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1
Introduction

1.1 Overviewof SEMapplications inthe semiconduc-
tor industry

1.1.1 The basics of a scanning electron microscope
The Scanning electron microscope (SEM) has been applied in many research �elds all over

the world.The SEM is superior to the optical microscope with respect to spatial resolution

and a variety of analytical methods in many ways, like secondary electron (SE) imaging,

back scattered electron (BSE) imaging, Voltage Contrast imaging, and the SEM usually

has the energy-dispersive X-ray spectroscope (EDX), which can be used to recognise the

di�erent elements in a specimen. The SEM can be used to investigate the physical, and

electrical properties of a particular specimen, even a live integrated circuit with these

methods. Therefore, an SEM is versatile for many kinds of research [1].

The electron-optical part of an SEM mainly consists of an electron source, condenser

lens, scanning coils, objective lens, specimen stage, and detector system. The SEM can

form a nanometers size electron probe on the specimen, and scanning coils will scan the

probe over a specimen surface in a raster method. Because of the interaction between the

electron probe and the specimen, secondary electrons will be emitted from the surface of

the specimen and be collected by a detector. A computer unit will synchronize the scanning

signal and the secondary electron signal acquired by the detector to generate an image.

However, the throughput of the SEM becomes a bottleneck nowadays in certain biological

research and in the semiconductor industry because sometimes there is an enormous

surface area to be inspected in these �elds. Many e�orts have been employed to improve

the throughput and develop special variants of a conventional SEM. With the corresponding

specialization, an SEM can check biological tissues or inspect wafer defects in much higher

e�ciency than before. Most e�orts are concentrating on outputting more current from the

source,in this thesis we will therefore speci�cally look at the source in the SEM for higher

throughput applications. But �rst in the next sections, we will look in more detail at the

purpose of SEM for large-scale inspection of semiconductor wafers.



1

2 1 Introduction

1.1.2 SEM for metrology and inspection in the semiconductor
industry

The SEM is not only used in academics, it also is a powerful tool to check the silicon wafers

in today’s technology because of its nanometer-scale resolution. When the dimensions of

wafer features go below 0.1 �m, it’s di�cult for optical microscopes to check the wafer.

Furthermore, undesired short or open in the circuits could happen below the surface, which

will cause the electrical failure, this can not be seen by an optical system inspecting the

surface. Instead, these electrical defects can only be seen from the wafer surface with the

illumination of electrons because the secondary electron image generated by an SEM is

very sensitive to the electrical situation of the sample [2].

There are three applications of the SEM in the semiconductor industry, Critical Dimension

(CD) measurement, wafer defect inspection, and defect review [3].

a. CD measurement
The CD-SEM is a kind of dedicated equipment for measuring the dimensions of the �ne

patterns formed on a semiconductor wafer. The CD-SEM is mainly used in the manufac-

turing lines of electronic devices of semiconductors.

A CD-SEM di�ers from the general SEM in three ways:

1. The primary electron beam landing energy on a sample is 1 keV or below because

lower landing energy reduces the charging of the wafer and reduces the damage.

2. The magni�cation of CD-SEM is calibrated to the maximum extend, so the measure-

ment accuracy and repeatability are guaranteed.

3. CD-SEM does automatic measurements.

b. Wafer defect inspection
The wafer defect inspection system detects physical defects (usually particles) and pattern

defects on wafers and obtains their position. Both laser and electron beam can be used as a

probe to inspect the wafer.

Because the resolution of an optical microscope is limited by the wavelength and numerical

aperture, it’s di�cult for a visible laser beam (like 523 nm laser) to image a feature below

100 nm. Therefore, optical interferometry is used to provide nanoscale information by

phase image [4].

An electron beam defect inspection system has some di�erent features from a laser in-

spection system: The electron inspection system can have nanometer resolution like the

conventional SEM, which makes it possible to detect nanometer-scale pattern defects

directly in an image. Moreover, the electron beam inspection system detects the amount of

the secondary electrons from the wafer since the SE yield is signi�cantly in�uenced by

the material conductivity, charging of the surface, and primary beam energy. An e-beam

inspection system can also detect electrical defects, which is not possible for a laser tool

[5].

Defects can be divided into random defects and systematic defects. E beam inspection

system is often used to inspect systematic defects in the research and development depart-

ment of a semiconductor factory. The systematic defects are mainly caused by the mask,
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exposure process and have a huge in�uence on the yield rate of a newly developed chip.

The disadvantage of the electron beam inspection system is its relatively low throughput,

and the inspection time can take weeks for a whole 12-inch wafer scan. In the next section,

we will talk about an option to improve the throughput of the electron beam inspection

system, which is the multi-beam inspection.

c. Defect review
A defect review SEM is an electron beam instrument that will enlarge the defects with a

high magni�cation so that it can review and classify them. The review SEM will load the

inspected wafer and defect location information made by an inspection system, then take

images of the defects and analyze them. Because the resolution of the inspection SEM is

getting close to the review SEM, they may merge into one single kind of tool in the future.

1.1.3 Multi-beam system as a high throughput SEM
As mentioned in section 1.1.1, a conventional SEM employs only ONE electron beam for

imaging and usually is characterized by the probe size and beam current. In this section, we

would like to talk about the probe size and the beam current in sequence, and we will talk

about the multi-beam systems, which have much higher throughput than a conventional

SEM in principle. We will compare the di�erent con�gurations of multi-beam systems as

well.

We take the electron beam diameter, which contains 50% of the total current as the probe

size dp. It is calculated with the Root Power Sum (RPS) method, which �ts the full simula-

tion better than the quadrature addition [6]. The minimum FW50 probe size at the image

plane is:

dp =((d
1.3
I +(d4A +d

4
s )
1.3/4

)
2/1.3

+d2c)

1/2
(1.1)

where d I, dA, ds, and dc are FW50 diameter of the source image, di�raction, spherical

aberration, and chromatic aberration at the image plane, respectively, they can be expressed

as below:

dI =Mdv (1.2)

dA = 0.54
�
�
= 0.54

Λ
V 1/2

1
�

(1.3)

ds = 0.18Cs�3 (1.4)

dc = 0.6Cc
�U
V
� (1.5)

where � is the wavelength of the electron beam, M is the magni�cation on the sample

plane, dv is the virtual source size of the probe, � is the half aperture opening angle of the

beam, Λ = 1.226×10−9 ⋅mV (1/2) , V is the beam potential at the sample, Cs is the spherical

aberration coe�cient, and Cc is the chromatic aberration coe�cient, and �U is the FW50

energy spread of the electron source.

When we set an SEM with low beam landing energy and very low beam current mode,

the image size and spherical aberration contributions are negligible, and can be ignored,
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then the beam size is mainly determined by the chromatic aberration contribution and

di�raction contribution. With equations 1.3 and 1.5, equation 1.1 can be written as below:

dp =((0.54
Λ
V 1/2

⋅
1
�)

2
+(0.6Cc

�U
V
�)

2

)

1
2

(1.6)

For an optimized � , this is

(dp)min = dAC = 2.81×10−5
C1/2c �U 1/2

V 3/4
at � =

√
0.54ΛV 1/2

0.6Cc�U
(1.7)

Thus, the probe size is only dependent on the energy spread and electron beam energy

for a given electron microscope. Let’s assume an SEM with a 2 mm chromatic aberration

coe�cient and 0.8 eV energy spread from the electron source. When the landing energy

is set to 2000 eV , from equation 1.7, we know the minimum probe size is 3.8 nm, and the

optimized half opening angle is 5.6 mrad . On the contrary, when we set the SEM with

a relatively high beam landing energy (say > 15 keV ) and very low beam current mode,

the source image size is negligible as well, but the spherical aberration contribution is

much greater than the chromatic aberration contribution, then the beam size is mainly

determined by the spherical aberration contribution and di�raction contribution. With

equations 1.3 and 1.4, equation 1.1 can be written as below.

dp =((0.54
Λ
V 1/2

⋅
1
�)

4
+(0.18Cs�3)

4

)

4

(1.8)

For an optimized � , this is

(dp)min = dAS = 1.03×10−8
C1/4s
V 3/8

at � = 1.23(
Λ

CsV 1/2
)1/4 (1.9)

Then, the probe size is only dependent on the spherical aberration coe�cient and the

electron beam landing energy for a given electron microscope. Let’s assume an SEM with

a 5 mm spherical aberration coe�cient. When the landing energy is set to 20000 eV , from

equation 1.9, we know the minimum probe size is 0.07 nm, and the optimized half opening

angle is 7.9 mrad .

So far, we have brie�y demonstrated how to achieve the minimum probe size with respect

to the optical parameters of an SEM, and we mentioned two important modes,

(a) Low landing energy mode. In this mode, the radiation damage will be minimized

because of the low incident energy of the electrons. It’s especially useful for biological

tissues and wafers, which are very vulnerable to radiation damage. In this mode, the

energy spread is a key factor to the probe size.

(b) High landing energymode. In this mode, the smallest probe size of an SEM will be

achieved, and the spherical aberration coe�cient becomes the key factor to the probe

size. In both modes, the half opening angle of the electron beam is the independent

variable and can be optimized for the smallest probe size, and the optimized value is

5.6 or 7.9 mrad for these two modes.
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The throughput in SEM imaging is limited by the beam current at a desirable probe size. The

beam current that can be obtained in an electron beam focusing system can be expressed as:

Ip = Br
�
4
(Mdv)2 ��2V (1.10)

where Br is the reduced brightness of the electron source, and the de�nition will be

explained in section 1.2.1. For example, for a Schottky source with reduced brightness

of 1.0×108A/(m2 ⋅ sr ⋅V ), the virtual source size is 25 nm, if we assume the magni�cation

of an SEM is 0.04, the beam current Ip is about 15.3 pA for the low landing energy mode,

beam current is 311 pA for the high landing energy mode for the optimized half beam

opening angle. From equation 1.10, we can see the maximum beam current at a desirable

resolution is limited by the brightness of a given electron source used in the SEM. The

concept of multi-electron beam systems, which aims to improve throughput for a given

source brightness and Coulomb interactions, was initially presented in the late 1960s. The

various research on multi-beam systems all over the world can be divided into 4 categories.

1. multi-axis systems [7].

2. multi-source, single column systems [8].

3. single source, single column system [9][10].

4. single source, multi-column systems [11][12].

Figure 1.1: a. multi-axis system, b. multi-source, single column system, c. single source, single column system, d.

single source, multi-column system. (Figure reproduced with permission from [13])

The �rst and second concepts have the challenge of fabricating identical and stable emitter

arrays. The third concept doesn’t need an emitter array. Instead, it generates multi-

beams with a well-developed thermionic source or Schottky source and beam splitter. This

con�guration has been successfully used for EBID (electron beam introduced deposition)

[14] and transmission imaging [15] - [16]. With a second column to focus and separate the

secondary electron signal to a multi-detector array, this con�guration can also be used for

SE imaging [17][18]. But the third concept has two disadvantages (a) there is a crossover

of all the beams above the objective lens, which will limit the total current that the system
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Figure 1.2: Combination of Delft MBSEM1 and SECOM platform. (Figure reproduced with permission from [19])

can deliver because of the stochastic Coulomb interactions, which increase the probe size.

(b) o�-axial beams will su�er from o�-axial aberrations in the column, which will limit

the number of the total beams and the spot size. Some e�orts are needed to compensate

for the o�-axial aberration. To overcome these two disadvantages of concept 3, a single

source with a multi-column system was proposed. An example of this is the MAPPER

system [11][12], which is dedicated to high throughput maskless lithography. This single-

source, multi-column system can avoid the o�-axial issues and Coulomb interactions in the

objective since every beamlet has its own column. With proper design, it has the potential

to do SE imaging and can be used as a wafer inspection tool. We will show more analysis

in the following chapters.

1.2 Challenges of the Schottky source used in a
multi-beam source

1.2.1 Electron sources used in the SEM and lithography
We will explain the brightness and energy spread in this section �rst. Di�erent kinds of

electron sources will be discussed afterwards. There are many parameters of an electron

source, as we will explain in more detailz in section 1.2.2. Brightness and energy spread are

the most important SEM characteristics for a low beam landing energy, high throughput

application, for example, a multi-beam SEM aimed at biological sample or wafer inspection.

We may also mention other parameters in this section.
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Brightness
For modern electron-optical instruments, like electron microscope and its variants, one

small beam size (nanometer scale) formed by a lens system is always desired, and in the

meantime, more beam current is wanted for a better signal-noise ratio in the detection. A

small beam opening angle is usually taken to limit the aberrations, like spherical aberration

and chromatic aberrations. Therefore, we want the electron source to have a large current

density, and this current density distributed in a small opening angle. To describe this

performance of an electron source, the parameter ‘brightness’ is used. The di�erential

brightness of an electron beam is de�ned as:

Bdif f =
dI

dAdΩ
(1.11)

where dI is the current passing through a surface dA within a solid angle dΩ. When an

aperture is inserted in the beam, either the area or the angle is lowered, but the current

is proportionally reduced, so the brightness remains constant. However, the di�erential

brightness will not keep constant in the acceleration or deceleration, which occurs in-

evitably in an electron optical system, because the beam angle changes in these situations,

it will decrease with acceleration and increase with deceleration. The problem is solved by

de�ning a reduced brightness of the beam as

Br =
dI

dAdΩ⋅V
(1.12)

Because the reduced brightness is constant in the whole system, it can also be used as a

parameter of the source. A current distribution with the largest density in the center and

often long tails can be seen in a source image. Although this is not a formal de�nition, a

frequently used concept is practical brightness B = I /A ⋅Ω, which necessitates de�ning the

size of the source image. The de�nition of the full width that contains 50% of the current:

FW50 is recommended. Then, the practical brightness is slightly larger than the di�erential

brightness [20]:

Bpract =
I

�
4 d

2
FW50��2

= 1.44Bdif f (1.13)

Energy spread
Besides the brightness, the other important parameter is energy spread. The energy spread

of an electron beam will enlarge the focused beam size, and the contribution to the spot size

can be written as equation 1.5. From the electron emission theory, the tangential energy

(energy perpendicular to the emitter axis) distribution of the electron current density can

be found by integrating the product of the Fermi-Dirac distribution and the transmission

probability over normal energy (energy along the emitter axis) [21].

j (Etan)dEtan =
me

2�2 ( ℎ
2� )

3 dEtan ∫
∞

0

D(W )

1+ exp (Etan+W−EF )
kT

dW (1.14)

Etan is the tangent energy of an electron, W is the normal energy of the electron, m is the

mass of the electron, e is the charge of the electron, ℎ is Planck’s constant, EF is the Fermi

level, k is Boltzmann constant, T is the temperature in Kelvin, D(W ) is the transmission
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function with respect to the normal energy.

With equation 1.14, we can plot the probability of current density according to the tangent

energy and normal energy in �gure 1.3.

Figure 1.3: The tangent and normal energy distribution of electrons emitted by a surface at 1800 K , with a work

function of 2.93 eV , calculated from equation 1.14.

1.2.2 Different electron Sources
In electron optics, the research of electron sources is an important task. The performance

of electron microscopes and electron beam lithography machines depends critically on

the quality of the electron source used in the instrument. The main function of the

electron source is to provide a bright electron beam with low energy spread in SEMs or

e-beam lithography machines. Therefore, the brightness and energy spread are more vital

characteristics than the total emission current and other parameters [22].

Table 1.1 shows several popular kinds of electron sources and their performance in the

electron microscope and electron beam lithography machines. The thermionic emission

type cathodes, like tungsten hairpin and lanthanum hexaboride (LaB6), dominated the

electron source applications in the past. BaO cathode is also a kind of thermionic emitter

and was used in the cathode ray tube (CRT) system in the past, like old-fashion televisions

or other display equipment. It became a good alternative source for a multi-beam electron

lithography system because of its high brightness and total beam current. The cold �eld

emission source and Schottky source (thermal assisted �eld emission source) have been

available for some time, and the �eld emission technology is commonly used in a wide

variety of both laboratory type and process type electron beam systems, especially at the

low accelerating voltages needed for nondestructive inspections, like biological sample

imaging and semiconductor inspection.

Thermionic emission sources are the simplest type and are still used widely. Some electrons
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Table 1.1: Comparison of several electron source characteristics [1][22][23][24].

Unit BaO Tungsten

Hairpin

LaB6 TF

emitter

CF

emitter

Reduced Bright-

ness

A/(m2srV ) 106 105 106 108 109

Virtual source

size

nm > 104 > 104 > 103 25 5

Energy spread eV − 3 1.5 0.7 0.3

Short-term beam

current stability

%RMS 1 1 1 1 4–6

Work tempera-

ture

K 1300 2600 1800 1800 300

Work function eV 2.1 4.5 2.6 2.8 4.5

Vacuum Pa 10−6 10−4 10−6 10−8 10−11

Typical life Hour 5000 40 1000 5000 2000

gain so much kinetic energy by heating that they can overcome the potential barrier at

the cathode surface. An electric �eld generated by a positive anode will accelerate the

electrons which already leave the surface. Tungsten hairpin and LaB6 are two popular

kinds of thermionic sources. Their advantages are low cost and easy maintenance, and low

working vacuum pressure also lowers the cost of the vacuum system. The disadvantages

are low brightness, high energy spread, and shorter lifetime compared to the Schottky

source.

