing electrons however may not be perpendicular to
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10 Background

Figure 2.4: A schematic diagram of potential barrier in a planar FE emission.
The work function is denoted as ϕ, F is the magnitude of electric field and the
triangular potential barrier is defined by V(z). Figure is taken from [11].

the emitting surface. Hence it may be problematic to run simulations af-
terwards as we could only set one specific direction for all electrons on a
spherical surface in COMSOL simulation.

Figure 2.5 shows the angular spread of the outgoing electrons. In this
model, the metal tip with a radius of R0 is placed at a distance of L away
from a flat screen. The flat screen has a fixed voltage V0 which generates
an electric field around the tip. Then the field F0 at the tip apex is given
by[12]:

F0 =
V0

kR0
, with k ≃ 1

2
ln(4

L
R0

) (2.2)

Assume that the curvature of equipotential surface corresponding to the
work function ϕ outside the tip is much smaller than R0, i.e. ϕ/F0 = ∆s ≪
R0 ≪ L[12]. Then the beam opening is given by[12]:

∆θe ≃ 2(
F0

ϕ3/2 )
1/2 (2.3)

and the half of the total angular width ∆θt is given by:

∆θt ≃

√
∆E
EF

(2.4)

where ∆E ≃ F√
ϕ

and EF is the Fermi energy[12].
∆θe in Eqn 2.3 is defined as the angle between the normal to the tip

apex and the normal to the equipotential surface[12]. It is clear that as the

10
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2.3 Electron Microscopy 11

Figure 2.5: A sketch for field emission angular spread. The metal tip has a cur-
vature of radius of R0. The possible outgoing directions are plotted as solid and
dashed arrows on the surface between the tunnelling barrier and vacuum. ∆θt
denotes the half of the total angular width. Figure is taken from [12].

field increases, the outgoing angle decreases. Hence by applying a high
voltage to the FE tip, we can confine the outgoing electron beam within
a cone around the normal to the tip apex[12]. This can also give us an
intuition of the most reasonable outgoing angle for our simulations.

2.3 Electron Microscopy

Inspired by einzel lens, E. Ruska et al. developed a new technique called
transmission electron microscopy (TEM) in 1932, which was awarded with
Nobel Prize in Physics in 1986[13]. The resolution of traditional optical
microscopy is mainly limited by the wavelength of the light, which is too
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12 Background

large to visualize samples at atomic scales. This is characterized by what
is now known as Abbe diffraction limit,

d =
λ

2n sin θ
=

λ

2NA
(2.5)

where d is the minimal spatial distance that an optical microscope can
resolve, λ is the wavelength of the light, n is the refractive index of the
medium, θ is the half-angle of the spot and NA is the numerical aperture.
As NA is limited within a range from 1.4 to 1.6 in general, the spatial res-
olution is mainly limited by the wavelength of the visible light. If we sub-
stitute the light source to electron emitter, however, the De Broglie wave-
length of electrons may be several orders of magnitude smaller than the
optical wavelength that is determined by the kinetic energy of the electron,
suggesting a much finer spatial resolution. This method paved a promis-
ing way to probe samples at even sub-Ångstrom resolution[4].

Figure 2.6 shows how TEM probes the sample. The electrons are first
extracted and accelerated from the electron gun. Before the electron beam
probes the sample, a series of lenses are applied, which are usually oper-
ated by electric or magnetic field. This process is called collimation, and
it is widely used to collimate the beam so that the electrons can project to
the sample perpendicularly. After collimation, the beam with the informa-
tion of the sample will be focused again by objective lenses and projected
onto a fluorescent screen, converted to photonic signals and eventually
recorded by a CCD camera[14].

However, such configuration has several drawbacks, one of which is
aberration (Figure 2.7). There are three main causes of aberration in elec-
tromagnetic lenses, which are spherical aberration (Figure 2.7(b)), chro-
matic aberration (Figure 2.7(d)), astigmatism[15] as well as higher orders
of aberration thereafter. In this chapter, higher orders of aberrations are
neglected, and we will only focus on the first two types of aberration.

In practice, fields in electromagnetic lenses are much stronger near
electrodes, and thus electrons may experience stronger fields and trajecto-
ries may bend heavier than they are expected. This is what we call spheri-
cal aberration. One way to overcome this problem is to add an aperture to
block the electrons that are too close to the electrodes of the lenses (shown
in Figure 2.7(c)). However, this method is negatively affecting the maxi-
mum resolution[15], as it is actually reducing the NA in Equation 2.5.

Another important part of aberration is known as chromatic aberration
(Figure 2.7(d)). This is caused by the energy spread of the incoming elec-
trons. Electrons with different energy spectra would be collimated by the
field differently and eventually have different focal points, which is also

12
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2.3 Electron Microscopy 13

Figure 2.6: Typical schematic of a TEM, figure taken from[14].

widely seen in optical systems. There are two ways to reduce such nega-
tive impact: 1) Change the current configurations of electron microscope
(EM), which allows an aberration-correction procedure, one example is the
aberration corrected LEEM[2] in ESCHER[7]. 2) Substitute to a more co-
herent electron beam source, which gives rise to the use of field-emission
gun. This can effectively reduce the chromatic aberration.

2.3.1 LEEM and eV-TEM

R. Tromp et al. introduced one way to allow aberration correction in a
LEEM instrument (Figure 2.8(b)) in his published paper [2].
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13



14 Background

Figure 2.7: Sketches of aberrations in electromagnetic lenses. (a) A perfect lens
that all electrons have a common focal point. (b) Spherical aberration (c) A C2
aperture can be added to reduce the spherical aberration. (d) Chromatic aberra-
tion. Figures taken from [15].