In a Schottky source (also called thermal �eld emission source or TFE source), electrons at

the barrier energy level will go through the potential barrier either because of the tunnel

e�ect or because of their kinetic energy. An electric �eld at the magnitude of 1 V /nm can

lower the potential barrier and make it thinner. Even electrons with an energy level below

the barrier have some probability to tunnel through the barrier and get out of the cathode

surface. ZrO/W emitter is the most popular kind of Schottky source. The advantages

of a Schottky source are its high brightness, small virtual source size, and long lifetime.

The reduced brightness of the ZrO/W emitter is about 2.0×108A/(m2srV ), which is 2 or 3

orders of magnitude higher than a thermionic source. A Schottky source can have a stable

emission for more than 1 year. The disadvantage of the ZrO/W emitter is that it needs an

ultra-high vacuum.

A cold �eld emission source (CFE source) works in an even stronger electric �eld than a

TFE source, but at room temperature. The emitter is not heated, and the electrons at the

Fermi energy level will tunnel through the potential barrier by a high electric �eld. The

advantages of the CFE source are the small energy spread and high brightness, as shown

in table 1.1. The disadvantages of a CFE source are that it needs an even better ultra-high

vacuum and a less stable emission current than a TFE source. A CFE source usually delivers

less beam current and needs regular �ushes.

Considering brightness, energy spread and some practical aspects, like maintenance, we
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conclude that the Schottky source is the best candidate for a multi-beam electron microscope

application. More theoretical and experimental investigations of a Schottky source will be

elaborated on in chapter 2 and chapter 3, respectively, to explore the extreme performance

of a ZrO/W type Schottky source.

1.2.3 The emission theory and optic theory of the Schottky
source

As shown in �gure 1.4, the high electric �eld lowers the potential barrier and reduces

the barrier width in a Schottky source, and the consequence is that the emission current

is enhanced concerning the thermionic emission. The surface current density J s for the

Schottky source is determined by the work function ', temperature T , and the electric �eld

F by the Schottky equation [25]:

js =
4�me
ℎ3

(kT )2 exp
⎛
⎜
⎜
⎝

−' −
√

e3F
4�"0

kT

⎞
⎟
⎟
⎠

(1.15)

The Schottky equation describes the e�ect of lowering the potential barrier in �gure 1.4, by

the term Δ's = e3/2F 1/2/(4�"0)1/2. Usually, the Schottky emitter operates in the ‘extended

Figure 1.4: The analytical description of the potential energy barrier near the surface of a perfectly conducting

semi-in�nite metal for a �eld strength of 0.95 V /nm. (Figure reproduced with permission from[21])

Schottky regime’, where the tunnelling current cannot be neglected. A measure of the

tunnelling current is given by the dimensionless parameter q. For 0.15 < q < 0.7, the current

density can be approximated by

JES = Js ⋅
�q

sin(�q)
(1.16)
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With q = ℎ(4�"0e)1/4
2�2m1/2 .

The angular current density is related to the cathode surface current density by the launch

position r at the facet and the beam angle � after the extractor [21].

I ′ = (
r
� )

2
j (1.17)

where r is the distance between the launch position and the optical axis, � the �nal ray angle

of the launched electron in the �eld-free zone behind the extractor. With equation 1.17,

one can construct the emission pattern of the full facet with simulated electron trajectories

(�gure 1.5).

Besides some theoretical research done with the o�-axial electron beam, some numerical

Figure 1.5: The angular intensity according to di�erent extraction voltages. Figure is reproduced with permission

from [21].

simulations of the o�-axial electron beam have also been done [26]. The authors developed

a computer program modelling program, which can calculate many key performance

measures of a Schottky source. The work function ', �eld factor � , and the source brightness

Br can be calculated from the on- and o�-axis experimental angular intensity I ′ data. The

energy spread ΔE50 and angular intensity I ′ are directly measured for the o�-axis emission

up to 4
◦

(69.8 mrad).

Because of the dramatic distribution, the electric �eld in a Schottky source cannot be

represented by an expansion of the axial �eld, as is usually done for lens systems in

electron optics. The familiar paraxial assumptions and aberration theory for characterizing

lenses are not applicable, neither. However, researchers still attempt to apply the familiar

optical concepts to an electron source. One of the approaches is called Canonical Mapping

Transformation [27]. In the CMT method, Fujita & Shimoyama de�ned the focal length, The

de�nition of the electron gun focal length by normal electron rays. With the assumption

that the source can be taken as a lens system and made the CMT, the spherical aberration

can be extracted from the CMT. It has been shown that the CMT can be characterized by a
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small number of optical parameters. Therefore an electron source can be characterized by

only several parameters.

1.2.4 Challenges fortheoff-axialbeams ina Schottky source

From literature mentioned above, several aspects for the o�-axial beams in a Schottky

source are not clear and need to be addressed if we want to design a Multi-Beam Source

based on a Schottky source.

First, the stability of whole uniform emission range need to be checked in an experiment.

The stability of the central electron beams of a Schottky source is thoroughly tested and

understood, nevertheless, it’s not clear how the emission at the other area evolutes, what

operation conditions are needed to maintain a stable uniform emission over a certain polar

angle, which is essential for a multi-beam source.

Secondly, performance di�erence between the central beams and o�-axial beams is critical

for the uniformity of beamlets in a multi-beam source. For instance, the angular intensity

di�erence between an o�-axial beam and a central beam will cause beam current di�erence

between these two beamlets, assuming the identical apertures are used to separate the

beam. The virtual source size di�erence between an o�-axial beam and a central beam will

cause the di�erent spot size for these two beams.

To address the �rst challenge, one experiment was conducted to test the long-term stability

of the whole emission pattern of an Schottky source. The related content will be elaborated

in Chapter 3.

To address the second challenge, we will use CPO2D software[28] to calculate the �eld

distribution in a Schottky source, then simulate the electron trajectories from the face

till the �eld-free area after the extractor. The transfer matrix from the facet plane to the

virtual source plane will be determined by the MATLAB manuscript using the least square

root method. With the transfer matrix, more detailed performances of a source can be

explored, like virtual source sizes, virtual source positions, aberrations for the on- and

o�-axis electron beams. The in�uence of the dramatic �eld distribution between the emitter

and extractor, which was neglected in the multi-beam source research, will be explored.

1.3 Practical challenges inmanufacturingamulti-
beam source

After the design of an electron gun, the next phase should be manufacturing and assem-

bling it, and some practical challenges will appear in the experiments. A design of the

Multi-Beam Source used in Delft MB-SEM was mentioned in literature [29]. This design

combines an SE source, and Aperture Lens Array (ALA), and E1& E2 electrodes between

the SE source and ALA. With dedicated E1 and E2 geometry and voltage settings, the

MBS can generate focused beams at the image plane, also minimize the aberrations of

the source, which can be proved by the simulation. However, the simulation is based

on the assumption that we have perfectly aligned elements, and all these elements have

perfect geometry, like round apertures. Real conditions deviate from the ‘perfect’condition

somehow. Any machining and assembling will generate errors to some extent, which are

called tolerance in engineering. Either a tolerance analysis or an experiment setup can
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verify the performance of a MBG with some tolerance, we made an experiment setup to do

so in this thesis.

Another particular issue for the multi-beam source in Delft is the high voltage insulation

Figure 1.6: Schematic drawing of the multibeam source used in the MBSEM to produce an array of focused beams.

for a MEMS-based assembly, like a source assembly or an objective assembly. An elec-

tron optical column based on MEMS technology can be signi�cantly more compact and

repeatable as compared to the conventional column [11]. Nevertheless, this scale-down

also brings the challenge of high voltage insulation in the vacuum. The surface �ashover

is begun by the electron emission from the cathode triple junction (CTJ), and the CTJ is

the junction of the insulator, cathode, and vacuum [30]. When the emitted electrons hit

the insulator surface, more secondary electrons will be emitted by the incident electrons.

Those secondary electrons will stimulate more electrons if they impact the surface again by

the electric �eld. The chain action will generate quite some current on the anode electrode

eventually. This process is called a secondary electron emission avalanche (SEEA) [31].

SEEA can be a�ected by the insulator shape. Therefore, many kinds of insulator shapes

have been reviewed and tested experimentally in the past decades. The scale is usually

at about 10 mm, and the insulator material is usually ceramic. But the situation can be

di�erent for 1 mm scale and for glass insulation, which is the dimensions and material

used in MEMS-based electron optical columns.

1.4 Scope of the thesis
This thesis was trying to address the possibility and performance of a Schottky emitter in

a multi-beam inspection application. Both theoretical work and experimental work were

carried out in this thesis.

Chapter 1 mainly explains some backgrounds of this thesis. Some basics of SEM applications

in the semiconductor industry are explained in section 1.2. the theory and challenges for

the Schottky source in a multi-beam source are explained in section 1.2. The practical

challenges are brie�y explained in section 1.3. Section 1.4 explains the scope of the thesis.

Chapter 2 elaborates on the extended Schottky emission theory and aberration coe�cient

extraction from the trajectories. With the software CPO2D, we simulated some trajectories

from facet to the plane in the �eld-free area for both a 0.5 �m radius emitter and a 1.0 �m



1

14 1 Introduction

radius emitter. The virtual source property is analyzed and aberrations of the o�-axial

beams are retrieved.

Chapter 3 presents the experimental results of an R1.0 Schottky emitter characterization

setup. We aimed to achieve 1.0 mA/sr angular intensity for this radius 1.0 �m emitter, we

found the beam current could be reasonably stable for the whole emitting facet at 0.81

mA/sr angular intensity.

Chapter 4 explains the experimental work of manufacturing a multi-beam source with 0.5

�m emitter, which can deliver a few hundred beamlets. The spot size and beam current

in the image plane at z = 300 mm were measured, they are reasonably uniform. The

octupole e�ect for the square-patterned aperture lens array (ALA) was observed, and

shaped apertures were used to compensate for the octupole e�ect. Astigmatism was also

observed.

Chapter 5 summarizes the main innovations and conclusions of the work. And Chapter 6

is a Dutch version of the chapter 5.
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2
Electron optics theory of

the off-axial electron
beams in a Schottky source

2.1 Introduction
In a multi-electron beam system, o�-axial electron beams are of special interest. The axial

property of the emission of a Schottky source has been investigated extensively for many

decades [32][33][34][35]. The SE source is used widely in many electron optical systems

nowadays because of its high brightness, low energy spread, and long-term emission

stability. However, most of these apparatuses only use the axial electron beams within a

very small half-opening angle. Considering the total emission angle of an SE source of

more than 200 mrad , it will increase the e�ciency signi�cantly if the o�-axial electrons

could also be used. For the application of a certain monochromator type [36], which uses

lens dispersion on the o�-axial beam, the performance of the o�-axial electrons is also of

interest. We shall �rst discuss what is known about the o�-axis emission properties, then

conclude that what is missing is a good model for the virtual source size of o�-axial beams,

and then try to complement the existing body of knowledge through careful trajectory

simulations.

As shown in �gure 2.1, three di�erent angular current distributions for three di�erent ex-

tractor voltages were measured for a 1.0 �m radius SE emitter: the shape of the distribution

is convex for a lower extractor voltage of 2900 V , �at for the medium extractor of 3700

V , concave for the higher extractor voltage of 4600 V , respectively. There are two e�ects

playing a role in this: One is that the electric �eld increases with the distance from the

center of the facet, which causes the current density to be higher near the edge than it is at

the center. The second is the lens e�ect of the emitter system which will broaden the solid

angle more for the electrons from the area near the edge than electrons from the central

area. This e�ect will reduce the angular intensity of the outer beams. At high �elds, the

emission distribution is very concave, and the lens e�ect cannot compensate for this. At

lower �elds, the lens e�ect can make the angular distribution convex. When the lens e�ect
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exactly compensates for the emission non-uniformity, the angular distribution after the

extractor will be �at up to a certain angle. For a multi-beam source, it is essential to have

an equal beam current for every beamlet, so the �at emission is preferable, and the lens

e�ect in a Schottky emitter is of signi�cant interest.

In order to �nd the lens e�ects, one would usually take the axial �eld and then use well-

Figure 2.1: Measured angular current density for di�erent extractor voltage. the graph is cited from [13], which is

replotted from [35].

known integrals to �nd the lens properties, but the �eld distribution inside the electron

gun is not suitable for the representation by axial �eld expansion, because the �eld at

the cathode changes dramatically with the distance to the center. Moreover, the angle

between the ray and the axis may be too large for the usual approximations. Therefore, the

paraxial equations and aberration theory that characterize a lens system are not applicable,

and retrieving the aberrations from real ray tracing is preferable. One attempt was made

by Fujita and his colleague [27]. They modi�ed the conventional approach and made it

possible to evaluate an electron source with only a few parameters. Another approach,

which is based on the modi�ed temporal theory used to study mirrors, has been published

by Rose [37]. We will explain only Fujita’s theory because of its similarity to our work.

Fujita and Shimoyama [27] proposed the canonical mapping transformation (CMT) method

to characterize the property of a thermionic electron source with a small number of optical

parameters, and afterward, they also applied the CMT theory to the Schottky source [38].

In the CMT method, the electron gun focal length f is like the paraxial approximation

theory and relates the electron trajectory slope after the extractor to the original position

of the trajectory at the emitter surface. The crossover size and the angular current intensity

can be described by the electron gun focal length f and the spherical aberration coe�cient

of the lens system formed by the emitter, grid, and extractor.

1
f
= −

) sin�
)�

|u=0,�→0 (2.1)
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xc (� ) = −Cs (� /f )3≅Cs sin3 � (2.2)

I ′ = f 2js (2.3)

where � is the slope angle of an electron trajectory at the �eld-free area after the extractor, �
is the original position at the emitter surface of an electron trajectory, xc (� ) is the intercept

in the crossover plane, over the position on the facet, and Cs is the spherical aberration

coe�cient, I ′ is the angular current density at the �eld-free area after the extractor, js is

the emitter current density.

Liu and Schwind et al. [39] carried out a study to explore the operating conditions under

Figure 2.2: The de�nition of the electron gun focal length by normal electron rays, �gure is replotted from [38].

which the emitter can end up with 3 end form shapes [40][41], and found a correlation

between work function and electric �eld, which can explain the shape change of the emitter,

they also measured the angular intensity, and it showed that di�erent end shapes of the

emitter have not only di�erent magnitudes of angular intensity at the center, but also di�er-

ent polar angle ranges. They also measured the energy spread for o�-axis electron beams

in another paper [42]. Kellogg described a hybrid experimental and numerical method,

which can determine many parameters simultaneously for both on-axis and o�-axis elec-

trons beams [26]. Nevertheless, virtual source shape and size on di�erent directions and

aberration coe�cients for the o�-axial beams were not touched in the research, and will

be done in this chapter.

I ′(�) = (
)r

) sin�
)2js (� ) (2.4)

Bronsgeest pointed out that the lens e�ect not only in�uences the angular intensity dis-

tribution in the �eld-free area after the extractor (equation 2.4), but it also in�uences the

virtual source size of di�erent beamlets launched from di�erent positions on the facet. To a

�rst-order approximation, Bronsgeest assumed that the �eld strength on the relevant facet
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area equals that at the launch position of the cold electrons in the beamlet. The virtual

source size (FW50) of an o�-axial beamlet can then be found from the equation:

dv = 1.67
dr
d�

√
kT
eVext

(2.5)

An example is given in �gure 2.3. As can be seen, for this approximation, the virtual

source size goes to zero for the outermost beamlets (see: dr/d� → 0 ), associated with

emission near the facet edge. We shall re-examine these conclusions and �nd di�erent

results. The intermediate conclusions from the literature are: It is possible to create a fairly

Figure 2.3: Virtual source size as a function of the angle of the beamlet in the �eld free zone [21].

uniform angular current density distribution, which seemed a good requirement for using

a Schottky emitter as an electron source for multi-beam systems. However, there are three

problems with this:

1. To get a uniform angular emission pattern, the emitter might not be operated at the

maximum possible angular intensity or maximum brightness.

2. The virtual source size at the edges of the beam array may be much smaller, resulting

in di�erent spot size characteristics in the multi-beam system.

3. The electrons from di�erent areas on the facet will go through some di�erent o�-axial

paths, where the �eld is inhomogeneous, to the �eld-free zone after the extractor, and

these electrons will pick up o�-axial aberrations, like astigmatism, coma, distortion,

and �eld curvature.

The third problem has had very little attention in the literature. Therefore, more research

on the o�-axial electron beams is necessary for multi-electron-beam systems.

In this paper, the properties of o�-axial electron beams will be investigated. In an SE source,

the size of the functional area is about 1 mm. However, the radius of the emitter end is
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between 0.5 and 3 �m. Because of this multi-scale feature of the SE source, the Boundary

Element Method (BEM) is preferable for the �eld calculation, and we chose electron optics

simulation software CPO2D [43], which is a dedicated electron optics design software

provided by Electron optics company. CPO2D is also employed for the 2-dimensional or

3-dimensional electron trajectory calculations. MATLAB scripts are also made to analyse

the rays and extract the transfer matrix between the aberration-free rays and aberrated

rays. Based on the transfer matrix, more information can be extracted.

2.2 PrincipleofCPO2DandSchottkyEmissionmodel
in it.

The CPO2D and CPO3D use the Boundary Element Method (BEM) to �nd electrostatic

potentials and �elds for systems of conducting electrodes. CPO2D is designed to deal with

systems that have axial or planar symmetry, and CPO3D will deal with systems of more

general symmetry or no symmetry at all. In both cases, use can be made of any planes of

re�ection symmetry that might exist. The Boundary Element Method is sometimes referred

to as the Surface Charge Method or the Integral Equation Method. The �rst systematic

lens data analysis with BEM was made by Dr. Read, Manchester group, in 1971 [44]
1
. The

principle of the BEM is based on the fact that in a system of conducting electrodes, real free

charges appear on the surfaces of the electrodes when potentials are applied to them. These

surface charges are the sources of all the potentials and �elds in the system. Therefore,

the electrodes are replaced by these charges in the BEM. The surface charges are deduced

from the potentials applied to a set of electrodes. The only parts of the system that the

user must specify are the surfaces of the electrodes and the corresponding voltages on the

electrodes [43].

In the CPO2D programs, the surfaces are divided into basic segments. Figure 2.4 shows

that cylinders are divided into circular hoops in CPO2D.

The surface charge density on each segment is taken to be uniformly distributed over its

surface on the assumption that the segments have been chosen to be su�ciently small.

With a given set of charges qi the potentials Vi can be calculated by Coulomb’s Law. In

more detail, the relation between the potentials and charges is written through the linear

equation.

Vj =
n
∑
i=1

qiPi (rj) (2.6)

where rj is the mid-point position of segment j, and Pi(rj ) is the potential at rj due to a unit

charge on segment i. In other words, the potential Vj of segment j is due to the charges qi
on all the segments i, including the self potential due to the charge qj on the segment j
itself.Clearly the coe�cients Pi(rj ) can be calculated, essentially by using Coulomb’s Law

and averaging over the areas of the segments. There are n of these equations, for j = 1 to

n. Since the user de�nes the voltages of the electrode surfaces, Vj is known. There are

only n unknown variables, qi , for i = 1 to n. Therefore, the surface charge qi can be solved

for the n equations. The electrostatic simulation is then completely solved. The system of

electrodes has becomed a set of segments each of which carries a known charge uniformly

1
It is interesting to note that for the support of my work with CPO2D, I had personal contact with professor

Read who returned to his old hobby after a very successful career in atomic and molecular physics.
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Figure 2.4: A schematic view of a double cylinder lens in CPO2D, this graph is from the user guide of CPO2D

program.

distributed over its surface. Potentials and �elds can now be calculated anywhere in space,

again essentially by using Coulomb’s Law. Comparing to the very popular FEM (Finite

Element Method), the BEM has several advantages [45]:

1. Arti�cial mesh or points in the space enclosed by the electrodes are not necessary.

Therefore, the matrices to be solved are much smaller than those in the FEM. This

will save calculation resources and time consumption.

2. Another feature is that the system can be unbounded in the BEM calculation.

3. The BEM has no restrictions on the relative size of the electrodes.

4. During ray tracing, the �eld at each point is calculated directly from the surface

charges and not through an approximate interpolation between mesh points.

2.3 The extended Schottky emission theory
The emission theory of the extended Schottky source is complex, and we only cite several

conclusions from the literature in this section.

The cathode current density JS for the Schottky emission regime is related to the work

function ', temperature T , and electric �eld F by the Schottky equation [46]:

Js =
4�me (kT )2

ℎ3
exp (

e3/2F 1/2

(4�"0 )1/2 kT
−
'
kT ) (2.7)

A measure of the tunnelling current is given by the dimensionless parameter q, where

q =
ℎ (4�"0e)1/4 F 3/4

2�2m1/2
e kT

= 1.656×10−4
F 3/4

T
(2.8)

And F is in V /m, T is in Kelvin. For example, when q = 0.5, approximately half of the

current is due to tunnelling. When q is small, the emission characteristics are adequately
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described by equation 2.7, with only a small fraction of current due to tunnelling. For

higher values of q, the emission is in the extended Schottky regime, and the current density

JES can be approximately described by the following equation:

JES = JS
�q

sin(�q)
(2.9)

The practical brightness of thermionic and SE sources, expressed in properties on the

surface [20]:

Br = 1.44
eJES
�kT

(2.10)

The practical reduced brightness Br can also be expressed in properties of the beam further

away from the emitter surface:

Br =
4I ′

�d2vVE
(2.11)

Where dv is the FW50 diameter of the virtual source, as seen from the plane in which I’is

measured. FW50 diameter is the diameter of the disc that contains 50% of the total current.

Then, we can also deduct the formula of angular current density I’related to the reduced

brightness Br ,

I ′ = BrVE
d2v�
4

(2.12)

2.4 Aberration coefficient calculation from elec-
tron trajectories

2.4.1 Geometric aberration for the off-axial beams
Based on the paraxial approximation, the geometrical performance of an electrostatic or

magnetic lens can be characterized with Gaussian optical parameters and aberrations up to

certain orders of the term for the aperture angle or the object position, or their combinations,

and aberrations are deviations from the Gaussian optics. Gaussian optical parameters, like

focal length, object distance, image distance, and magni�cation, can characterize the linear

behaviour of a lens system according to the opening angle and object position. On the

contrary, aberration coe�cients describe the non-linear part with respect to the opening

angle and object position of the lens system.

A conventional and popular approach to calculate the aberration coe�cients is aberration

integration. In this method, the axial �eld distribution and its derivatives to a certain order

are needed for the aberration coe�cient integrals. Some prevalent electron optics software

can determine lens aberration coe�cients by computing aberration integrals.

Scherle’s paper [47] described a �tting method in particle optics. It describes a computer-

based calculation of various paths in a beam as well as data �tting, both of which are utilized

for beam shape analysis and optimization. Kasper [48] explained the use of least squares

�tting for determining aberration coe�cients. Van der Stam and Kruit [49] presented a

more generic framework for particle tracing and coe�cient �tting. Then, it took a long

time to precisely compute many trajectories using ray tracing, which is why this method

was not frequently utilized for calculating aberration coe�cients. It is now possible to

obtain tens of thousands of precise trajectories on a PC in a few minutes. Therefore, Oral
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and Lencova [50] proposed a method with procedures for the calculation of aberration

coe�cients using ray tracing.

For this approach, we need accurate �eld calculation and trajectory calculation. We made

some models in CPO2D for a Schottky source, shown in �gure 2.5 and �gure 2.6 . The

model a is based on �gure 3.1 in Bronsgeest’s thesis, which is based on an SEM image of a

real emitter.

(a) (b)

Figure 2.5: Geometries of two Schottky emitters, (a). radius 0.5 �m emitter, (b). radius 1.0 �m emitter. The diameter

of the suppressor and extractor are both 0.4 mm, and the distances between the facet and the extractor surface

are 0.5 mm for case a, and 0.36 mm for case b, the distance between the suppressor surface and the extractor

surface are both about 0.75 mm.

(a) (b)

Figure 2.6: The end shape of two emitters. (a). radius 0.5 �m emitter, (b). radius 1.0 �m emitter

We want to compare the performance of a radius 0.5 �m emitter and a radius 1.0 �m emitter

at 5 kV extraction voltage. We also would like to investigate the performance of 6 kV
extraction voltage on the radius 1.0 �m emitter for higher emission. The suppressor voltage

is set to -480 V so we can keep the �eld at the facet the same as in case b. From now on,

we will name cases a, b, and c for di�erent simulation results. Figure 2.6 shows the shape

of two emitters, the left one is taken from the Bronsgeest’s thesis [21], and the right one

for the 1.0 �m radius is taken from an SEM photo of the emitter used in our experiment,

which will be mentioned in Chapter 3. We did the simulations for 3 cases,
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Figure 2.7: The relationship between electron positions at the facet and polar angle in the �eld free area (z = 1.5

mm) for cold emitted electrons of three cases. (The curve for case b is overlapped by the curve of case c.)

(a) the radius 0.5 �m emitter with 5 kV extraction voltage and -300 V suppressor voltage

at a temperature of 1800 K .

(b) the radius 1.0 �m emitter with 5 kV extraction voltage and -300 V suppressor voltage

at a temperature of 1800 K .

(c) the radius 1.0 �m emitter with 6 kV extraction voltage and -480 V suppressor voltage

at a temperature of 1800 K .

The geometry of the model in case a is from Bronsgeest’s �le, and geometry of the cases b

and c is from the SEM photo mentioned in Chapter 3. In the case a, we set the position

of the facet is z = 0.0 mm, the surface of suppressor is at z = -0.24 mm, the top surface of

the extractor is at z = 0.51 mm, and the diameter of the extractor aperture is 0.40 mm, the

plane of the �eld free area is taken at z = 1.5 mm. In the cases b and c, we set the position

of the facet is z = 0.0 mm, the surface of suppressor is at z = -0.42 mm, the top surface of

the extractor is at z = 0.36 mm, and the diameter of the extractor aperture is 0.40 mm, the

plane of the �eld free area is also taken at z = 1.5 mm. For every case, we �rst do the ray

tracing for the electrons on a line in x-z plane, which is from the center of the facet to its

edge, with an interval of 2 nm. To avoid the inaccurate �eld in the region near the facet,

we emit the electrons from the plane at 1 nm from the facet as suggested by the manual

of CPO2D. The electrons will gain some transverse kinetic energy (very small) as they

travel from the facet to the plane at z = 1 nm, the transverse speed is calculated according

to the radial electric �eld, tangent electric �eld, and total kinetic energy, which is related

to the potentials of the electron on the line. After setting the initial conditions, we run

the software, which calculates surface charge distribution on the electrodes according to

the voltage setting and calculates the trajectories of the electrons, we take the plane at z
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Figure 2.8: The electron positions for 10 apertures in the x-y plane at z = 1.5 mm. The polar angles of their centers

are from 0 to 90 mrad with intervals of 10 mrad . The unit is �m in the graph.

= 1.5 mm as the end plane of the trajectories. With the position and slope of an electron

trajectory in the plane at z = 1.5 mm, we can trace back these rays to �nd the virtual source

position for the central beams, the value for case a is about -30 �m and it’s about -13 �m for

cases b and c. In the �eld free area, we take virtual source positions for the central beams

as the point where all the electrons are from, and we can calculate the polar angles for

every electron. The relationship between the electron positions at the facet and its polar

angle in the �eld free area for cold emitted electrons is shown in �gure 2.7. ‘Cold emitted’

electrons here mean that there is no energy distribution, but all the electrons have a �xed

normal energy 0.155 eV (0.155eV = kT , and T = 1800K ) and 0 eV tangential energy. By

skipping the energy distribution, it’s possible to get a clear result, otherwise, it’s di�cult

for the software to give a good ray tracing result.

In the next step, we do the ray tracing for the o�-axial beams. We take case a as an example

to explain our strategy. For case a, we assume that there are 10 apertures in the z = 1.5 mm
plane, located on the x-axis in the x-y plane, with a polar angle from 0 to 90 mrad with

respect to the source axis. The interval between two adjacent apertures is 10 mrad , as

shown in �gure 2.8. There are electrons located on 4 half circles around the center of every

aperture with 0.2, 0.5, 1.0, and 1.5 mrad half opening angles around the aperture center and

one extra electron at the center of every aperture. Because the in-plane mode ray tracing

of CPO2D gives very high precision, we convert the coordinates of these electrons in �gure

2.8 from Cartesian coordinates (x,y) to polar coordinates (�,Φ), where � is the distance

from the axis of the source system, and Φ is the azimuthal angle of the electron with respect

to the x axis. A separate �le is created to store the value of Φ, which is constant for every

electron, and only � is used for the next step thus getting all the electrons in x-z plane. We

calculate the position, slope, and potential values at the facet of all the electrons ending

up on the circles in the z=1.5 mm plane by interpolating between the ray tracing results
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mentioned in the last paragraph. With these interpolated initial conditions, we do the ray

tracing for the second round in CPO2D. Then, we get the accurate positions and slopes of

the electrons in the �eld free area, with which we trace back to the virtual source plane of

the central beams. With the stored Φ value, the back traced electron positions can also be

converted to Cartesian coordinates.

For cases b and c, the procedure is the same, but the polar angles of the aperture centers

are di�erent, which are from 0 to 160 mrad for the �rst 9 apertures, with 20 mrad interval,

and the polar angle for the 10
th

aperture is 170 mrad .

We will analyze the results in the following part of this section.

Figure 2.9 (a) shows the back traced rays (located on half the circles as mentioned above) at

the region of the virtual source plane for aperture 5 of case a, which has an axis angle of 40

mrad from the source axis, projected in two planes, x-z plane and y-z plane. The top graph

is the projection in the x-z plane, and the lower graph is the projection in the y-z plane.

The red dashed line is the ray passing the center of aperture 5 in the z=1.5 mm plane. The

crossovers in the two graphs are at di�erent locations on the z-axis, which indicates the

astigmatism of the source system, and the crossover in the x-z plane projection is on the

left of the one in the y-z plane projection. Figure 2.9 (b) shows the rays at the region of the

virtual source plane for the aperture 3 of case b, which also has an axis angle of 40 mrad
from the source axis, projected in the x-z plane and y-z plane. The crossovers in the two

graphs are also at di�erent locations, but on contrary to Figure 2.9 (a), the crossover in

x-z plane projection is on the right of the one in the y-z plane projection . Because of the

similarity to case b, the rays for case c are not included.

Figure 2.10 (a) shows the electron positions in 7 slices between two crossovers for aperture

5 of case a. The spot shape is a vertical line for the �rst crossover and a horizontal line

for the second crossover, and the Gaussian image plane should be just in the middle of

these two crossovers. The spot shape is quite round in this plane. Figure 2.10 (b) shows

the electron positions in 7 slices between two crossovers for aperture 3 of case b. From

Figure 2.10 one can see that the source image blur caused by the lens e�ect is below 1 nm,

which is smaller than the order of magnitude of the virtual source size (about tens of nm).

Because of the similarity to case b, the slices for case c are not included.
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(a)

(b)

Figure 2.9: (a) Projection on x plane and y plane of the electron trajectories for aperture 5 of case a. Only

trajectories of electrons on the half circles at the aperture are calculated, which is only visible in the y-z plane.

Note the di�erence in vertical scales in the 2 �gures. The red dash line is the rays of the electron on the axis. (b)

Projection on x plane and y plane of the electron trajectories for aperture 3 of case b. The plane at z=0.0 mm is

the facet plane. The unit in the graphs is mm. Note that (a) and (b) are at a di�erent scale to accommodate the

slope in the x, z projection.
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(a)

(b)

Figure 2.10: (a) Trajectory positions in the x and y planes for aperture 5 of case a (axis is at 40 mrad angle). Only

electrons on the half circles were traced. The slices are from z = -29.8 �m to z= -29.74 �m. And the plane at z=0.0

mm is the facet plane. (b) Trajectory positions in the x and y planes for aperture 3 of case b (axis is also at 40

mrad angle). Only electrons on the half circles were traced. The slices are from z = -12.65 �m to z= -12.54 �m.

The plane at z=0.0 mm is the facet plane. Due to the similarity to the case b, the trajectory positions of case c are

omitted. The unit in the graphs is nm.

Figure 2.11 (a) shows the electron positions for all 10 apertures in the virtual source

plane of the central aperture for case a, where the x and y axis are in 1:1 ratio. The crossovers

of the rays and axis are at the left side of the virtual source of the central aperture. The

spot shape goes more elliptical as the polar angle of the aperture increases. Figure 2.11 (b)
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shows the electron positions for all 10 apertures in the virtual source plane of the central

aperture for case b. On contrary to the case a, the crossovers of the rays and x axis in case

b are at the right side of the virtual source of the central aperture.

Now, when only the distance from the axis r at the virtual source plane and the polar angle

(a)

(b)

Figure 2.11: (a) The electron positions in the virtual source plane of the central aperture for case a. The x and y

axes are in a 1:1 ratio. The electrons were traced at half circles and are here also plotted at the other side of the

symmetry plane. (b) The electron positions in the virtual source plane of the central aperture for case b. The x

and y axes are in a 1:1 ratio. The unit in the graphs is nm.

with the source axis � are considered, and the positions are mirrored for the negative polar

angle, we obtain �gure 2.12 for total 10 apertures for cases a and b, the electron positions

for case c are not plotted because of its similarity to the data of case b. We can express the

relation between r and � as below.

r = Δf � +CS3�3 +CS5�5 (2.13)

Where Δf is the remaining defocus from the perfect Gaussian image plane. CS3 is the

3
rd

order spherical aberration coe�cient, and CS5 is the 5
th

order spherical aberration

coe�cient.We perform the �tting at zvs= -29.6 �m for case a and at zvs = -12.8/-13.0 �m
for cases b and c.

The corresponding �tting up to the 3
rd

order spherical aberration coe�cient and the 5
th

order spherical aberration coe�cient are also shown in �gure 2.12. In order to avoid

contributions from even terms in � , we mirrored the data around � = 0.

The most signi�cant conclusion is that the CS3 of case a is positive, which is consistent

with the literature [21] for the same geometry, but CS3 is negative for cases b and c, which

have larger radius emitters and di�erent source geometry. At �rst sight it is surprising

to �nd a negative CS3 because it seems to contradict Scherzer’s theorem. However, in

this case, the emitter surface is part of the lens and this breaks one of the assumptions of

Scherzer’s theorem namely that there should not be space charge inside the lens. When the

trajectories are checked in the test planes with di�erent distances from the emitter facet to
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Table 2.1: The spherical aberration coe�cients calculated from di�erent �ttings.