The LEEM in Figure 2.8(a) follows the same working principles as we
have introduced previously (Figure 2.6), but it probes the samples by ”re-
flections” with much lower electron energies, and thus a set of magnetic
prism arrays (MPA) is needed. The probing energy is strictly defined
by the voltage difference between the electron emitter and the sample[2].
However, this configuration is not able to correct aberrations. To correct
aberrations caused by the objective lenses, R. Tromp et al. added another
MPA after the beam is deflected from the first MPA (shown in Figure2.8(b))
so that the beam can be deflected again by the second MPA to an electron
mirror[2].

This new design of LEEM can effectively correct aberrations, suggest-
ing the theoretical ultimate resolution down to 1 nm (E=30 eV, ∆E=0.25
eV)[2]. And it has already been used in ESCHER in our lab[7].

Apart from probing the samples via ”reflection”, we can also use eV-
TEM to visualize the samples in a ”transmissive” way by emitting elec-
trons from the back side of the samples (illustrated in Figure 1.1). This
method can provide us with more detailed information about the IMFP
and EMFP of the samples, revealing their spatial structures as well as band
structures.

Figure 2.9 shows the configuration of the eV-TEM developed by D.
Geelen et al.. This eV-TEM is consisted with four main parts, namely the
emitter disk, extractor, collimator and sample. After the electrons are ex-
tracted from the emitter tip by a strong electrostatic field generated by the
extractor, they are accelerated to the collimator. Both the electric field be-
tween collimator and extractor as well as sample aperture will form two
electrostatic lenses which are to collimate the beam. Then the beam is then
filtered by the sample aperture so that the velocities of electrons that pass
through can be more perpendicular to the sample, and hence the spherical
aberration can be reduced.

14
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2.3 Electron Microscopy 15

Figure 2.8: Schematic diagrams of (a) an uncorrected LEEM instrument and (b)
an aberration-correction allowed LEEM system. Orange ”boxes” around the MPA
indicate the positions of symmetrically located diffraction planes. Image taken
from [2].

However, this configuration still cannot reduce spherical aberration ef-
fectively. In earlier work by P. Neu et al., they proposed to use a new
configuration that the thin shells of electrodes were substituted to some
long cylinder electrodes[6], which could filter out most electrons that are
less collimated and hence reduce spherical aberration effectively. But that
configuration still has a large chromatic aberration due to the use of ther-
mal electron source[6]. To better eliminate chromatic aberration as much
as possible as well as to improve resolution of spectra, we will substitute
the thermal tip to a field emission tip, which is capable of providing more
monochromatic electron beams.
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Figure 2.9: A schematic diagram of eV-TEM by D. Geelen et al.[5]. The figure on
the right is the 2D sectional view of the 3D gun model shown on the left. The
red lines are plotted out as equipotential lines and the black lines indicate the
trajectories of electrons.

2.3.2 Mean Free Path

To understand how we can probe the internal structures of the samples
from MFP’s, some basic concepts of MFP shall be introduced.

In many-body systems, particles may interact with each other and scat-
ter. Between two incidents of collisions, the distance that the single parti-
cle travels is called free path. By averaging free paths of all the particles,
we can then get a statistically meaningful value, which is called mean free
path.

MFP is characterized by several factors. Having more particles crowd-
ing in the same area makes chances of collisions higher, hence systems
with higher density would generally have shorter MFP. Temperature also
plays an important role in MFP. As temperature is characterized by the in-
tensity of thermal motions of particles in the system, higher temperature
leads to more collisions as thermal motions become more violent, and thus
makes MFP shorter.

In electronics, MFP is usually referred to the MFP of electrons. In clas-
sical theory, the microscopic mechanism of conduction is characterized by
the transportation of electrons. Hence once we know the MFP of electrons,

16
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2.3 Electron Microscopy 17

the conductivity is known according to Drude theory:

σ =
eτ

m
=

el
mv

(2.6)

where τ is the time of which the electrons travel along the MFP, also known
as the mean free time, m is the mass of the electron, l is the MFP and v is the
velocity of electrons. Such classical theory still works in quantum world to
some extend, if we translate some classical concepts to quantum language:

σ =
el

m∗vF
(2.7)

where m∗ is the effective mass of electrons, which is defined from band
theory, and vF denotes the Fermi velocity. We should notice, however,
that Drude model is microscopically wrong, yet its results still work as a
coincidence.

In quantum mechanics, conductivity is related to band structures of the
samples. Hence, learning the MFP enables us to study the band structures
of the samples. In previous studies on MFP in different samples, people
have found a so-called ”universal” inelastic mean free path curve (Figure
2.10)[16]. This universality proposed that IMFP is largely independent of
materials, and the possibility of electron being scattered can be energy-
dependent. In Figure 2.10, There is a minimum of the IMFP at around
50 eV[5], because electrons cannot create plasmons or excitons at lower
energy and thus have longer MFP[6].