Coe�cients Δf (�m) Cs3(�m) Cs5(mm) Zvs(�m)
Fit up to 3

rd
order 0.06 23.7 - -29.6 case a

Fit up to 5
th

order 0.08 13.9 1.04 -29.6 case a

Fit up to 3
rd

order -0.23 -15.1 - -12.8 case b

Fit up to 5
th

order -0.10 -34.7 0.56 -12.8 case b

Fit up to 3
rd

order -0.14 -14.9 - -13.0 case c

Fit up to 5
th

order -0.01 -34.8 0.58 -13.0 case c

the extractor, it’s found that the 3
rd

order spherical aberration is always negative in the

planes near the emitter facet, because the emitter is on the axis and cannot be seen like a

normal lens, and CS3 get less negative or even positive when the electrons travel further

from the emitter, when they get more in�uenced by the �eld closer to a normal round lens.

Secondly, the 5
th

order spherical aberration is more pronounced for case b, and it should

be the same for case c, which has very similar trajectories as case b. In case a, both �ttings

up to the 3
rd

order and 5
th

order spherical aberration don’t show a visible di�erence. But

overall, the 3
rd

order spherical aberration is dominating for every case.

The �tted coe�cients can be seen table 2.1. For the �tting up to the 3
rd

order, the calculated

spherical aberration coe�cients are 23.7 �m, -15.1 �m and -14.9 �m for cases a, b and c,

respectively. For the �tting up to the 5
th

order, the calculated 3
rd

order spherical aberration

coe�cients CS3 are 13.9 �m, -34.7 �m and -34.8 �m for cases a, b and c, respectively, the

calculated 5
th

order spherical aberration coe�cients CS5 are 1.04 mm, 0.56 mm and 0.58

mm for cases a, b and c, respectively.

Now, we would like to investigate the contributions of the o�-axial aberrations to the

virtual source and express them in emission angle and the half opening angle of the o�-axial

beams. We use the opening angle d� and azimuth angle � with respect to the aperture

center to represent a position in an aperture. Note that the polar angle of the aperture center

� is then constant for the aperture. we can get the equations for the electron positions in

the virtual source plane of the central aperture as below.

xvs (d�,� ) = Bd�3 cos� + F (2+ cos(2� ))d�2�

+ (C +D) cos(� )d� �3 +E �3
(2.14)

yvs (d�,� ) = Bd�3 sin� + F sin (2� )d�2�

+ (D −C) sin (� )d� �2
(2.15)

where B is the spherical aberration coe�cient, F is coma coe�cient, C is astigmatism

coe�cient, D is �eld curvature coe�cient, and E is distortion coe�cient. We should keep

in mind that these equations are based on terms only up to the 3
rd

order, for large polar

angle beams,the 5
th

order terms will appear and these equations are not accurate. Figure

2.13 shows the electron position in the virtual source plane of the central aperture and the

individual �tting for di�erent apertures. Except for the central beams, the �tting results

for the o�-axial apertures match the electron positions very well.

The (a) �gures of �gures 2.14, 2.15 and 2.16 show the individually �tted coe�cients for
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(a)

(b)

Figure 2.12: (a) The relationship between electron position in the virtual source plane of the central aperture and

their polar angle, as well as the �ttings up to the 3rd order and 5th order curve. This graph is for case a. The

data for the negatived polar angles are mirrored for the real ray tracing. (b) The relationship between electron

position in the virtual source plane of the central aperture and their polar angle, as well as the �ttings up to the

3rd order and 5th order curve, are also included. This graph is for case b. The data for the negatived polar angles

are mirrored for the real ray tracing
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(a)

Figure 2.13: (a) The individual �tting for di�erent apertures for the electrons in the virtual source plane of the

central aperture for case a. Red crosses are the electron position, and the blue circle are the �tted results. The x

and y axes are in a 1:1 ratio for every subplot.

the o�-axial beams of 9 apertures (indices 2-10) for 3 cases, where aperture 1 is the cen-

tral aperture and is skipped, since the �tting results don’t match the electron positions

for which the reason could be that the electrons passing the central aperture cannot be

described by the equations 2.14 and 2.15. The discrepancy from the trend for the apertures

close to the axis may also be related to the fact that the �tting is not done in the exact

Gaussian image plane of the central aperture. The (b) �gures of �gures 2.14, 2.15 and 2.16

show the corresponding aberrations calculated with 1.5 mrad opening angle for every

aperture. We see that the discrepancies from the trend in the coe�cients have disappeared.

We found that the spherical aberration and coma do not show a clear trend for the 3 cases,

the reason could be that 1.5 mrad opening angle is too small to display an obvious contri-

bution of spherical aberration and coma in electron positions. Defocus/�eld curvature and

astigmatism contribute a signi�cant part of the spot size, and they both increase with the

angle for case a, as expected. When 5
th

order Cs5 plays a role, like in cases b and c, the

equations 2.14 and 2.15 will be less accurate when the polar angle increases, therefore, the

astigmatism coe�cient start at about the value of Cs3 and then goes almost to zero when

the positive Cs5 starts to have an e�ect.
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(b)

(c)

Figure 2.13: (b) The individual �tting for di�erent apertures for the electrons in the virtual source plane of the

central aperture for case b. (c) The individual �tting for di�erent apertures for the electrons in the virtual source

plane of the central aperture for case c. Red crosses are the electron position, and the blue circle are the �tted

results. The x and y axes are in a 1:1 ratio for every subplot.
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(a)

(b)

Figure 2.14: The individual �tting coe�cients for the 9 o�-axial apertures of case a (a) and the corresponding

values of the aberrations (in mm) for a half opening angle of 1.5 mrad in the o�-axial beams (b).
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(a)

(b)

Figure 2.15: The individual �tting coe�cients for the 9 o�-axial apertures of case b (a) and the corresponding

values of the aberrations (in mm) for a half opening angle of 1.5 mrad in the o�-axial beams (b).
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(a)

(b)

Figure 2.16: The individual �tting coe�cients for the 9 o�-axial apertures of case c (a) and the corresponding

values of the aberrations (in mm) for a half opening angle of 1.5 mrad in the o�-axial beams (b).
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2.4.2 Virtual source positions for the off-axial beams

Figure 2.17: The schematic overview of defocus for the o�-axial beams in the x-z plane.

It is known that the virtual source positions of the o�-axial beams are di�erent from the

positions of the central beams. We would like to �nd out the virtual source position of

the electron beams with an o�-axial angle now. In the meridional plane of a lens system,

the o�-axial rays have a displacement from the axis and defocus from the Gaussian plane

because of the spherical aberration.For simplicity, only the 3
rd

order Cs3 is considered here.

For the simplicity, only the 3
rd

order Cs is considered here. They can be written as below

(see �gure 2.17):

dr = Cs �3 (2.16)

dz = Cs �2 (2.17)

dr and dz are the displacement and defocus, respectively, � is the polar angle of the o�-axial

ray.

For a beam that has a central ray at an angle � with respect to the axis, and a half-opening

angle of d� , the situation is di�erent, we will derive the displacement and defocus for this

beam.

The angles of two rays at the edge of this o�-axial beam in the Gaussian image plane are

(� ±d�)3 = �3 ±3�2 d� +O (d�2) (2.18)

where O (d�2) are high-order terms of d� , which are negligible for a small d� . Therefore,

in the meridional tangent plane, the vertical size of the beam is:

r = 3Cs �2 d� (2.19)

When we set L as the length on the axis between the virtual source of the on-axis eam and

its intercept in the Gaussian plane of an o�-axial aperture, the half-opening angle d� can

also be written as below.

d� =
r ⋅ cos (�)

L
=
3Cs ⋅�2 ⋅d� ⋅ cos (�)

L
(2.20)
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Then we get

L = 3Cs �2 cos (�) (2.21)

When we set dz1 as the virtual source defocus for an o�-axial aperture, we have

dz1 = L cos (�) = 3Cs �2 cos (�)2 (2.22)

because

cos (�)2≅1 (2.23)

In the end, we have the formula for the defocus of an o�-axial aperture,

dz1 = 3Cs�2 (2.24)

When we set dr1 as the distance from the optical axis of the system to the virtual source of

an o�-axial beam, with the geometries in �gure 2.17, we have:

� =
dr1

dz1 −dz
(2.25)

Substitute equations 2.17 and 2.24 in equation 2.25. We can have the distance from the axis

to the virtual source of an o�-axial aperture.

dr1 = � ⋅2Cs�2 = 2Cs�3 (2.26)

The equations 2.24 and 2.26 can be used as a mathematical model of defocus dz1 and

displacement dr1 with factor Cs and position of the central virtual source. The hidden

variable in the model is the polar angle � . As explained in �gure 2.9 and 2.10, the crossover

explained in �gure 2.17 is only for the trajectories in the x-z plane, which is also called the

meridional focus, there is another crossover in the y-z plane, and this is not at the same

position on the z direction because of the astigmatism. The real Gaussian image plane

should be between these two crossovers.

Figure 2.18 shows the positions of virtual sources according to equations 2.24 and 2.26 for

(a) (b)

Figure 2.18: The defocus and displacement of the virtual source for axial and o�-axial electron beams, (a) for case

a, (b) for cases b and c, the value is calculated with the spherical aberration �tted up to only the 3
rd

order in table

2.1.

the apertures in the 3 cases, with the calculated Cs from table 2.1. For case a, the trend of



2

38 2 Electron optics theory of the off-axial electron beams in a Schottky source

the virtual source positions is consistent with the results in literature [21], and the positions

for o�-axial beams are at the left side of the one for the axial beam, and below the x axis,

but for cases b and c, the positions for o�-axial beams are at the right side of the one for

the axial beam, and above the x axis. Therefore, in order to get the virtual source positions

for the o�-axial beams in an electron source, it’s necessary to do a simulation for di�erent

geometries of this source.

2.4.3 Chromatic dispersion analysis
Besides the geometric aberration, the dispersion caused by the energy spread is another

aberration that should be investigated. By ‘dispersion’ we refer to the displacement of the

virtual source in the r-direction as caused by a di�erent starting energy of the electrons.

As mentioned, initial electron positions are set in the plane which is 1 nm after the facet,

and the kinetic energy is set as the potential value according to that position. To investigate

the dispersion caused by the energy spread in the virtual source plane, besides the default

electron, some electrons with higher or lower kinetic energy at the same position are set in

the 1 nm plane for a certain angle of an o�-axial beam. After ray tracing in CPO2D, their

positions and slopes are achieved in the �eld free region (for instance, in a plane at z = 1.5

mm). Usually, these electrons with di�erent energies have di�erent positions and slopes in

the plane at z = 1.5 mm. To acquire the slope in this plane for the electron with default

initial energy E at the position of the electron with E +1.0 eV initial energy, we calculate

the slope for the electron with default initial energy E at the position of the electron with

E +1.0 eV (the blue dash arrow in �gure 2.19). Since we achieved the slope di�erence of

Figure 2.19: The positions and slopes of electrons in the initial plane (z = 1 nm) and �eld free plane (z = 1.5 mm)

with di�erent kinetic energies for an o�-axial beam.

these two electrons at the same position, and their initial energy di�erence is 1.0 eV , we

found their position di�erence at the virtual source plane by back tracing. This position

di�erence is the chromatic dispersion caused by the 1.0 eV energy spread.

Figure 2.20 shows the results for 3 cases with this algorithm. We can see the dispersion

caused by the energy spread is below 2 nm/eV for all three cases.
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Figure 2.20: Chromatic dispersion caused by 1 eV energy di�erence for 3 cases.

2.5 Virtual source characteristics foroff-axialbeams
To �nd the virtual source shape and size for the o�-axial beams, we would like to trace the

electrons that are emitted from the facet following the Maxwell distribution, because when

we follow them to the �eld free plane at z = 1.5 mm, we would �nd the angular distribution

of the traces at the center of each aperture. That angular distribution, when looking back

at the virtual source plane, gives the virtual source size and the current density distribution

in the virtual source. Unfortunately, we found that the ray tracing in this simulation is

not su�ciently precise, because we must do this in full 3D ray tracing. Although this is

possible in CPO2D with the �elds in cylindrical symmetry, a nm size accuracy is required

over 1.5 mm distance. We could not get the tracing su�ciently accurate. Therefore, we

decided to use Liouville’s law to determine the virtual source shape and size.

According to Liouville’s law, the emittance is constant along the trajectory. We take � as

the distance from the optical axis in the virtual source plane, then for the on-axis electron

beams emitted from the facet center with tangential energy Etan , there should be equations

like below [32][33]:

[Δr Δpr ]⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
emitting surface

= [Δr Δpr ]⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
virtual surface

⇔ [rlauncℎmvt ]⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
emitting surface

= [�m(�f inalvext)]
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

virtual surface

⇔ rlauncℎ
√
Etan = ��

√
eVext

(2.27)

This can be rewritten as [20]:

� =
r
�

√
Etan
eVext

(2.28)

The on-axis virtual source size dv containing 50% of the current is [20]:

dv = 1.67
r
�

√
kT
eVext

(2.29)

Similarly, if the half opening angle of an o�-axial aperture in the �eld free plane (z = 1.5

mm) is d� , and the emission area at the facet has the radius dr , the virtual source size
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should be [21]:

dv = 1.67
dr
d�

√
kT
eVext

(2.30)

So now we have found equation 2.5 again, but connected it to Liouville’s law, However,

we realized that equation 2.30 should not be interpreted as the diameter of a round virtual

source, but should be used separately in the plane perpendicular to the plane de�ned by

the optical axis and the o�-axial beam (the y-z plane). According to equation 2.30. We

then need to know the area on the facet from which the cold electrons came that �ll the

aperture at z = 1.5mm in the y-z plane.

Thus, we set a series of apertures in the z = 1.5 mm plane in case a, with a half-opening

(a) (b)

(c)

Figure 2.21: The electron positions at the facet, which are backtracked from the electrons at the edges of the

apertures in the �eld-free area. (a)(b)(c) are for cases a, b and c, respectively. They are shifted so the centres are

the same as the centre of the axial beam. The connections of electrons for an aperture indicates the emission area

at the facet for the aperture. The unit in the �gures is nm.
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angle of 1.5 mrad , and their axis located on the x-axis at 0, 10 mrad , 20 mrad , till 90 mrad
with intervals of 10 mrad , then we have 10 apertures in total. For cases b and c, we can

de�ne 10 apertures with 1.5 mrad half opening angle, located on the x-axis starting at 0,

then 20 mrad , 40 mrad etc. with 20 mrad interval till 160 mrad , and 170 mrad for the

10tℎ one. When the trajectories of cold emitted electrons are considered, we can �nd the

area on the facet that was responsible for the o�-axial beams.

The results are shown in �gure 2.21. The �rst thing that one can see is that the radius

of the on-axis emitting area of 1.0 �m emitter has almost double the size of the on-axis

emitting area of the radius 0.5 �m emitter at 5 kV extraction voltage. When we increase

the extraction voltage of the radius 1.0 �m emitter, the emitting area decreases. We can

also see that the size of the emitting area decreases with the polar angle of the apertures,

and the size drops faster in the x direction than in the y direction, which means the virtual

source is not round for the o�-axial beams which has consequences for the application

of the Schottky source as a multi-beam source. With the conversion equation 2.30, now

applied to both the x-direction and the y-direction, it is possible to convert the size of the

emitting area to the size of the virtual source, the results are given in �gure 2.22.

Figure 2.22: The sizes of the virtual source for di�erent directions according to the formula 2.30 and �gure 2.21.

Black curve and black dash curve represent the virtual source sizes for y and x direction of case a, red curve and

red dash curve represent the virtual source sizes for y and x direction of case b, blue curve and blue dash curve

represent the virtual source sizes for y and x direction of case c.
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(a) (b)

(c)

Figure 2.23: The comparison between the virtual source sizes and the spot sizes measured from �gure 2.13, which

consist of the aberrations in the virtual source plane of the central beams. The aberrations in the plane mainly

consist of defocus/�eld curvature and astigmatism (see �gures 2.14, 2.15, 2.16). Figures (a)(b)(c) are for cases a, b

and c, respectively.

A comparison between the virtual source sizes and the aberrations in the virtual source

plane of the central beams is made in �gure 2.23. The aberrations in the plane consist

mainly of defocus and astigmatism, as shown in �gures 2.14 to 2.16. The blur caused by

defocus and astigmatism, in the virtual source plane of the central beams, is smaller than

the virtual source sizes up to the maximum polar angles for every case, and the virtual

source size is the dominant contribution of the total source size in a Schottky source system.

From the �eld calculation in CPO2D and the emission current density formula 2.9, we

can �nd the current density anywhere at the facet. Now that we also have the emission

areas for the o�-axial beams, we can calculate the beam current with the product of the

corresponding surface area and the current density for every aperture. The results are

shown in �gure 2.24. The beam current for the radius 0.5 �m emitter at 5 kV extraction

voltage is about 2 nA at the central uniform region, the beam current for the radius 1.0

�m emitter at 5 kV and 6 kV extraction voltage can be 3 nA and 6 nA respectively, the

temperature for all the emitters is at 1800 K .
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Figure 2.24: The theoretical beam current for di�erent apertures derived from their emission surface area and the

current density for 3 cases. Black curve, red curve and blue curves are for cases a, b and c, respectively.

2.6 Conclusions
In this Chapter, we �rst reviewed some research on the o�-axial electron beam in a source

from the literature. Then, we brie�y explained the theory of boundary element method

(BEM). With the software CPO2D, which is based on the Boundary Element Method, We

�rst did ray tracing of a Schottky source for the cold emitted electrons. With the rays from

the facet to a �eld free plane, we calculated spherical aberration coe�cient for 10 apertures

of 3 cases, �rst case is a radius 0.5 �m emitter at 5 kV extraction voltage, second case is

radius 1.0 �m emitter at 5 kV extraction voltage, and the third case is also a radius 1.0

�m but with 6 kV extraction voltage, the virtual source plane of the central aperture was

chosen for the �tting. We also calculated some aberrations individually for on-axis and

o�-axial apertures.

We also derived the defocus and displacement of the meridional focus plane for the o�-axial

apertures. We calculated the planes with these formulas and the spherical aberration

coe�cient from the last step.

By checking the emission area at the facet for an o�-axial aperture in the �eld-free area,

we calculated the virtual source size on both x and y directions for o�-axial apertures, we

found that the virtual source size is di�erent in x and y direction for o�-axial beams, which

must be taken into account for a multi-beam application.

We also calculated the size and shape of the aberrations, and we found that both the virtual

source and aberration spot will be elongated in y direction, and individual stigmators

will be needed to correct for astigmatism. The blur caused by defocus/�eld curvature and

astigmatism, in the virtual source plane of the central beams, is smaller than the virtual

source sizes up to the maximum polar angles for every case, and the virtual source size is

the dominant contribution of the total source size in a Schottky source system.
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3
Emission properties of a

1.0-micron radius Schottky
source

3.1 Introduction
The stability of the emission current of a Schottky source is always of great interest for

almost every application. To maintain a constant emission, the temperature and vacuum

level in the source chamber must be kept within certain ranges. The emission change is

usually due to the emitter shape, and the evolution of the source shape has been studied

by several authors [46][51][52][53][54][39][55][41].

Fujita and Shimoyama did experimental research on the emitter shape evolution of a

single-crystal tungsten emitter [55]. They applied di�erent temperatures and extraction

�elds to the emitter and recorded the emission pattern on a phosphor screen to investigate

the shape evolution of the emitter. In addition, they tried to explain the emitter shape

evolution with the electrostatic �eld energy stored in the emitter and the extractor system.

Bronsgeest and Kruit researched the tip geometry change for di�erent conditions [53][54]

by recording the pattern change of the ‘ring collapse’, which is always associated with the

periodic �uctuations of the beam current. It’s found that the emitter shape changes with

large time intervals, and the cycle starts with a (1 0 0) facet at the tip end, then it decreases

in size, and then a ring-shaped step is formed on the facet. The cycle �nishes when the

atoms of the step are transported away. Furthermore, it was found that a low extraction

voltage can continuously cause the change of the emitter end, ‘ring collapse’happens, and

the size of the emitter grows. On the other hand, if the extraction voltage is too high, there

will be more distinguished steps at the facet, and the facet will get smaller. Therefore,

a su�ciently high extraction voltage can prevent the ring collapse, and a compromised

extraction voltage can keep the emitter shape constant.

Bahm et al. carried out research on the long-term operation of di�erent size Schottky

emitters at di�erent angular intensities [56]. The radii of the emitters used in their research

are from 0.32 �m to 0.83 �m, and the operations for the emitters are from about 10000 to
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18000 ℎours, the angular intensities in their study are from 0.25 to 0.71 mA/sr . They found

that ring collapse does not occur, and the emission is stable when the angular intensity

is greater than 0.3 mA/sr . However, this research was only about the central angular

intensity, and we would like to know the performance of the o�-axial electron beam, as

this is important in a multi-beam electron source.

In this chapter, we want to check the emission stability for a higher angular intensity,

say 1.0 mA/sr , for the whole emission pattern. A large radius Schottky emitter bene�ts

applications with a large beam current because of its stable emission at high angular

intensity. Therefore, we would like to choose a 1.0 �m radius emitter for the experiment.

The range of the uniform emission is also of particular interest for a multi-beam application

because an equal beamlet current is needed in that scenario. Therefore, we designed and

built a setup to check the emission stability and pattern to achieve the goals.

3.2 The characterization setup for a large radius
(1.0 �m ) Schottky emitter

Figure 3.1 shows the design of the emitter characterization setup. The setup can measure

the beam current and simultaneously photograph the emission pattern. The yellow part is

the vacuum vessel with 6 ConFlat (CF) UHV Flanges. The emitter source module is mounted

on the left �ange, and a viewport is mounted on the right �ange of the vacuum vessel. The

Faraday cup module is brown and mounted on the emitter module. It is electrically isolated

from other parts but only connected to a feedthrough pin (not shown in the graph). The

pin is connected to a pico-Amp meter outside the vacuum. Therefore, we can measure

the total beam current through the extractor. Figure 3.1b shows how the Faraday cup is

isolated. The Faraday cup is mounted to a metal plate with PEEK screws, and there are

glass washers between the Faraday cup and the metal plate. The green geometry indicates

the emission cone determined by the emitter tip and extractor hole.

Because the bottom of the faraday cup is a YAG screen coated with a thin layer of aluminum,

we can take a photo of the emission pattern on the YAG screen with a camera and a 1 inch

tube lens outside the vacuum chamber at the same time. We assume the integration of the

total brightness in a photo is proportional to the total YAG current with a converting factor.

After we get the factor by integrating the brightness and comparing the result with the

YAG current measured by a pico-Amp meter, it will be used to calibrate the image intensity

in terms of current for every pixel. With the dimensions of the setup geometry, we can

convert the emission pattern from pixel coordinates (on camera CCD) into polar angular

coordinates (in the source). In this way, we can get the angular intensity distribution

concerning the emission angle. We will discuss the details of the pixel-angle conversion in

the next section.
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(a)

(b) (c)

Figure 3.1: (a) The schematic view of the characterization setup. (b) The emitter unit and Faraday cup in the setup.

(c) The photo of the emitter unit and Faraday cup during assembling.

3.3 Angular intensity calculation algorithm and
its map in angular coordinate

The angular intensity is one of the essential parameters for any electron source, and it’s

preferable to be expressed in the angular coordinates. However, when we take a photo of

the emission pattern on a YAG screen in the setup, it’s just a photo without any angular

information. There is no angular intensity, either. Therefore, we need to convert the

pattern in the image into angular coordinates according to the setup’s geometry. Below we

will show the derivation of the converting equations, and we also made the Python code

accordingly.

First, we need to �nd the center of the emission pattern in the photo. The Moments()

function in the OpenCV library [57] has been used to calculate the mass center of the

pattern regarding the brightness of every pixel. A photo ( x ×y pixels) in grey level will be
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taken as an array P (x,y) in Python3.7 [58]. The spatial moments mji is computed as:

mji =∑
x
∑
y
P (x,y) ⋅x j ⋅yi (3.1)

where P is the pixel brightness at the (x,y) position.

The mass center is calculated as follows:

x =
m10
m00

, y =
m01
m00

(3.2)

Then the original 640×480 pixels image will be cropped to a 201×201 pixel image with

the center at (x,y).
Then we integrate the brightness of the whole cropped photo and calculate the ratio

between the integral (total light) and Iscreen measured by a pico-Amp meter. We assume

there is a factor Roe , which satis�es the following equation:

x
RoeP (x,y)dxdy = Iscreen (3.3)

Or in a discrete form

∑RoeS1P (x,y) = Iscreen (3.4)

Where S1 is the area of a pixel. Then,

Roe = Iscreen/(S1 ×∑P (x,y)) (3.5)

Figure 3.2: The schematic view of the geometry of the virtual source and a pixel on the YAG.

With the pixel position (x,y) and the distance between the virtual source and the YAG

plane, we can correlate every pixel with the angle coordinates (�,�).

� = arttan(x/l), � = arctan(y/l) (3.6)

 =
√
�2 +�2 (3.7)

Sef = S1⋅cos ( ) (3.8)



3.4 Emission patterns and I-V curves for different temperatures

3

49

Figure 3.3: The graph shows the relation between the pixel area surface and the opening angle.

With the Roe from equation 3.5, then the current for an individual pixel is

Ipixel = Roe ⋅ S1 ⋅P (x,y) (3.9)

The corresponding solid angle for the individual pixel is

pixel =
cos ⋅ S1

l2
(3.10)

So, the angular intensity for a particular pixel

I ′(x,y) =
Ipixel
pixel

=
Roe ⋅ l2 ⋅P (x,y)

cos
(3.11)

We replace every pixel (x,y) with the angle (�,�). And make the plot of I ′(�,�). After

implementing the algorithm in Python3.7, we can plot the angular intensity map with the

angular coordinates shown in the next section.

3.4 Emission patterns and I-V curves for different
temperatures

A 1.0 �m radius TFE emitter from Denka Company Limited. was put into the setup and

operated after necessary preparations. The Emitter serial number is 231815, and it’s revised

in the factory for the angular intensity of 1.0 mA/sr . The emission patterns and YAG

current for di�erent extractor voltages are recorded for 1700 K , 1750 K , 1800 K , and 1850

K temperatures, the temperature was calculated from the �lament current according to

the data sheet. Before the measurements for every temperature, we run the emitter for at

least 40 ℎours to get the emission stable. Table 3.1 shows the extractor voltage and angular

intensity before the measurement. The relation between �lament current and temperature

in our setup could be slightly di�erent from the table because of the di�erent environments.

The proportional suppressor voltages (shown in table 3.2) are also applied to keep the

�eld the same at the emitter facet. The base pressure in the emitter chamber was about

0.9×10−9mBar , and it was about 4.0×10−9mBar when the source was running.
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Table 3.2: The extractor and suppressor voltages used in the measurement.

Vextractor / kv Vsuppressor /V
3.00 240
3.50 280
4.00 320
4.50 360
5.00 400
5.50 440
6.00 480

Table 3.1: Conditioning parameters before measurement.

Filament

Current

Filament

Temperature

Run time before

measurement

Extractor

Voltage

I ′

/A /K /ℎour /kV /mA/sr
2.20 1700 40 5.50 0.54
2.24 1750 40 5.25 0.51
2.29 1800 40 5.00 0.54
2.32 1850 40 5.30 0.81

Figure 3.4 shows the angular intensity maps for the temperature of 1700 K , with the

extractor voltages from 3.5 kV to 6.0 kV with a 0.5 kV interval. All the maps are rotated

to be straight. From the graph, we can see that the angular intensities increase with the

extractor voltage, but the value at about 150 mrad increases faster than the value at the

center, this is because the angular intensity I ′ varies non-linearly with the �eld, and the

�eld at the edges is much larger than it in the center. There are eight emission vertexes in

the ring of 150 mrad , which is caused by the crystalline structure of the facet. Another

observation is that the angular intensity is evenly distributed up to 100 mrad within the

‘dog ear’ region. Figure 3.4 is an equivalent 2D render of the classical three kinds of I ′
distribution [59], and the classical three kinds of distributions are unimodal distribution,

uniform distribution, and bimodal distribution or ‘dog ear’ distribution.

Figure 3.5, Figure 3.6, and Figure 3.7 are the angular intensity maps with di�erent extractor

voltages for the temperature of 1750 K , 1800 K , and 1850 K , respectively. They show a

similar trend as �gure 3.4. For 1750 K and 1800K , the �at emission pattern occurred at

4.0 kV and 4.5 kV , respectively. For 1850 K , the relative �at emission pattern occurred

at about 4.5 kV . For the same extractor voltage, the height of the ring decreases as the

temperature increases from 1700 K to 1850 K .

As shown in Figure 3.7f, there is a horizontal dash line at the center and a slant dash line

crossing two vertices of the emission pattern. The pro�les along the horizontal line (blue

dash line) and the slant line (yellow dash line) will be presented in the next paragraphs for

a di�erent presentation of the emission.
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(a) Vextactor = 3.5kV (b) Vextactor = 4.0kV

(c) Vextactor = 4.5kV (d) Vextactor = 5.0kV

(e) Vextactor = 5.5kV (f) Vextactor = 6.0kV

Figure 3.4: The angular intensity maps for di�erent extractor voltages, the emitter temperature is 1700 K , the

unit of the color bar is �A/sr .
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(a) Vextactor = 3.0kV (b) Vextactor = 3.5kV

(c) Vextactor = 4.0kV (d) Vextactor = 4.5kV

(e) Vextactor = 5.0kV (f) Vextactor = 5.5kV

(g) Vextactor = 6.0kV

Figure 3.5: The angular intensity maps for di�erent extractor voltages, the emitter temperature is 1750 K , the

unit of the color bar is �A/sr .
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(a) Vextactor = 3.0kV (b) Vextactor = 3.5kV

(c) Vextactor = 4.0kV (d) Vextactor = 4.5kV

(e) Vextactor = 5.0kV (f) Vextactor = 5.5kV

(g) Vextactor = 6.0kV

Figure 3.6: The angular intensity maps for di�erent extractor voltages, the emitter temperature is 1800 K , the

unit of the color bar is �A/sr .
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(a) Vextactor = 3.0kV (b) Vextactor = 3.5kV

(c) Vextactor = 4.0kV (d) Vextactor = 4.5kV

(e) Vextactor = 5.0kV (f) Vextactor = 5.3kV

Figure 3.7: The angular intensity maps for di�erent extractor voltages, the emitter temperature is 1850 K , the

unit of the color bar is �A/sr .

Figure 3.8 and Figure 3.9 show the angular intensity pro�les for di�erent extractor

voltages at emitter temperatures of 1700 K , 1750 K , 1800 K , and 1850 K . The �gures give a

description of the emission patterns for extractor voltages above 5.0 kV , and it’s di�cult to

distinguish the curves for the extractor voltage below 5.0 kV because the curves merged

at a low value with respect to the graph scale. For the extractor voltages of 5.0 kV and

below, the pro�le curves are better visible in the logarithm scale in �gure 3.10 and �gure

3.11. With these pro�les, we �nd the 1.0 mA/sr angular intensity is achievable for the

temperatures from 1700 K to 1800 K . For the temperature of 1850 K , we could only apply

extractor voltage more than 5.3 kV , because the extractor current will reach the 1.0 mA
limit of the power supply and the extractor voltage will drop if I increase the extractor

voltage to a higher value.
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When we investigate between 1700 K to 1850 K , we see the higher temperature, the lower

the dog ears, which should be preferable for a long lifespan, and the stable performance of

a TFE emitter. For the emitter temperature of 1850 K , the center area inside the dog ear is

not very uniform, though the height of the dog ear is relatively low. So, it’s not an optimal

temperature, either.

(a) (b)

(c) (d)

Figure 3.8: Pro�les along the horizontal line in linear scale for 4 temperatures (a:1700 K , b:1750 K , c:1800 K ,

d:1850 K ).
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(a) (b)

(c) (d)

Figure 3.9: Pro�les along the slant line in linear scale for 4 temperatures (a:1700 K , b:1750 K , c:1800 K , d:1850 K ).

(a) (b)

Figure 3.10: Pro�les along the horizontal line in logarithm scale for 4 temperatures (a:1700 K , b:1750 K , c:1800 K ,

d:1850 K ).
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(c) (d)

Figure 3.10: Pro�les along the horizontal line in logarithm scale for 4 temperatures (a:1700 K , b:1750 K , c:1800 K ,

d:1850 K ).

(a) (b)

(c) (d)

Figure 3.11: Pro�les along the slant line in logarithm scale for 4 temperatures (a:1700 K , b:1750 K , c:1800 K , d:1850

K ).
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Figure 3.12 shows the screen current, extractor current, and total current versus the

central angular intensity I ′ for di�erent temperatures. The screen current is the current

received by the Faraday cup. It’s mainly the current received by the YAG screen on the

Faraday cup. The extractor current is the current received by the extractor, this value can

be read out from the source high voltage power supply, and it’s mainly the current emitted

from the shank of an emitter. Finally, the sum of the screen current and extractor current

is the total current emitted from the emitter.

First, we can notice that the extractor current (black curves, mostly from the shank emission)

is greater with respect to the percentage for higher emitter temperatures. The extractor

will intercept the shank emission, therefore, the shank emission could not bene�t the

primary electron beams. Even more, larger shank emissions will make the total current

close to 1.0 mA, which is usually the limit of a commercial electron source power supply,

and cause problems. Therefore, we should also avoid high emitter temperatures to limit

a large shank emission. Secondly, when we check only the screen current (blue curves),

the current emitted from the central area of the facet on the emitter should be linear to

the central angular intensity I ′, it’s the current in the dog-ear area that causes the steep

increase of the screen current. And for the higher emitter temperatures, the increase above

the ‘linear’ screen current (let’s assume a ‘linear’ screen current, which is proportional

to the central angular intensity) is relatively less. It tells the same story as �gure 3.8: the

‘dog area’ contains relatively less current for the higher emitter temperatures. These two

conclusions suggest taking an intermediate temperature between 1700 K and 1850 K .

(a) (b)

Figure 3.12: The relation between emission currents and central angular intensity (a:1700 K , b:1750 K , c:1800 K ,

d:1850 K ).
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(c) (d)

Figure 3.12: The relation between emission currents and central angular intensity (a:1700 K , b:1750 K , c:1800 K ,

d:1850 K ).

If we de�ne the ratio between the central angular intensity and total current as trans-

mission, �gure 3.13 shows the transmission of di�erent angular intensities (interpolated

from the data point in �gure 3.12) over the four temperatures. Though the transmission

ratio doesn’t have a clear physical meaning, the higher value is the better for many reasons.

When we increase the temperature from 1700 K to 1850 K , the transmission drops for all the

angular intensities because of the increase of the shank emission for higher temperatures.

Figure 3.14 shows the relations between the total current and emitter temperature for dif-

ferent central angular intensities. The total current is also higher for higher temperatures

for the same angular intensity.