However, in a previous study by D. Geelen et al., the MFP curve was
found to be structure-dependent, i.e. it can be material-dependent[1]. In
the few-layer graphene experiment, D. Geelen et al. found that the reflec-
tivity as well as transmissivity depends on the number of graphene lay-
ers (Figure 2.11), which can be theoretically explained by using a Fresnel-
based model[1]. As the reflectivity and transmissivity can be probed from
elastic reflected and transmitted current intensities, which are given as

T =
Iet

I0
= e−d/λtot

T + R =
Iet

I0
+

Ier

I0
= e−d/λinel , (2.8)

and the EMFP is given by

1
λtot

=
1

λel
+

1
λinel

(2.9)
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Figure 2.10: Universal inelastic mean free path curve, figure taken from [16].

we can acquire both the IMFP and EMFP from the combination of eV-
TEM and LEEM experiments[1]. Figure 2.12 shows MFP curves plotted
from the Eqns 2.8 and 2.8. The curves are decreasing in general, which
is in agreement with the universal MFP curve in Figure 2.10. However,
it is also obvious that these curves in Figure 2.12 have a finer structure,
which show peaks and valleys. This proves that the MFP’s depend on the
number of graphene layers at low electron energy, yet the universality still
holds on a large electron energy scale.

18
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2.3 Electron Microscopy 19

Figure 2.11: Reflectivity and transmissivity in units of graphene layers as a func-
tion of electron energy. Figure from [1].
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Figure 2.12: MFP measurements and their corresponding theoretical curves. All
MFP’s are plotted in units of graphene layers as a function of electron energy.
Figure from [1].

20
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Chapter 3
eV-TEM Gun

3.1 Methods

In this chapter, we will introduce how we set up the simulations for both
eV-TEM and the TEM-grid. Geometries and voltage configurations of eV-
TEM will be introduced in the first part. Geometries and simplification of
the lensing effect in the TEM-grid model will be introduced in the second
part. All simulations are run on COMSOL 5.5 with packages for studies
of electric fields and particle tracing.

3.1.1 Geometry

Figure 3.1 shows the geometry of the eV-TEM in detail. The eV-TEM gun
is cylindrically symmetric, hence we will simplify the geometry in 2D-
axisymmetric form. The extractor is put at a high voltage of Vext = 3 kV
so that electrons can be extracted and accelerated from the FE tip. The
voltage of the sample cathode will determine the landing energy of elec-
trons. In our lab, the voltage of the sample cathode is also determining the
landing energy of electrons from the LEEM, hence we will put the voltage
of the FE tip at a fixed voltage (grounded) without loss of generality. As
we are only using low-energy beams in eV-TEM, hence the voltage of the
sample cathode is put between 0 to 100 volts to determine the landing en-
ergies. The voltage of the collimator will be put between 100 to 1000 volts
so that electrostatic lenses will be formed in the spaces between both ex-
tractor and sample cathodes and the collimator. We will mainly study the
voltage of the collimator to optimize the electron beam so that it can give
the minimum angular distribution at the TEM-grid for different landing
energies.
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22 eV-TEM Gun

Figure 3.1: Geometry of eV-TEM in our simulations. Rectangular area painted
in red is the extractor cathode. Blue area is the collimator cathode. Yellow area
is the sample cathode. Purple area is filled with macor for isolation. Grey area
is vacuum where electrons will pass through. The circle on the lower left corner
is zoomed in and shown on the right-hand-side of the figure, this is the FE tip
made from Tungsten. The small red box on the top is the TEM-grid where sam-
ples locate connected to the sample cathode. The red dashed line indicates the
symmetric axis. All crucial parameters are labeled in the figure.

After setting up the geometries, we will create meshes to divide the
whole geometry into small blocks so that electric fields can be studied by
using differential equations. In this simulation, we are using triangular
meshes. There are mainly three different sizes of meshes. In our eV-TEM,
the FE tip is in nano-scale, and there is a 3 kV bias between the tip and
the extractor, hence the electric field will be extremely large near the tip.
In fact, the field at the tip surface can be as large as F ≃ 3 V/Å, thus we
should handle the field carefully. In the mesh element creation, we gen-
erate the meshes near the tip with a maximum size of 20 nm and a mini-
mum size of 0.1 nm. The second finest meshes are created in between the
extractor, collimator and sample cathodes as the voltage drops by several

22
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hundred volts in several millimeters. These areas have meshes in maxi-
mum size of 6000 nm and minimum size of 1 nm. Then the rest of the gun
assembly has the coarsest meshes with a maximum size of 30 µm and a
minimum size of 1 nm.

While creating meshes, we noticed that the tip’s geometry changes
from the spherical shape to a triangular shape in the Physics module (Fig-
ure 3.2(a)). This is because the tip size is extremely small compared to the
other parts of the eV-TEM, hence some resolution will be lost while pre-
senting the geometry in the Physics module. In case this will also affect
the studies on field geometry and particle tracing, we also plotted out the
mesh and field geometries in Figure 3.2(b) and (c). Both the mesh and field
geometries are spherical and in agreement with our assumption, hence the
change of shape of the tip in the Physics module should not be problematic
in our simulations.

3.1.2 Time Steps

Before running through simulations, setting reasonable time steps is also
very important. Similar to the idea on choosing mesh sizes in the previ-
ous section, we should set time steps according to the particle velocity. In
principle the time step ∆t, particle velocity ve and the mesh size ∆l should
satisfy:

∆t · ve ∼ ∆l (3.1)

As each mesh element is considered as the minimum unit to store infor-
mation of the electric field in the simulation. The time step should not be
too large that electrons may be too fast to travel across the mesh elements
while the interaction with the field may not be calculated. By setting a
reasonable time step satisfying Eqn 3.1, we may minimize the calculation
inaccuracies.