Figure 3.13: The transmission between angular intensity I ′ and total current at di�erent temperatures for di�erent

angular intensities. The legend is the angular intensity, and the unit is mA/sr .
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Figure 3.14: The relation between total current and emitter temperature. The legend is the angular intensity, and

the unit is mA/sr .

3.5 Long-term emission measurement curves
3.5.1 The angular intensity and YAG current evolution for

a long-term operation
The steps of the YAG screen current in �gure 3.15 are caused by increasing the �lament

current/emitter temperature. The YAG screen current was dropping at every �lament

current. However, the calculated angular intensities show that the central angular intensity

increased after increasing the �lament current. The drop in the YAG current may be caused

by the lower ‘dog ear’ height. The longest period without any adjustment is about a month,

from 23/09/2020 to 28/10/2020.

Figure 3.16 shows the log data from 02/11/2020 to 05/12/2020. In this period, we kept the

Figure 3.15: The angular intensity and YAG screen current evolution between 27/07/2020 and 02/11/2020. The

angular intensity was measured on the optical axis.

�lament current constant at 2.34 A. If the emitter’s total current (not shown in the graph)

reaches 1.0 mA, which is the maximum output current of the source HV power supply,

then the power supply will lower the extractor voltage (see the green curve 30/11/2020). So,

the suppressor voltage was increased to suppress the total emission, this action happened
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Figure 3.16: The angular intensity and YAG screen current evolution between 02/11/2020 and 5/12/2020. The

angular intensity was measured on the optical axis.

Figure 3.17: The angular intensity and YAG screen current evolution between 28/04/2021 to 21/05/2021, and the

suppressor voltage is 400V for the graph to suppress the shank emission.

several times from 02/11/2020 to 5/12/2020. The YAG screen current drops in this period,

the dropping speed slowed down somehow.

Figure 3.17 shows the log data from 28/04/2021 to 21/05/2021. The angular intensity in the

early period on the graph was 0.81 mA/sr , and the YAG current was very stable for two

sections on the graph, indicating a stable emitter facet shape throughout the whole period.

3.5.2 The screen current and the central angular intensity
for long term

After running the emitter for two months, we got the data points as shown in table 3.3.

In the beginning, the screen current was higher than the value in the datasheet, but the

angular intensity was much lower than the datasheet value. We can see the �lament current

was increased several times to increase the angular intensity, and the goal of the angular

intensity was 1.0 mA/sr . During this process, the screen current decreased.
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Table 3.3: The screen current and the central angular intensity on di�erent dates.

Vex
/kV

If
/A

Iscreen
/�A

Angular

intensity/�A/sr
From datasheet 5.42 2.27 268.2 957.0

1 29/07/2020 5.41 2.26 356.2 594.1

2 07/09/2020 5.41 2.30 345.7 857.4

3 21/09/2020 5.41 2.32 271.0 845.3

4 23/09/2020 5.41 2.34 234.0 908.8

5 03/10/2020 5.41 2.34 220.0 925.9

6 18/10/2020 5.41 2.34 196.0 920.1

7 25/10/2020 5.41 2.34 185.4 938.8

8 28/10/2020 5.49 2.34 211.7 972.9

9 02/11/2020 5.49 2.34 203.2 986.8

10 03/11/2020 5.48 2.34 189.5 931.8

11 10/11/2020 5.41 2.34 167.4 876.9

12 15/11/2020 5.41 2.34 161.3 865.4

13 20/11/2020 5.41 2.34 156.3 887.8

14 30/11/2020 5.39 2.34 146.5 868.2

15 01/12/2020 5.41 2.34 145.8 878.7

3.5.3 Theprofiles of emission patterns for thelong-termrun
Figure 3.18a and �gure 3.18b show the pro�les of the emission patterns along a horizontal

and slant line (as shown in �gure 3.7f for total 15 emission patterns (as shown in table

3.3). We can see the �uctuations in the central area are very small, but the �uctuations in

the dog ear area are signi�cant, which indicates morphologic changes at the edge of the

emitter facet.

(a) On the horizontal line (b) On the slant line

Figure 3.18: Pro�les along the horizontal line and slant line in linear scale for 15 emission patterns. Legend is the

sequence number in table 3.3.
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3.6 Facet shape comparison for before and after
long-term running

(a) (b)

Figure 3.19: SEM photos of the emitter. a. the photo taken in the factory. b. the photo taken after long-term

running in our experiment. Two photos are not in the same scale.

Figure 3.19 shows two SEM photos of the emitter used in our experiment. The left

photo came in with the datasheet from the Denka, the right photo was taken after the

experiment. This emitter was already conditioned for 1 mA/sr emission angular intensity

as claimed by the supplier. The emitter shape was convex at the side and with small faces

next to the facet before our experiment. After several months running in our setup. The

(110) and (101) faces grew larger and there is a necked section next to the side faces, and

the con�guration is obviously in phase 2 as designated in some literature [46][51].

3.7 Conclusions
In this chapter, we aimed to achieve 1.0 mA/sr angular intensity for a radius of 1.0 �m TFE

emitter, and we found it’s possible for di�erent emitter temperatures. The current in the

dog ear area and emitted from the shank make things complicated, and we need to balance

them and choose an intermediate emitter temperature.

From the angular intensity maps, we found that the uniform region could be as large

as about 100 mrad from the emission pattern center (optical axis). These should be the

physical limitations caused by the TFE source for the multi-beam application. Of course,

engineering may give other limits to the range that we can utilize.

We found it challenging to maintain a stable emission at 1.0 mA/sr for a large opening

angle from the long-term running curve. The YAG screen current drops all the time though

the angular intensity keeps more or less the same, it’s because the morphologic changes

happened at the edge of the emitter facet in a long-term running, and it’s not good for the

long-term stability for a multi-beam application which needs current from both the center

and o�-axial area.

We also found the YAG current could be reasonably stable for the whole emitting facet at

0.81mA/sr angular intensity. A constant YAG current indicates a stable facet shape without

morphologic change or further faceting of the tip, and this is essential for a multi-beam



3

64 3 Emission properties of a 1.0-micron radius Schottky source

source that is supposed to work perfectly for a whole year.

We speculate that to obtain a stable 1.0 mA/sr for up to 100 mrad half opening angle, an

emitter with slightly larger radius should be chosen.
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4
Multi-beam source

experiment on individual
beam characteristics

4.1 Introduction

In this chapter, we will introduce a Multi-Beam Source (MBS) design that can deliver a

few hundred electron beams with a few mm pitch and a total current of several �A. Dr.

Ali Mohammadi-Gheidari did the electron optic part of this MBS design based on his

earlier design [29] of a multi-beam source for 196 beams with 70 �m pitch and 157 nA total

current.

We built a setup to verify the optical performance of the MBS design. The beam spot

size, size uniformity, grid distortion, and through focus properties will be measured. In

addition, di�erent implements of the MBS will be explained, and di�erent aperture lens

array patterns will be tested in the experiments.

In section 4.2, we will explain the veri�cation setup of the multi-beam source, and in section

4.3, we will explain two di�erent multi-beam source designs used in the setup. Section 4.5

is about the automatic measurement software written in LabVIEW and the corresponding

post-process Python script, and this work was carried out by Dr. Marco Wisse. Sections 4.6

to 4.9 describe several measurements for di�erent con�gurations of the MBS. And section

4.10 summarizes the results of all the measurements.
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4.2 Design of the experimental setup

External coils

YAG
Vacuum vessel

X-Y stage

CCD camera

Photo diode

Beam splitter

Micro lens

NI AD/DA module

ALA

E1 E2

B-field sensor -

+

B-field cancellation 
and Scanning circuits

Figure 4.1: Schematic diagram of the multi-beam source characterization setup.

Figure 4.2: The photo of the multi-beam source characterization setup.

As shown in �gures 4.1 and 4.2, we designed a setup to characterize the individual o�-axial

beamlets generated by the MB source. The setup mainly consists of two parts: the MBS

assembly in the vacuum and the characterization setup outside the vacuum vessel.
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4.2.1 The MB source assembly in an Ultra-High Vacuum (UHV)
vessel

Figure 4.3: Electron optics simulation of the Zero Strength Lens (ZSL) design in the MBS. The blue electrode is an

extractor, the green electrodes are called the E1 group, and the black and grey electrodes are called the E2 group.

The Aperture lens array (ALA) is located at the z=15.0 mm plane.

(a) (b)

Figure 4.4: The optical microscope image of an ALA wafer (a) and an SEM photo of the ALA wafer (b) that was

used in the experiment.

The source part of the setup consists of a gun head �ange, a standard Schottky source,

an Aperture Lens Array (ALA) after the Schottky source, several electrodes between the

extractor and the ALA, and a YAG screen. The latter is the image plane for the focused

beams next to the viewport. The ALA is made of a silicon-on-insulator (SOI) wafer with

many etched holes (Figure 4.4). It splits the electron beam launched from the emitter into a

few hundred beamlets, meanwhile, the ALA will also focus the beamlet at the image plane

(YAG screen) because the electrostatic �eld in front of the ALA makes it an aperture lens

array.

Because we use a simulation program that can only do rotationally symmetric systems,
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the simulation of a multi-beam source should be done in two steps: zero-strength lens

(ZSL) simulation and multi-beam source (MBS) simulation. ‘Zero strength’ means that

the o�-axis beams are not de�ected, thus avoiding the problem associated with chromatic

de�ection errors. ZSL indicates the regime up to the ALA, where the holes in the ALA

are closed. MBS indicates the whole system, including the on-axis aperture lens and the

�eld-free area below the ALA till the image plan.

Figure 4.3 shows a ZSL model in the simulation software EOD [60]. The black and blue

curves are the two fundamental ray in the electron optics, and the dash line indicate the

virtual source position via back tracing the ray from the ALA plane. In the simulation, the

ALA is only a line electrode at the right boundary of the model. Three parameters will be

optimized by sweeping E1 and E2 voltages [29] :

1. The spherical and chromatic aberration coe�cients of the zero-strength lens CS−ZSL.

CS−ZSL should be as small as possible. We will use those aberration coe�cients to

derive the aberrations in the o�-axis beams.

2. The �eld curvature (FC). The E2 potential can modify the electrostatic �eld in front

of the individual apertures and make the focal length of apertures longer for the

edge apertures than the central apertures, such that the images formed by di�erent

apertures will be as close as possible to the YAG screen plane.

3. The position of the virtual source. In the simulation of the MBS, the distance between

the virtual source and the ALA will shift the e�ective object position and thus

determine the pitch of the beam spots on the YAG screen.

After the ZSL simulation, we will make the axial aperture hole in the model and set the

image plane at the YAG screen z =300 mm in EOD software. In this MBS model, we can

get the axial aberrations from the EOD simulation. With the method explained in [29], we

can combine all the aberrations and evaluate the spot size for all electron beams from the

center to the edge.

In our multi-beam source design, the dimensions are shown in �gure 4.3, the potential on

the E1 group is about 23.4 kV (with respect to the emitter potential), and the potential

on the E2 group is 9.0 kV , the potential of the ALA is 5.0 kV , the same as the extractor,

the beam energy is 5.0 keV as well. After the simulation, the MBS should deliver tens ×
tens beamlets, the spot size on the YAG is about 0.5 �m, and the pitch between beam spots

is a few mm; the virtual source size is assumed as 25 nm for a 0.7 �m radius emitter, the

magni�cation of ZSL Mzsl is 0.53 (virtual image), and the magni�cation of the ALA is 35.63

(real image).

4.2.2 The characterization setup outside the vacuum vessel.
The characterization setup is designed to verify the performance of the designed MBS

and the related manufacturing technology. To this pupose, it needs to measure the exact

positions of the focused beams and the current density distribution in the spots on the YAG.

The setup is outside the vacuum vessel, and it consists of an XY stage, a digital camera and

macro-objective on the stage, a photodiode, a magnetic sensor, a set of small coils near

the vacuum vessel, a group of big coils to compensate for the earth magnetic �eld and a

computer with corresponding code made in LabVIEW software.
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The movement of the XY stage is 50 mm by 50 mm so that it can cover the whole YAG

surface (diameter =50 mm). During the measurement, the code made in LabVIEW software

will drive the XY stage from one spot to another, and the position of spots is pre-de�ned

manually. When the stage moves the camera to one spot, the software will take a photo

of the spot and record its position. The spot photos and positions will be post-processed

to extract many parameters, such as spot size, spot shape, beam current, angular current

density, astigmatism, and other aberrations.

More details will be discussed in sections 4.4 and 4.5.

4.3 The embodiments of the MBS design (MEMS and
conventional stacks)

The electrode stack in an MBS design, like the one mentioned in section 4.2, can be

implemented with either MEMS technology or traditional machining of metal technology.

Below we will explain both embodiments of implementing an MBS.

4.3.1 The source with the MEMS stack

Figure 4.5: The schematic view of the multi-beam source design.

Because MEMS technology can easily produce precise geometries and accurately align

lens electrodes [11], we �rst make the electrode stack with MEMS technology.

Figure 4.5 shows the structure of an MBS made with a MEMS stack. Glass spacers insulate

the electrodes and ALA. All the electrodes are aligned on a homemade hexapod aligner,

which can align the electrodes within 1 �m tolerance. The electrodes and glass spacers are

glued together step by step during the alignment. The whole stack has a big glass wafer as

a base (c), which will be glued to a metal plate (b), and the metal plate will be mounted to a

gun �ange (a) in the end (see �gure 4.6).
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(a)

(b) (c)

Figure 4.6: The 3D drawings of the multi-beam source design with a MEMS stack.

4.3.2 HV insulation issue in the MEMS stack and attempted
solutions

(a) (b)

Figure 4.7: Glows (blue light in the vacuum chamber) appeared at several places in the stack when the high

voltages were applied.

Because the MEMS stack is very compact, the high voltage insulation is sometimes

challenging. To study these discharges, we put the �ange in a separate vacuum setup in

which the MEMS stack is visible. In �gure 4.7, we can see some blue glows, which indicate

discharging in these areas. The discharging at the stack usually causes surface �ashovers

if we increase the voltage on the pins. At most, this stack can hold about 12-14 kV with
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Figure 4.8: Kapton sheets are added to the glass spacer to enhance the insulation on a dummy stack.

Figure 4.9: The voltage and current curves recorded in the conditioning procedure.

respect to ground on the E1 group. For this voltage on the E1 group, the maximum beam

energy that can be focused on the YAG screen is 4 keV . Therefore, we need to do some

high voltage conditioning under certain protection of the emitter.

To protect the emitter, we made software that can monitor the parameters of the emitter

and vacuum pressure at the same time. When the vacuum pressure ramps up to a threshold,

like 5.0 × 10-8mBar , the software will switch o� the power supply of the emitter to limit

the damage to the emitter. To suppress the surface �ashover, we tried putting some Kapton

sheets on the glass spacer (�gure 4.8). We connected the E1 group to the HV tester and

grounded all the other electrodes; after about 30 ℎours of conditioning, the frequency of

discharge decreased (�gure 4.9) at a voltage of 10 kV . By comparison, the same stack could

not even hold 8 kV before adding the Kapton sheet.

Kapton sheet can help with the HV insulation, but in our trial, it’s not su�cient to eliminate

the discharge thoroughly, which is essential to a Schottky emitter.
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4.3.3 The source design with the conventional stack

(a)

(b) (c)

Figure 4.10: The drawings of the stack, which is made in a conventional way. a. The section view of the MB

source with a conventional stack. b. An enlarged view of the insulation pillar and electrodes sitting on it. c. the

photo of the MB source with a conventional stack taken during assembling.

An MBS design with conventional metal electrodes and Macor
TM

insulators and a picture

taken during the assembling are shown in �gure 4.10. The electrodes are made of titanium,

and they are located on the di�erent steps of 3 Macor
TM

pillars. The 3 Macor
TM

pillars are

mounted on a metal plate, which in turn is mounted on the gun head �ange with 3 rods.

The steps on the Macor
TM

pillars are designed such that the creepage distance for all the

electrodes is more than the value calculated by the 1.0 kV /mm constraint, so the chance of

surface �ashover is very low.

After some HV conditioning
1
, this stack can hold voltages of about 21 kV with respect to

ground on the E1 group, which is enough to focus the electron beam of 5.0 keV energy.

�gure 4.11 shows the shadow image of the 4.0 keV electron beam and the focused beam

spots on the YAG screen. The ALA wafer is shown in �gure 4.4, with the 4-quadrant

pattern. The pattern of the ALA is explained in detail in section 4.7.

1
The conditioning here indicates applying a proper high voltage to the electrodes in a non-destructive way for a

while, and a better insulation performance can be achieved after several �ashovers.
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(a) (b)

Figure 4.11: Electron beam photos of the MBS with conventional stack are taken from a cell phone camera, a. the

shadow image of 4 keV beams. b. focused beam spots of 4 keV beams. The tungsten square border on the YAG

causes the black stripe in photo b.

4.4 CCD image acqisition and knife-edge methods
There are two basic methods for the measurement of the spot size and spot shape on

the YAG screen, one is the direct CCD image acquisition, the other is the knife-edge scan

method. Figure 4.14 sketches the imaging system on the setup. The imaging system consists

of an optical microscope and a photodiode. The optical microscope is mounted on the

linear x-y stage with a 50 mm travel range in both axes (�gure 4.12). The stage is driven by

stepper motors. The optical system is controlled by a control box whose code is written in

LabVIEW.

(a) (b)

Figure 4.12: Two variants of the X-Y stage, which holds the optical system. a. The optical system is combined

with a photodiode detector. b. the optical system has two Nikon objectives and has higher magni�cation.

As shown in �gure 4.14, electron beams hit the YAG screen at z=300 mm, which has

a tungsten grid on the electron-incident side and is additionally coated with a layer of
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aluminum to avoid charge accumulating on the YAG surface. This YAG screen is close to

the viewport and will convert the electron beam into an optical signal. A Nikon objective

lens (WD=16 mm, NA=0.3, Mag=10×) and camera (Allied vision GE680) are used to capture

the light signal. A beam splitter (�gures 4.1 and 4.13) is located after the Nikon objective.

One beam is directed through another objective lens which focuses the light beam onto the

GE 680 camera, while the other beam travels towards the photo-diode detector (Hamamatsu

MPPC C13365-3050SA).

(a)

(b) (c)

Figure 4.13: The photos of the real setup. a.the X-Y stage with the vacuum chamber, small coils, and its driver

circuits. b. the photo of the X-Y stage with and lens combined lens and photodiode. c. another view of the X-Y

stage.

The resolution of this microscope is mainly limited by di�raction, which is often

expressed with respect to the full width at half maximum (FWHM) of the intensity pro�le
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Figure 4.14: The schematic diagram of the imaging system in the setup.

[61][62],

dFWHM = 0.51
�
NA

(4.1)

where � is the wavelength of the light, and NA is the numerical aperture of the objective

of the microscope. The mean wavelength of the light generated from YAG:Ce is 550 nm,

and the NA of the Nikon objective is 0.30, hence the limit in resolution of the microscope

due to di�raction is approximately 0.94 �m, which is su�cient for our application, where

we expect spot sizes of about 1.0 �m for an emitter of 1.0 �m radius.

Besides photography with the camera, the knife-edge scanning method is another approach

Figure 4.15: The microscope photo of the tungsten line on the YAG (illuminated by an electron beam spot).

to measure the spot size and shape. Around the vacuum vessel, two sets of coils are placed

perpendicular to each other and to the beam. These coils ful�l two functions: �rstly, one

is able to cancel the 50 Hz electromagnetic noise from the environment with dedicated

circuits, secondly, one can scan the spots over the sharp edge of the tungsten grid line, the

intensity will be detected by the photo-diode detector. Because the edge of the tungsten

line is very steep, about several nm width over 200 nm in height, the blur of the edge in

the image acquired by the photodiode detector is only caused by the electron beam size.



4

76 4 Multi-beam source experiment on individual beam characteristics

We can use a 12%-88% de�nition, like some SEM images, to represent the spot size. If we

scan the lines in di�erent directions (�gure 4.15), we will also measure the width of the

spot in di�erent directions. Therefore, we can get the shape information of a beam spot.

4.4.1 50 Hz electromagnetic noise

(a) (b)

Figure 4.16: The spots were taken with 30 ms (a) and 3 ms (b) exposure time, respectively.

During the experiments, we found that the spot shape could be strange under certain

camera conditions (graph a in �gure 4.16), which turns out that it is caused by the mains 50

Hz electromagnetic (EM) noise. The period of 50 Hz is 20 ms; when we set the exposure

time that is longer than 20 ms, the camera will take an image of the whole trace of the spot

scanned by the periodic noise. When we set the exposure time much shorter than 20 ms,
e.g. 3 ms, we are able to capture a clear spot on the camera (graph b in �gure 4.16).

The vacuum chamber of our setup is made of stainless steel, which cannot shield the low

frequent EM noise. One approach to suppress the 50 Hz EM noise is generating another

EM �eld, which has the same amplitude as the ambient �eld but the opposite phase of

the ambient �eld. Similar work has been done several times in our group, and �gure 4.17

shows some information about an experiment carried out in 2015 [63]. The purpose is to

reduce the magnetic �elds around an SEM from up to 300 nT (50 Hz and 150 Hz harmonics)

to 30 nT and compensate for the earth’s magnetic �eld (45 �T ) Because of the magnetic

shielding of the SEM, the magnetic �eld inside the chamber will be lower than 1 nT . The

setup (�gure 4.17) consists of three sets of Helmholtz coils placed in a cage. A magnetic

�eld sensor is placed inside the cage around the SEM, which measures the magnetic �elds.

A controller is used to reduce the �elds and power up the coils. Helmholtz coils are a

pair coils of equal size with a distance of their radius, which thus, create a homogeneous

magnetic �eld between them. The SEM will be placed in this homogeneous area. The coils

used for that work are 2 by 2 meters and have 30 windings.
The experimental results of the work in 2015 were not very successful, and the authors

concluded two possible reasons:

1. The SEM chamber is made of ferromagnetic material for good shielding but would

distort the �eld around it.

2. The design of the controller needs to be improved.



4.4 CCD image acqisition and knife-edge methods

4

77

(a) (b)

(c)

Figure 4.17: The attempt to cancel 50Hz EM noise made before in our group. (a). The schematic overview of the

compensation system was made in 2015 in our group. (b). The driver circuits of the controller. (c). the spectrum

of the background EM noise with the FFT method.

Based on the research made in 2015, we made some improvements. First, we made two

sets of smaller rectangular coils (�gure 4.17), 56 cm by 38 cm, which just �t our vacuum

chamber and can generate a su�ciently homogeneous �eld area. These coils have smaller

impedance, and therefore, they are much easier to drive by the circuits. Secondly, we made

new drive circuits and limited the frequency to 150 Hz to suppress the noise of the circuits.

We left the two large coils to only compensate for the earth magnetic �eld with general

DC power supplies. All the measures turn out su�cient to reduce the magnitude of the 50

Hz harmonic from 16 nT to 2 nT (�gure 4.18), which is su�cient to have a static spot on

the camera for the live view mode.

Unfortunately, we found there was still a non-periodic and very low-frequency disturbance

after we reduced the 50 Hz noise. Therefore, we decided to synchronize the camera

and photodiode to the 50 Hz magnetic �eld by a Transistor-Transistor Logic (TTL) pulse

generator. The generator can generate the TTL pulses with the same phase as the 50

Hz wave in the mains. The sampling rate of the photodiode then also has to be 50 Hz,

which makes the knife-edge scanning method slower than the direct CCD method when

measuring the spot size and spot shape. Therefore, we decided to use the CCD method for

the measurement as much as we could.
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(a)

(b)

(c)

(d)

Figure 4.18: The new circuits’e�ect after tuning the course parameters. a. the EM wave without noise cancellation.

b. the EM wave with the noise cancellation. c. the spectrum of the EM wave in a. d. the spectrum of the EM wave

in b.



4.5 Principles of the automatic measurement: LabVIEW software and post-process Python

scripts

4

79

4.5 Principles of the automatic measurement: Lab-
VIEW software and post-process Python scripts

Since we have a few hundred beam spots on the YAG screen to be measured, it is necessary

to automate the measurement, otherwise, the action will be time-consuming. Therefore,

we decided to write measurement software in LabVIEW, for which many module suppliers

provide drivers. Dr. Marco Wisse wrote the corresponding software in LabVIEW and wrote

the original post-process Python script. Below is a brief explanation from a user’s point of

view.

We need to de�ne spot locations for four corners for the LabVIEW program, and then the

software generates locations for all the beam spots together with the row number and

column numbers we set in the program, assuming they are in a good grid. To number the

grid, we followed the Python tradition, counting from 0, from left to right, and from top

to bottom; the row number is in front of the column number for a 2-dimension grid. For

example, the coordinates of the top-left corner, top-right corner, bottom-left corner and

bottom-right corner are (0, 0), (0, 22), (22, 0), (22, 22), respectively, for a 23 by 23 grid.

After de�ning the grid, the camera moves row by row from the top left to the top right,

then the second row. For every spot, the camera is at a �xed location and one scans over

the voltage range (from under-focusing voltage to over-focusing voltage) over the focusing

electrodes with a certain interval, which is de�ned by us in advance. For every voltage, the

camera will take a 12-bit image and save it to a folder. Because of the misalignment, the

spot moves out of the center of the camera during scanning voltage, then the LabVIEW

program can determine the displacement and move the camera back to the spot center by

applying the proper current in the small coil set.

After we go through all the beam spots, we can collect all the photos for a through focus

series. The Python scripts are made to do the post-processing. First, one script will �gure

out the brightness center of a photo and crop it for a smaller size. Then another script

will analyze all the cropped photos and extract some parameters, like full width 50 (FW50)

[20], smallest width out of focus, and so on. More explanations of these parameters will

be described in the next sections. Finally, a script is made to plot all the parameters. The

original Python scripts were made by Dr. Macro Wisse, but some of them were modi�ed

by the author according to the di�erent situations and requirements we had.

For a round spot with a Gaussian pro�le, the full width at half maximum (FWHM) is a

proper parameter to describe the probe size, and it is easy to acquire with most software.

Therefore, it is often used. However, for a non-Gaussian pro�le, the FWHM is not suitable

for the beam size [20][64]. The diameter containing a fraction of the current is always

important and not related to the assumption of the beam pro�le. Therefore, the full width

50 (FW50), which means the diameter within which 50% of the beam current is found,

will be adopted in most graphs, determined in the post-process Python scripts, where the

brightness is taken as current density. Of course, for a round beam with a Gaussian pro�le,

FWHM equals FW50.

4.6 Measurement for the regular ALA
We �rst did some measurements for the source with the MEMS stack. Because of the high

voltage �ashover issue, the MEMS stack could not hold su�ciently high voltages on the E1
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Table 4.1: Voltage (with respect to ground) con�guration in the simulation and experiment

PE

/kV
E1

/kV
E21

/kV
E22

/kV
ALA

/V
Pitch

/mm
EOD simulation 4.0 12.1 3.0 2.7 0 1.60

Measurement 4.0 12.4 3.0 2.7 0 ∼1.62

electrodes to focus a 5 keV energy beam. We applied the voltage con�guration as shown

in table 4.1 and focused the electron beam of 4 keV energy at the YAG screen. We had a

modi�ed vacuum chamber for this experiment, so the distance from the emitter to the YAG

screen was 460 mm.

The automatic measurement system was not yet made at that moment, therefore, we did

manual measurements. All the results in this section are acquired manually. First, we took

photos of the electron beam spots of 9 rows by 10 columns. They are shown in �gure 4.19.

Some of them are obscured by the tungsten lines. Statistically, most of them are all in a

round shape and have similar brightness and size. Two beam spots are taken out to make

pro�les (�gure 4.20). The pixel size in �gure 4.20 is 0.7 �m/pixel. The full width at half

maximum (FWHM) of all spots is about 15 pixels. Therefore, the beam size of these two

spots is about 10 �m in the measurement.

Figure 4.19: Photos of 9 × 10 electron beams on the YAG screen.

Assuming the virtual source size is 50 nm for a 1 �m radius emitter, and the distance

from the emitter to the YAG screen is 300 mm,for an optimized voltage con�guration, the

simulated beam spot size is about 1 �m. Because the distance from the emitter to the YAG
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screen is 460 mm in this measurement, the spot size should be 1.5 times larger, about 1.5

�m. There are still three possible contributions to the larger measured spot size,

1. The voltages in table 4.1 are not optimal for the system.

2. The emitter encountered several �ashovers before the measurement, and its virtual

size could be larger than 50 nm.

3. The other aberrations.

(a) (b)

(c)

Figure 4.20: Two beam spots from �gure 4.19 and their pro�les. (a). the beam spot in the left red box. (b). the

beam spot in the right red box. (c). the pro�les of these two spots in x and y directions.

Besides the photos, the positions of the beam spots are also recorded and displayed in

�gure 4.21. Their positions match the grid of 1.62 mm intervals quite well. Only at the top

right corner and left bottom corner, some spots deviate from the grid. Since this deviation

doesn’t happen at the other two corners, we think the misalignment between the YAG

screen and the X-Y stage movement causes this distortion. Therefore, we conclude that the

source has very little distortion.
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Figure 4.21: Positions of 9 × 10 electron beam spots on the YAG screen

4.7 Measurement for the 4-qadrant ALA
During the experiment, we noticed that when the electron beam is under-focused or

overfocused by several hundred volts, the shape of the electron beam is a cross instead of

a round spot, and the orientation of the cross rotates by about 45
◦

when going through

focus (see �gure 4.22). This is the typical behaviour of an octupole �eld. Our simulation in

GPT [65] con�rms this is caused by the in�uence of the neighboring apertures on the ALA.

More details about the simulation have been published [66].

There are several ways to suppress or eliminate this octupole e�ect [67], for example, when

the apertures are in a hexagonal pattern, the symmetry does not allow an octupole e�ect,the

twelve-pole e�ect that can be expected in that case will probably be weaker. Another

approach is to make a special shape of the aperture to compensate for the in�uence of the

neighbors., The last way is to make the pitch larger to reduce the in�uence of neighboring

apertures, but this will reduce the total number of apertures within a certain emission

angle.

We decided to take advantage of the MEMS technology, which can make speci�c shapes

of the aperture in an accurate way. Thereby the aperture with a dedicated shape can

generate an opposing octupole e�ect that cancels the octupole e�ect from the surrounding

apertures.

The stack in the MBS of this experiment is made of titanium electrodes and Macor
TM

insulators, as already described in section 4.3.3.
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(a) (b) (c)

(d) (e) (f)

Figure 4.22: The 8-pole e�ect is noticed when the electron beams are out of focus and are con�rmed with

simulation [66].

4.7.1 Through focus series for 4-qadrant ALA

(a)

(b) (c)

Figure 4.23: A 4-quadrant ALA is designed to investigate the 8-pole e�ect and optimal shape of the aperture.

a. the complete 4-quadrant ALA design in a schematic view. b. overcompensated shape (not in scale). c. the

optimized shape of the aperture (not in scale).

Figure 4.23 shows a 4-quadrant ALA design that is used to investigate the octupole e�ect.

A 12 × 12 matrix in every quadrant (except for the bottom left quadrant) represents one

hundred beams in a ten by ten matrix, and the beams at the edge line are used to minimize
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the edge e�ect. In the top left quadrant, the apertures are round and have the same diameter

and pitch as the original ALA, they are used as a reference for the test. In the bottom

left quadrant, the apertures have the same diameter but the double pitch of the original

ALA, they are used to see how the octupole e�ect drops for a larger pitch. In the top right

quadrant, the apertures have the original pitch but a di�erent shape (�gure 4.23 b) from the

round aperture, which’s shape can be seen as a combination of 4 apertures with displaced

centers by 1.2 �m. Thereby an overcompensation of octupole e�ect is generated. In the

bottom right quadrant, the apertures have the same pitch as the original ALA, while the

shape is also a combination of 4 apertures, but the displacement of the 4 apertures is 0.4

�m, which, according to the GPT simulation [65], will eliminate the octupole e�ect and

the FW50 value in this quadrant will be 65% of the value of a spot in the non-corrected

quadrant (top-left quadrant).

A new ALA chip is made following the concept of �gure 4.23. After assembling the source

with this ALA and the HV conditioning for several days, we switched on the source and got

the shadow image of the ALA on the YAG screen. Figure 4.24 shows a stitched image of all

the shadow images of the ALA, with an un-focused electron beams. Since the diameter of

a shadowed spot is more than 300 �m, the tungsten grid (10 �m width) on the YAG screen

can be seen in the shadow images.

We also focused the beam spots on the YAG screen, which is at z=285mm in this experiment,

Figure 4.24: The stitched shadow image for the 4-quadrant ALA. The feature within the spots is the tungsten

lines made for the knife-edge scan measuring.

because the vacuum chamber was changed from the last experiment, and the beam spot

size should be about 1.0 �m according to section 4.2. We applied conditions as shown in

table 4.2 to the source except for the E1 group electrodes and swept voltage on the E1 group

electrodes to focus the electron beams on the YAG screen. Figure 4.25, �gure 4.26, and
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Table 4.2: The source conditions used for the experimental measurement.

Filament

Current/A
Filament

temperature /K
Extractor

voltage /kV
E2 group

voltage /kV
2.33 1810 5.0 3.0

Figure 4.25: The stitched image for under-focused electron beam spots when the E1 group electrodes are at 19.0

kV .

�gure 4.27 show the stitched image on the YAG screen for E1 voltage at 19.0 kV , 20.5 kV ,

and 21.5 kV , respectively. All the photos are rotated before stitching because the pattern of

spots is not horizontal. When the camera did not capture a bright spot for some positions,

it raised the noise level and generated grey squares, as seen in �gure 4.26 and �gure 4.27.

In table 4.3, the central spots in the four quadrants are shown in more detail under three

di�erent E1 voltages. Di�erent shapes for the under-focused beams (E1 voltage = 19.0

kV ) are shown in the �rst column; the spot in the top left quadrant (original shape and

pitch quadrant) has a diamond shape, which is the result of the octupole e�ect. The spot

in the bottom left quadrant (original shape and double pitch quadrant) shows a rounded

diamond, which indicates less octupole e�ect for the double pitch pattern. The spot in the

top right quadrant shows the obvious shape of a starburst, which indicates a too strong

octupole e�ect generated by the squarish shape of the aperture. The spot in the bottom

right quadrant is half obscured by a tungsten line. In the second column (E1 voltage = 20.5

kV ), all the spots are almost focused and too tiny to distinguish the shape. A more detailed

description follows in the next section. In the third column (E1 voltage = 21.5 kV ), all the

spots are over-focused. The top quadrants show the typical e�ects of the octupoles. The

spots in the bottom quadrants are not quite round, perhaps by astigmatism.