Hence, time steps should be small wherever the field changes sharply
or the velocity is large. In our simulations, we are using the Runge-Kutta
Dormand-Prince 5 algorithm as it will give the least calculation inaccura-
cies after comparing to simulation results by other algorithms. We set the
total time that electrons need to travel from the FE tip to the TEM-grid
to be t0. Then we divide the whole trajectory into three main parts: 1)
The electrons are emitted from the tip to the vacuum, time step is taken to
∆t1 = t0/(1 × 1010) till t = t0/(2 × 107) as the field is the largest near the
tip. 2) After step 1, the electrons have already gained energy of ∼ 1keV,
hence the time step is taken to ∆t2 = t0/(1 × 109) till t = t0/(1 × 104) as
the field is not as large as that near the FE tip. 3) After t = t0/(1 × 104),
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(a)

(b)

(c)

Figure 3.2: (a) Tip shape is shown as a non-spherical polynomial shape in Physics
module. However, in (b) Mesh module and (c) calculated field, the tip as well as
the field is in spherical shape.
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3.1 Methods 25

the electrons will reach the collimator where the field is smaller than that
near the FE tip, hence we will set the time step to ∆t3 = t0/(1 × 105).

Now, we need to determine the value of t0 as well as the initial time
step for the initial condition. Since electrons are traveling with a vertical
kinetic energy of more than 10 eV or an equivalent velocity of ve = 1.88 ×
106m/s for the most of time, it is sufficient to narrow down the range of t0
to a reasonable value:

t0 ≃ 50.85mm
ve

≈ 3 × 10−8s (3.2)

In our simulation, the electrons have a initial kinetic energy of ∼0.1 eV,
hence we set the initial time step ∆t0 to 1 × 10−20s so that the initial posi-
tions of electrons are

ve · ∆t0 = (1.88 × 105m/s)× (1 × 10−20s) ≈ 1 f m (3.3)

away from the tip surface, which is still close enough to be considered to
be at the tip surface.

3.1.3 Emission area

From Figure 3.2(c), the magnitude of electric field around the spherical tip
is almost the same. Hence electrons from the FE tip should be considered
at the first instinct as the potential distribution is the same around the tip
giving rise to equal possibility of tunneling. However, it is hard to apply
this condition to our simulations.

There are mainly two problems when using a uniform distribution of
electrons on the surface. First of all, the electric field is nearly radial, hence
electrons will be accelerated along the radial directions to the extractor.
However, there is only a small opening for electrons to pass through the
extractor, and most of the electrons will hit the extractor and disappear
(shown in Figure 3.3). Since the algorithm we are using takes a huge
amount of calculation power and time, those redundant electrons are of
no help for our research and will also waste lots of calculation power and
time. Secondly, as one can see from Figure 3.1, there is only a very small
opening angle for electrons to reach the TEM-grid even if we do not colli-
mate the beam. Hence using the realistic distribution of electrons will lead
to a very limited number of electrons that reach the TEM-grid, which is not
statistically significant as we need enough electrons to estimate the angu-
lar distribution of the beam at the TEM-grid. Hence we will only send
electrons from a small area near the symmetric axis as they are the only
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26 eV-TEM Gun

(a)
Extractor

(b)

Figure 3.3: Electron paths near the FE tip. (a) Most electrons will hit the extractor
and disappear. (b) Emission angle of 25◦ when most electrons can travel to the
space between the extractor and collimator. Color bars indicate the kinetic energy
of electrons. Color bars indicate the velocity of electrons in unit of m/s.

relevant portion. This will make simulations much more efficient without
bias in the results as it is equivalent to increasing the number of electrons
in practice.

As we can only set a fixed direction of initial velocities of electrons in
Particle Tracing ⇒ Inlet, we need to specify a reasonable value for direction.
In our simulations, we are using a Tungsten FE tip with radius of 100 nm,
and the field F is 3 V/Å. Hence we can get the beam opening angle from
eq 2.3 that ∆θe ≃ 32.12◦. And angle spread is ∆θt ≃ 21.82◦. Hence, it
would be reasonable to set the direction to be parallel to the symmetric
axis, as the field is large compared to the initial energy and thus velocity
is determined by the field after the first time step.

In combination with the previous discussions, it is practical and rea-
sonable to emit the electrons with an initial velocity parallel to the sym-
metric axis from an opening angle of 25◦.

3.2 Results and Discussions

We ran several simulations for various landing energies: 0.1, 1, 3, 5, 10,
15, 20, 25, 50 and 100 eV. At each landing energy, we also ran a sweep for
various collimation voltage Vcol to find the best collimated beam. Since
there is an energy spread of around few tenths of electron volts in field
emission, we will also check the influence of electrons with different initial

26
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(a)

(b)

Figure 3.4: (a) Number of particles collected at the sample at various landing
energies. (b) Average absolute angle as a function of collimation voltage Vcol .

kinetic energies. For all simulations, the total number of electrons is 2000.
Figure 3.4(a) shows the number of electrons that are collected at the

sample. It is very clear that there is always a peak of electron number
at a collimation voltage around 500 V. This shows that we can expect the
highest current density at such collimation voltage. It is also clearly shown
in the figure that as the landing energy increases, more electrons will be
collected at the sample. Since the electric field configuration below the
collimator remains almost the same as the voltages between the FE tip,
extractor and collimator are fixed, this implies that the electrostatic lens
between the sample and collimator is playing a major role in changing the
current density.
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28 eV-TEM Gun

Figure 3.5: Uncertainty of the mean of angles at different collimation voltages.
Black dashed lines indicate the collimation voltage range where statistically suf-
ficient electrons are collected.

To determine how good our eV-TEM collimates the beam, we need to
consider the spread of angles. The angle is defined as the angle between
velocity and the symmetry axis. If the transverse portion of velocity is
pointing to the right, then the angle is positive, and vise versa. The rea-
son for our taking the average of absolute angle instead of the absolute of
averaged angle as our criterium is that the whole geometry of eV-TEM is
cylindrical symmetric. The negative angles will also have a corresponding
mirrored positive angle in the mirror geometry due to cylindrical symme-
try. Hence by taking the absolute values of angles first, the symmetry can
be taken into account. Figure 3.4(b) shows the average of absolute angle.
Apart from high landing energies (≳ 50 eV), all beams are also best colli-
mated at 500 V. There is one more fact we should notice - the number of
electrons collected at lower landing energies at other collimation voltages
can be statistically insufficient, hence we should not trust the statistical
values of them even if they have lower average of absolute angles.

Interestingly, at landing energies of 50 and 100 eV, there are still several
tens of electrons collected at the sample, which in principle is statistically
sufficient. Yet, the beam is best collimated at Vcol = 100 V for landing
energy of 50 eV and at Vcol = 200 V for landing energy of 100 eV. The cor-
responding average of absolute angles are about half of that at Vcol = 500
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V, which seem to be better choices of collimation voltage. But due to low
current density, the image we can visualize in the end may be very dim.
Hence, we would not suggest to collimate the beam at those collimation
voltages, except that we can extend the duration time of exposure to in-
crease the intensity, which will make the measurements less efficient.

Figure 3.5 shows the uncertainty of the mean of angles s, which is de-
fined as

s =

√√√√ 1
N − 1

N

∑
i=1

(θi − θ̄)2, (3.4)

where N is the total number of electrons collected for each collimation
voltage. For low energies (< 30 eV), angle uncertainties around Vcol =
500 V are almost the lowest around 0.1◦ independent of changes of the
collimation voltage. This suggests that Vcol = 500 V is ideal for beam
collimation while also high current intensity.

In order to find out the best voltage configuration for the beam colli-
mation, Vcol, sweeps with smaller sweep steps were also studied. Figure
3.6(a) shows the total number of collected electrons at the sample. It is
clearly shown in the figure that the highest current intensities, i.e. maxi-
mum number of collected electrons, do not share the same Vcol as the land-
ing energy changes. The collimation voltage when current density takes
the maximum is gradually increasing as the landing energy increases, yet
it still lies in a range from 530 to 570 V.

Figure 3.7 shows the uncertainty of the mean of angles of the angles
shown in Figure 3.6(b). From Figure 3.7, the minima of the average of
absolute angles are statistically significant.

From the discussions above, it is clear to see that for a certain geom-
etry of eV-TEM gun, the collimation voltage is approximately identical
for electron beams with a various range of landing energies. This is very
promising as we do not need to adjust the voltage configuration frequently
to collimate the beam, which can make the measurement efficient.

Aside from the general selection of collimation voltages for various
landing energies, it is also interesting to look at collimation voltage around
200 V at landing energy of 100 eV (Figure 3.4). Figure 3.8 shows that the
average of absolute angles takes a minimum at Vcol ≃ 220 V and that for
the uncertainty of the mean of angles takes place at Vcol ≃ 210 V. Since
both collimation voltages correspond to roughly the same current density
and uncertainty of the mean of angles, it is sufficient to choose collimation
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(a)

(b)

Figure 3.6: (a) Number of particles collected at the sample at various landing
energies. (b) Average absolute angles of the electrons at various landing energies.
Both figures show the sweep for collimation voltage Vcol around 500 V with a
smaller sweep spacing (10 V).

30
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3.2 Results and Discussions 31

Figure 3.7: Uncertainty of the mean of angles at different collimation voltages
with a smaller sweep step (10 V).

voltage of Vcol = 220 V if we were to run TEM measurements for extremely
high energy resolution at landing energy of 100 eV.

We are also interested in the angle distribution of electrons collected
along the sample. This can possibly help us to add a angle filter to get elec-
trons with small angles. In principle, electrons which are traveling with
smaller angles with respect to the symmetry axis should reach the sample
electrode closer to the symmetry axis as a result of symmetric geometry of
the eV-TEM gun. Figure 3.9 shows the angle distributions for three differ-
ent landing energies. It is clearly shown that for various landing energies,
electrons that land near the sample electrode have smaller angles. Hence
we can also add a filter at the center of the sample electrode to only collect
electrons with small angles and thus improve the collimation quality. Yet
such method will still decrease the current intensity significantly.

Different Initial Kinetic Energies

In field emissions, there will always be an energy spread of several tenths
of eV[9]. Hence it is necessary to study how the initial kinetic energies will
influence the angle distribution of electrons.

Figure 3.10 shows two extremes of voltage configurations. For landing
energy of 1 eV, we can only choose Vcol = 500 V since only such voltage
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32 eV-TEM Gun

Figure 3.8: Average of angles (red), uncertainty of the mean of angles (blue) and
number of electrons collected at the sample (green) at collimation voltage around
200 V at landing energy of 100 eV.

configuration allows the most electrons to reach the sample. Since initial
kinetic energies are compatible to the landing energy, this can help us to
see if initial kinetic energies will influence the angle of electrons signifi-
cantly. For a landing energy of 100 eV, we set Vcol = 200 V because all
angle data show minimum spread around this voltage configuration yet
there are still sufficient electrons collected at the sample. This voltage con-
figuration allows us to see if angles change for high-quality collimated
beams.

It is obvious from the figure that for all five different initial kinetic en-
ergies, the total number of electrons collected at the sample is almost the
same. Most importantly, the averaged values of absolute angles are barely
influenced by the change of the initial kinetic energy. Hence, the energy
spread of FE tip will not influence the collimation quality in a noticeable
way. Therefore only considering one initial kinetic energy will be enough
to study the collimations.

Computation Inaccuracies

In the simulations, computation inaccuracies are inevitable. Figure 3.11
shows the simulated landing energies of electrons. In principle, all data
points should fall on the dashed lines as a result of energy conservation.

32
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Figure 3.9: Angle distribution along the sample electrode as a function of position
r on the sample electrode. All beams are collimated by Vcol = 520 V. Orange
dashed lines indicate the limits of r. Note that different electrons with different
trajectories can end up with the same position on the sample.

However, since there are millions of time steps involved in calculations
and the kinetic energies of electrons rise up to ∼ 3 keV then drop down to
several tens of eV within nanoseconds, calculation inaccuracies cannot be
avoided.

There is another problem when plotting out the landing energies ver-
sus the angles of electrons. Figure 3.12 shows that there is some relation
between the landing energies and angles, which should not happen since
errors should be randomly distributed. If we plot out the trajectory of an
electron with large energy error, we may find that it may have travelled
too close to the electrodes (shown in Figure 3.12(b)) such that singularities
may take place during calculation. Those electrons should have been ab-
sorbed by the electrode, yet due to finite mesh elements and time steps,
they still land on the sample electrode. Generally for electrons that get too
close to the electrodes, they may also have large angles. Hence the landing
energy inaccuracies do relate to the angles in such way.

Yet, we have already found out that adding several tenths of eV to the
landing energy does not influence the angle distribution significantly in
the previous discussion. It is reasonable to agree that these calculation
inaccuracies do not compromise the validity of the simulations so far.
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(a)

(b)

Figure 3.10: Electron data for different initial kinetic energies (Ekin0) of 0.1 ∼ 0.5
eV at landing energies of (a) 1 eV with Vcol = 500 V and (b) 100 eV with Vcol = 200
V. angle uncertainties are shown as blue error bars. Number of particles (out of
2000) are indicated as green lines.
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Figure 3.11: Scatter plot of landing energy with respect to the angles of electrons.
The horizontal axes are angles and the vertical axes are landing energies. All
beams are emitted with a total number of electrons of 1000 within an emission
angle of 1◦ at a collimation voltage of 500 V. Dashed lines show the correct landing
energy based on the law energy conservation.
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(a)

(b)

Figure 3.12: (a) Plot of Landing energies with respect to the angles of electrons,
blue dashed line indicates the correct landing energy. The points seem not to
distribute randomly since: 1) there are still too few electrons; 2) electrons with
larger angles are more likely to have travelled closer to the electrode surfaces
which can lead to larger calculation inaccuracies. (b) Electrons with large errors
may have a travel history of getting too close the collimator (shown in the blue
circle).
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Chapter 4
Lensing Effect of the TEM-grid

4.1 Methods

As we are using both eV-TEM and LEEM in ESCHER, there will be a large
field from LEEM electrostatic lenses. The lens tip (placed at M1 in Figure
2.8) and the sample form a electrostatic lens with a 15 kV voltage differ-
ence. Hence there will be a inhomogeneous electrostatic field towards the
side of the eV-TEM gun of the grid (shown in Figure 4.1) and electrons
that should hit the TEM-grid and disappear may be deflected and pass
through holes that are not covered with a conductor and thus increase the
intensity of current we will have in the end.

To analyse how this lensing effect would affect the current intensity, we
will build up another simulation model to study the electric field around
the TEM-grid first. Since our TEM-grid is only about 100 nm thick[17] and
the whole geometry of the model is at a scale of several millimeters, this
would cause a similar problem as we have already encountered in the eV-
TEM simulation. Besides, calculating electric field and storing it may take
few tens of gigabytes of memory, which is too large for the computer to
handle. Hence the second step is to make the whole model smaller in size
by cutting off the spaces where field is ”homogeneous” or can be taken as
”homogeneous” for a good approximation.

The TEM-grid we are using in the lab is a metal grid on a round silicon
nitride support from PELCO®. It is 200 nm thick and has holes from 5 µm
down to 100 nm aligned in a hexagonal arrangement pattern. The window
area is 0.5 mm×0.5 mm, which is relatively small compared to the whole
chip.

In our simulation, we set the window area same as the original size.
Our grid holes have a radius of 1.25 µm with a spacing of 5 µm (shown
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Figure 4.1: Potential ”leakage” into the eV-TEM assembly below the TEM-grid.
The red box labels the grid hole with a diameter of 2.5 µm.

in Figure 4.2). In the ESCHER configuration, the LEEM electrostatic lens
M1 is 1.5 mm away from the TEM-grid, and there is a field-free drift space
between the eV-TEM sample electrode and the TEM-grid. Hence we will
set up a 3 mm-long block as the whole geometry.

But we will face the same issue as in the eV-TEM simulation where
the TEM-grid is too thin compared to the whole geometry. Such a huge
difference in length scale will cause trouble for mesh creation. Instead of
looking into the whole model, we will be only interested to do the parts
that have fields that contribute to lensing. When we make the geometry
smaller, we can calculate that space with higher precision. Yet we can still
use coarser meshes to estimate the equipotential surface near the TEM-
grid and set up reasonable planes to make the model smaller. Figure 4.1
shows that the equipotential surfaces are not smooth enough as a result of
coarse mesh and low resolution. We would also need to make fewer holes
to simplify the model as much as possible. Ideally, the size of the final
model will be at a scale of several micrometers.

4.2 Results and Discussions

Figure 4.3 shows the potential cut along the central line of the hole near
the TEM-grid. Since the largest portion of the TEM-grid is still metal, it
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(a) (b)

(c)

Figure 4.2: (a) Whole geometry of the TEM-grid simulation. The upper-most
surface of the block has a fixed voltage of 15 kV. The lower half of the whole
block surfaces is grounded. At the center of the block, there is another block for a
finer mesh. At the center of the finer-mesh block lies the TEM-grid. (b) shows the
TEM-grid hole arrays and (c) shows the zoomed-in left-lower corner of (b).

can still shield out most of the electrostatic field from the eV-TEM. Hence
the potential below the TEM-grid should decay to 0 V rapidly, and the
equipotential surface may be treated as flat in a good approximation. For
the field above the TEM-grid, the overall electric field should look like
that in between two parallel metal plates (see red dash line in Figure 4.3),
where equipotential surfaces are parallel to the metal plates. Hence we
can expect the equipotential surface to be flat enough somewhere above
the TEM-grid.

From the boundary conditions of the electric field, it is obvious to find
that the potential along the central lines of the holes should be the largest.
Hence we should expect the equipotential surfaces to be flat when the po-
tential is close to 0 V below the TEM-grid or close to the linear approxima-
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Figure 4.3: Potential near the TEM-grid. The center of the TEM-grid is located at
z = 0 nm. Blue dots indicates the potential values from the simulation and red
dash line indicates the potential of two parallel metal plates.

tion line (indicated as red dashed line in Figure 4.3) above the TEM-grid.
From Figure 4.3, we can see that the potential is close to 0 V after around
2 µm below the TEM-grid. And the potential is close to the red dashed
line after around 2 µm above the TEM-grid. Hence the whole geometry
can be ∼ 103 smaller than the real model in a good approximation.

In real experiments, there are mainly two hole arrangements of holes
on the TEM-grids, namely hexagonal and square lattices. In our simu-
lation, we would also like to reduce the size of our model into a small
box with few holes on the TEM-grid. Hence we also studied the potential
distribution in a single-hole TEM-grid model. Figure 4.4 shows that both
hexagonal and square lattice TEM-grids show very similar potential dis-
tribution near the TEM-grids while that of single-hole TEM grid deviates
from the other two TEM-grids after around 1 µm below the TEM-grid.
This can be understood by the density of holes on the TEM-grids. Sup-
pose there are two holes far away from each other on an infinitely large
TEM-grid, the potential down below the holes will decay fast since the
size of the holes is small. If these two holes are moved closer together,
the ”leaked” potential through one hole will overlap with the other one,
which leads to an increase of the potential. Hence as the density of holes
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(a) (b)

Figure 4.4: Potential distribution for three hole configurations along z axis (a)
below and (b) above the TEM-grids. The TEM-grid locates at z = 0 nm.

increases, there will be more overlapping and potential will decay slower.
In both hexagonal and square lattices, the densities of holes do not dif-
fer much (shown in Figure 4.4), hence these two lattices can be substi-
tuted with each other despite negligible differences. However, applying
periodic boundary conditions in the follow-up simulations may be much
easier with square-lattice TEM-grid since it has less boundaries within a
single unit cell than those in a hexagonal-lattice TEM-grid, hence we will
use square-lattice TEM-grid for simulation.

Then it is important to determine reasonable cut-off equipotential planes
for further simplification of the model in the vertical direction. Figure 4.5
shows the transverse potential distribution of the square-lattice TEM-grid.
It is clear that the potential distribution is oscillating along the x-axis. And
the wiggling pattern takes a sine-wave like feature when far away from the
TEM-grid. The spacing between two maxima (minima) is 5 µm since max-
ima appear at the center of the holes and the minima appear at the middle
between two holes. As the distance increases, the amplitudes of the wig-
gling patterns decreases, which is in agreement with the theory. Since the
amplitudes of the wiggling patterns at z = −3 µm and z = 2 µm are only
around or even less than one-tenth of the average potential (V0 ≈ 0.307 V
at z = −3 µm and V ≈ 20.507 V at z = 2 µm), the equipotential planes
can be assumed to be flat at those heights. By cutting off the model along
planes of z = −3 µm and z = 2 µm, the total size of the new model will be
comparable to the size of the holes, which is now good for mesh creation.

In the square-lattice TEM-grid, the size of a single unit cell is two orders
of magnitude smaller than that of the whole TEM-grid. Hence, the TEM-
grid can be treated as infinitely large. To reduce the size of the model in
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Figure 4.5: Transverse (along x-axis) potential distributions. All potential data is
taken along lines which lie on the plane y = ltot/2 where ltot is the width of the
TEM-grid. The centers of holes also lie on that plane to show maxima and minima
of potentials. Legends on the lower right corners of each subplots indicate the
distance from the TEM-grid, and minus signs correspond to lines below the TEM-
grid.

a more realistic way, we then applied periodic boundary conditions to the
boundaries which unit cells share. By doing this, our model can then be
physically equivalent to an infinitely large square-lattice TEM-grid. Figure
4.6 shows the potential distribution in the size-reduced model in compar-
ison with the full-sized square lattice model. It is very promising that the
potential in the size-reduced model is highly in agreement with the square
lattice model in the previous discussion. And we can then send electrons
from the flat surface below the TEM-grid in the size-reduced model.

In the particle tracing simulation, there is one more thing that we should
take care of. Since the electrons come from the grounded sample electrode,
electrons should have already gained energy after reaching at the cut-off
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Figure 4.6: Transverse potential distribution in both square-lattice and size-
reduced TEM-grid models at different heights.

equipotential surface due to potential difference between the cut-off plane
and the sample electrode. Hence aside from the landing energy which
is determined by the eV-TEM gun, we should also add an extra kinetic
energy of Eext

kin = e × V0 ≈ 0.307 eV. Since equipotential surfaces can be
approximated to be parallel below the lower cut-off plane, electrons can
barely feel the forces in the transverse plane, therefore we can still set the
initial velocity of the electrons to be perpendicular to the lower cut-off
plane in the size-reduced model.

Figure 4.7 shows the lensing effect of two typical landing energies of
1 and 100 eV. The lensing effect in Figure 4.7 (a) is very obvious as the
parallel beams form into a cone above the TEM-grid. The lensing effect in
Figure 4.7(b) however is not very obvious. This is because the energy gain
by the leaked voltage is around 3 eV, which is comparable to Ekin0 = 1 eV
yet negligible to Ekin0 = 100 eV. In our simulations, we set 2500 electrons
in total with equal spacing. Table 4.1 shows the electron counts in different
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(a) (b)

Figure 4.7: Electron trajectories with landing energy of (a) 1 eV and (b) 100 eV.
Color bars indicate the kinetic energies of electrons.

cases. The theoretical count without lensing effect is calculated by:

N =
πr2

hole
l2
cell

· 2500 =
π · (1.25 µm)2

(5 µm)2 ≈ 491 (4.1)

where rhole is the radius of the hole and lcell is the length of the unit cell,
which is in agreement with the simulation result when no lensing effect
happens.

In Table 4.1, the current intensity increases by over 40% at landing en-
ergy of 1 eV, whereas nearly no current increase takes place for landing
energy of 100 eV. Hence, the lensing effect will be less and less noticeable
as the landing energy of the electrons increases as a result of comparable
extra energy gain due to leaked voltage. Therefore, we should be careful
with the lensing effect when using low energy electrons, especially close
to mirror mode.

Electron energy 1 eV 5 eV 10 eV 50 eV 100 eV No lensing (I0)
Counts 700 530 520 485 485 484

Relative intensity I/I0 1.446 1.095 1.074 1.002 1.002 1

Table 4.1: Electron counts

Since the images are converged from k-space by Fourier transforma-
tion, it is helpful for us to trace back the electrons that are affected by
the lensing effect by looking at their k-vectors. Figure 4.8 shows the his-
tograms of in-plane k-vectors. By studying the distribution of the in-plane
k-vectors, we can then numerically calibrate the electron flux incident on
the camera in ESCHER.
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Figure 4.8: Histograms of in-plane k-vectors (k∥) for different landing energies.
Notice that the horizontal axes vary from around 1.5 rad/nm to 9 rad/nm. The
limit of k∥-axis is decreasing as the landing energy increases, which can also prove
that the lensing effect is less and less obvious as the landing energy increases.
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Chapter 5
Conclusion

In previous chapters, we have introduced the need for an eV-TEM with a
new design. We have set up models to run simulations in COMSOL to test
if the new design works. In eV-TEM simulations, the collimation voltage is
playing a major part in collimating the electron beams. For various land-
ing energies, the collimation voltage which gives the best collimation is
gradually increasing as the landing energy increases. The current density
also increases with the landing energy. At Vcol ≃ 520 V, the current den-
sity reaches maximum while giving the lowest angle distribution. Hence
we would recommend to collimate electron beams with collimation volt-
age around 520 V. It is also noticeable that the best collimation voltage
does not change much as the landing energy increases. This also implies
that the influence from the second electrostatic lens formed by the field
between sample and collimator is rather negligible. If we were to have a
fourth electrode in between the sample and collimator, this can enable best
collimation from the collimator and also fine-tune the collimation before
the sample electrode. However, there are only 3 voltage input connections
available in ESCHER, further re-design may be needed for this fine-tune
feature.

We have also studied that the eV-TEM with field emission tip can give
very small angle distribution with an average of absolute angle less than
1◦. And better angle spread further proves that using a field emitter is fea-
sible, which has an inherently smaller energy distribution. We also sent
electrons with different initial kinetic energies Ekin0 to simulate the energy
distribution caused by field emission. The results show that the influence
on angle distribution brought by initial kinetic energies Ekin0 is rather neg-
ligible. This initial kinetic energy distribution simulation also proves that
our simulations remain valid despite noticeable energy errors due to cal-
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culation inaccuracies.
In the simulations of TEM-grid, we successfully reduced the size of the

whole model. We also applied periodic boundary conditions to simulate
infinitely large square-lattice TEM-grid, the result of which shows high
agreement with the TEM-grid simulation in real size. Then we studied the
lensing effect based on the size-reduced model. The lensing effect becomes
more and more negligible as the landing energy of electrons decreases,
which could be problematic for aberration correction. This way we can
calibrate the electron flux incident on the camera in ESCHER.

Now we are confident that building the simulated eV-TEM gun will
improve the energy spread to the same as in LEEM mode, which enables
better spectroscopy. Also this design, with the long drift tube, allows for
adding tunable deflectors, which can improve position and incidence an-
gle of the beam on the sample, if the sample is not mounted straight or the
relevant areas are on the edge of the TEM-grid.
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[5] Daniël Geelen, Aniket Thete, Oliver Schaff, Alexander Kaiser,
Sense Jan van der Molen, and Rudolf Tromp. ev-tem: Transmis-
sion electron microscopy in a low energy cathode lens instrument.
Ultramicroscopy, 159:482–487, 2015. Special Issue: LEEM-PEEM 9.
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