4

86 4 Multi-beam source experiment on individual beam characteristics

Figure 4.26: The stitched image for under-focused electron beam spots when the E1 group electrodes are at 20.5

kV .

Figure 4.27: The stitched image for over-focused electron beam spots when the E1 group electrodes are at 21.50

kV.
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Table 4.3: The under-focused, focused, and over-focused 5.0keV electron beam spots from di�erent quadrants on

YAG

E1 group

voltage / kV
19.0 20.5 21.5

Top left

Bottom left

Top right

Bottom right

4.7.2 High magnification (×20) through focus series.

Figure 4.28: The measurement result made by direct CCD image (blue dots) and knife edge scan method (orange

dots) for a spot in the top left quadrant. The voltage on the horizontal axis is the E1 group voltage.

We made both CCD image measurements and knife-edge scanning measurements using

the methods described in section 4.4. In �gure 4.28, we can see the curve measured by

the CCD image, pronounced a �at bottom, while the knife-edge scanning method o�ers

a better resolution. Because of Nyquist theorem and the feature of a digital image, the

smallest feature can be seen in a digital camera is about 4 to 5 piexels [68], the pixel size

for this �gure is about 0.7 �m/pixel, therefore, the CCD image can only measure a feature

down to about 2.8 -3.5 �m, not to the di�raction limit (0.94 �m) yet. The measuring ability

of the system can be increased by increasing the magni�cation of the optical system. Since

the CCD imaging method is faster, we decided to improve it. From the calibration, we �nd

the magni�cation from YAG to the camera is about 10 times for one Nikon macro-objective,

thus, we put another identical Nikon macro-objective to magnify the image of the �rst
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objective (�gure 4.29). The calibrated optical magni�cation from the YAG screen to the

camera sensor is then about 20 times.

With this high-magni�cation optical system, we can now acquire the through-focus series

Figure 4.29: The optical system of two macro lenses with the total optical magni�cation of 20 times.

of the beam spots. Figure 4.30 shows the analysis of 4 central spots from 4 quadrants, the

coordinates of the spots are as explained in section 4.5. From this �gure, we found several

results:

1. The spot shape in the top right quadrant is too odd and doesn’t show a clear trend,

and we will skip this quadrant in the next sections.

2. The minimal values of the other 3 spots don’t appear at the same focusing voltage.

This could be caused by the �eld curvature, di�erent aperture lens strength, or a

combination of the two.

3. The spot in the bottom left quadrant has the smallest spot size.

Figure 4.30: The number of pixels that are above the half maximum brightness for beams from 4 quadrants,

respectively. The coordinates of these 4 spots are (6,6) (16,5) (6,17) (17,17).

Compared to the spot in the quadrant with the ideal shape, the spot in the double-pitch

quadrant (bottom left quadrant) has a smaller spot size. We believe that the shaped aper-
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ture’s octupole �eld is extremely sensitive to the shape’s dimensions, making it challenging

to compensate the octupole �eld produced by nearby apertures.

The enlarged view of the three spots in the individual-focused situation is shown in �gure

4.31, and their pro�les are shown in �gure 4.32 We get the e�ective pixel size in the plane

of the YAG screen of about 0.35 �m from the calibration on the YAG screen. After �tting a

Gaussian function and converting the unit from pixel to �m, we receive the FWHM given

in table 4.4, and the FWHM value of the central spot in the double-pitch quadrant of 2.8 �m.

Abbreviations in the table are: T: top, B: bottom, L: left, R: right. V: vertical, H: horizontal.

In fact, we see clear astigmatism in the through-focus series of the central location in the

(a) (b) (c)

Figure 4.31: The photos of focused beam spots. (a) spot(6,6) at E1 of 20.925 kV , (b) spot(16,5) at E1 of 20.875 kV ,

(c) spot(17,17) at E1 of 20.725 kV .

Figure 4.32: The vertical and horizontal pro�les of the 3 spots.

top-left quadrant (�gure 4.33). The narrowest widths in horizontal and vertical directions

are smaller than the value when focused, although they emerge for various electrode

focusing voltages of E1 group. The values in this graph are smaller than those in table 4.4,

that is because the spot is rotated by 28 degrees clockwise to match the horizontal and
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Table 4.4: The FWHM values of the spots

TL-H TL-V BL-H BL-V BR-H BR-V

FWHM /�m 3.9 3.6 2.8 2.8 3.0 3.8

Figure 4.33: The FWHM values for the through-focus series of beam spot (6,6), the photos are rotated by 28

degrees to be straight.

vertical direction with the aperture pattern on ALA. The smallest width out of focus is

about 2.5 �m. And the expected value is 1.0 �m, as shown in section 4.7.1.

4.7.3 Beam current for all the fourqadrants

Table 4.5: The conditions used for the experimental measurement.

Filament

current /A
YAG current

current /nA
Extractor

voltage /kV
E1 group

voltage /kV
E2 group

voltage /kV
2.33 579 5.0 20.6 3.0

The beam current for every beamlet has been examined. We assume the light intensity

is proportional to the beam current, so we sum up the intensity of all the beam spots (via

camera photo) and calculate the percentage of individual spot intensities, then, we �gure

out the beam current for every electron beam. The results are shown in �gure 4.34. Within

each quadrant the current per beam �uctuated less than 0.1 nA. The current range for the

top left and bottom left quadrants (the round apertures) is from about 1.0 nA to about 1.08

nA. The range for the top right quadrant is 1.30-1.44 nA, and the range for the bottom

right is from 1.1–1.2 nA. All four quadrants show a trend that the beam current for the

inner beams is higher than that of the outer beams.

The beamlet current in this experiment is about 1.0 nA, which is less than the desired 5.0

nA current for every beamlet. The 5.0 nA beamlet current is derived from a 1.0 mA/sr
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angular intensity of a beam delivered from a Schottky source and 1.25 mrad half opening

angle. However, we did not achieve both conditions in the experiment for two reasons as

shown below.

(a) The Schottky source was not running at 1.0 mA/sr angular intensity. The

Schottky source in the experiment was running at about 0.3 mA/sr for some reasons,

e.g. HV insulation between electrodes will deteriorate when we increase the beam

current.

(b) The half opening angle is less than 1.25 mrad that we intend to use in the
end. In the mechanical design of the source, the thickness of the spacers is thicker

than the value in the EOD model. However, the diameter of the apertures in the ALA

is the same as it in the EOD model, therefor, the half opening angle of an aperture is

less than the designed value of 1.25 mrad .

The source characterization experiment mentioned in chapter 3 proved that it’s possible to

reach 1.0 mA/sr angular intensity and below 1.0 mA extractor current for a 1.0 �m radius

Schottky emitter. For a stable emission in long-term, 0.8 mA/sr angular intensity is feasible

for a Schottky emitter.

Figure 4.34: The current for the individual electron beam with the assumption that the intensity of the spot is

proportional to the beam current. The unit for the color bar is nA.
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4.7.4 Astigmatism manipulation with voltage settings.
From subsection 4.7.2, we know there is noticeable astigmatism in this MBS design, we

would like to �gure out if it’s caused by the unoptimized voltage con�guration or the

unperfect alignment during the assembling. Thus, we did the simulation in EOD and made

two setups of voltage, one setup had large astigmatism (table 4.6 I), and the other setup had

small astigmatism (table 4.6 II). Astigmatism in the o�-axis beams is caused by the spherical

aberration of the macro lens (ZSL). We can manipulate the aberration by changing the

voltage on the E2 group. The main di�erence between the two sets of data is the voltage of

the E2 group and the corresponding focusing voltages on the E1 group. The voltages of

electrodes in table 4.6 are with respect to ground.

Table 4.6: Two setups of voltages, one has large astigmatism (I), and the other has small astigmatism (II).

I II
Extraction voltage /kV 5.0 5.0

E11&E12 /kV 18.5-19.8 20.65-21.65
E21&E22 /kV 4.5 2.25

ALA /V 0 0

YAG /nA 530 630

Astigmatism coe�cient/1/mm 3.86 1.44

Pitch mm 0.96 0.52

After applying the voltages according to table 4.6 on the MBS setup, we analyzed the

acquired photos as described in section 4.5. The results are shown in �gure 4.35. The dark

purple dots are invalid data points as the post-processing failed.

Figure 4.35 shows that the FW50 results, and the voltage set with small astigmatism also

(a) (b)

Figure 4.35: FW50 of the two setup voltages: Situation I (a) and situation II (b).

generates a smaller and more uniform spot size comparing to the other voltage set.

To evaluate the spot size without astigmatism, we need to examine the minimal width out

of the focus plane/voltage. To represent the spots for this purpose, we created an ellipse

model (�gure 4.36), which we assume for every spot and further, has a 2D Gaussian current

density distribution. The angle between the horizontal and the long axis of the ellipse
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de�nes the rotation angle. All the spots are analyzed through the series of di�erent E1

group voltages and compare the short axis to determine the spot’s minimal width. Usually,

this minimal width occurs outside the focusing plane/voltage. Therefore, we call these

results the minimum width out of focus.

Figure 4.37 shows the minimum width out of focus for both voltage setups. In the right

graph, there are many missing spots in the bottom left and bottom right quadrants caused

by the processing software failure. Additionally, the simulated optimal shape does not

achieve the smallest spot size (also see �gure 4.30), we decided not to continue with this

solution. Hereafter, we will concentrate on the top left quadrant of the ALA.

The minimal width of the top left quadrant is plotted in a histogram (�gure 4.38), where

Figure 4.36: The assumption of the ellipse model.

(a) (b)

Figure 4.37: The minimum width out of focus for the situation I(a) and situation II(b).

it can be seen that voltage setting I has a better performance, taking the whole quadrant’s

minimal width into account. However, the astigmatism is larger for this voltage setting.

Figure 4.39 and �gure 4.40 show the through focus FW50 and minimal width of the spots on

the diagonal for both situations I and situation II. For a larger astigmatism voltage setting,

the spot size becomes larger from the center to the edge of the ALA, but the spot size of

the voltage setting with small aberration is quite constant from the center to the edge.
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Figure 4.38: Histogram of the minimal width for the top left quadrant under two voltage settings.

(a) (b)

Figure 4.39: FW50 through focus series for the spots on the diagonal in the top left quadrant, (a). situation I , (b).

situation II.

(a) (b)

Figure 4.40: Minimum width through focus series for the spots on the diagonal in the top left quadrant, (a).

situation I , (b). situation II.
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4.8 Measurementforthelargehexagonalpatterned
ALA.

Figure 4.41: Schematic diagram of the correlation between total electron beam at YAG plane, YAG screen, measure

area, location a, and location b.

We designed an ALA in a hexagonal pattern, the aperture size is 20 �m, and the distance

from one aperture to another is 26 �m, all the apertures are within a 2.0 mm circle. The

surrounding apertures of the central aperture are left out as well as an aperture next to

the circle of missing apertures; the latter is to indicate the orientation of the pattern. The

green dots in �gure 4.41 show most of the shadow images of the ALA.

Because there is a 0.5 mm displacement of the ALA with respect to the axis of the multi-

(a) (b)

Figure 4.42: (a) The cell phone photo of beam spots on the YAG. (b) 25×29 beam spots in a stitched image.

beam source, the center of the ALA is not on the axis, whose center is given by location
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a. The correlation between the beam spots and the YAG screen is shown in �gure 4.41.

We set the beam energy to 4 keV , E2 group voltage to 3 kV , and ALA to 0 V with respect

to the ground potential and got focused beam spots when we set the E1 group voltage to

around 16 kV . The beam current is about 1 nA per beamlet. In �gure 4.42, a photo of the

focused beam spots is shown, taken by a cell phone and stitched image of 25 × 29 beam

spots taken by our optical microscope. From the stitched image, we found unexpected

astigmatism for the spots over the whole YAG screen. Surprisingly, the spots at location b

(�gure 4.41) exhibit the least astigmatism. Therefore, two 9 × 9 spot areas are inspected,

with the centers at locations a and b, respectively.

In table 4.7 the through-focus serial photos for the spots at locations a and b are given.

Table 4.7: Through focus serial photos for two di�erent locations.

E1 voltage / kV 14.0 15.0 16.0 17.0

Location a

Location b

We observe that the spot at location b shows less astigmatism than at location a, and an

apparent 12-pole e�ect can be seen for the E1 group voltage of 14.0 kV for both spots,

which is what we expected.

We also analyzed both 9 × 9 spots area at locations a and b and display the FW50 and

minimum width for the spots on the diagonal in �gures 4.43 and 4.44, respectively. The

minimum width of hexagonal patterned ALA can be as low as 2.1 �m for the 4 keV electron

beam. In contrast, the minimum width of a square patterned ALA could be as low as

between 3.0 �m and 3.5 �m at 5.0 keV beam energy (�gure 4.40).

Therefore, hexagonal patterned ALA can also suppress the octupole e�ect of an aperture

lens array.

(a) (b)

Figure 4.43: The FW50 for the spots on the diagonal of a. location a and b. location b.
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(a) (b)

Figure 4.44: The minimum width for the spots on the diagonal of a. location a and b. location b.

4.9 Measurement for the decelerating lens mode
We continue the MBS experiment on a horizontal demonstrator setup, which is aiming to

prove the concept of the whole column including a MBS, and it has e�ective magnetic �eld

shielding. There is a di�erential pumping aperture to separate the vacuum of the emitter

chamber and the other vessels. This di�erential aperture is about 2.0 mm below ALA, has

a 2.0 mm hole, and is always connected to ground potential.

We tried a decelerating lens mode in the MBS, because this mode can work with lower volt-

ages with negative polarity with respect to ground, and we can save time from conditioning

the electrode as we did in the normal accelerating lens mode. When a negative voltage

is applied to the ALA, the lens between ALA and this di�erential pumping aperture will

focus the electron beams. Unfortunately, the di�erential pumping aperture is not aligned

with the other optical components, which may cause unexpected aberrations. Table 4.8

shows the voltage setting on the power supplies for the decelerating lens mode and the

accelerating lens mode setting as a comparison, and the potential di�erences with respect

to the emitter are included in the table.

Figure 4.45 shows two photos of the spots (not focused yet) on the YAG screen for both

modes. The center spot is easy to recognize because of the absence of the spots around it.

We can see a big distortion in the grid of decelerating lens mode, while the distortion is

negligible in the grid of the accelerating lens mode.

Table 4.8: Voltage (w.r.t. ground) and potentials w.r.t. emitter for the decelerating lens mode and accelerating

mode, unit is kV .

w.r.t. ground w.r.t. ground w.r.t. emit-

ter

w.r.t. emit-

ter

Lens mode Dec Acc Dec Acc

PE energy 5.5 3.5 5.5 3.5

Emitter −5.5 −3.5 0 0

Extractor 0 1.3 5.5 4.8

E1 group −2 12.4∼13.4 3.5 15.9∼16.9

E2 group −4.2 3.5 1.3 7

ALA −3.3∼ −3.4 0 2.1∼2.2 3.5

Di� aperture 0 0 5.5 3.5
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Figure 4.46 shows a selection of spots around the central beam spot (10, 10) with the

(a) (b)

Figure 4.45: (a) Photos of the spot pattern on the YAG screen for a decelerating lens mode. (b) an accelerating

lens mode.

coordinates at the border, the ALA voltage here is -3340 V , and we set the electrodes at

the decelerating lens mode. We can see some double-dot shape spots in the �gure with

di�erent orientations. We made through-focus series for two typical spots, indicated in the

�gure with green borders, shown in table 4.9. The spot (10, 3) is overfocused at -3340 V
and shows a two-dot shape. There are still electrons distributed around and between the

two dots at this voltage, and the shape turned into almost a horizontal line at voltage -3380

V . The spot (15, 10) displays the octupole e�ect when it is out of focus, but stretched by

astigmatism to some extent. In order to �nd out if the double dots are a result of a damaged

emitter with two emission spots, we went back to the accelerating mode although the

maximum beam energy there was only 3.5 keV , limited by breakdowns at higher voltages

of the E1 and E2 electrodes.

Table 4.9: Through focus series of two spots for the decelerating lens mode.

The voltage

on ALA /kV
−3.25 −3.28 −3.30 −3.32 −3.34 −3.36 −3.38

(10, 3)

The voltage

on ALA /kV
−3.30 −3.32 −3.34 −3.345 −3.3 −3.38 −3.40

(15, 10)
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Figure 4.46: Some beam spots on the YAG screen for the decelerating lens mode.

Figure 4.47: Some beam spots on the YAG screen for the accelerating lens mode.
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Figure 4.47 shows a selection of spots around the central beam spot (10, 10) with the

coordinates at the border, the E1 group electrode voltages here is 12.9 kV . The shape of

all spots is a single dot, which proves that the double-dot shape for the deceleration lens

mode is not caused by an abnormal emitter. We made through-focus series for several

spots, again indicated with green borders. Through-focus series of these spots are shown

in table 4.10. We can see the spot shape is uniform even when the spots are out of focus,

except the central spot (10, 10). The asymmetric shape of the central spot when it is out of

focus is probably caused by the asymmetry of its neighboring apertures, but could also be

a result of charging of the aperture. In some spots, we can see a few hairline traces, which

are scratches on the YAG screen surface generated in its manufacturing.

Table 4.10: Through focus series of several spots for the accelerating lens mode.

The voltage

on E1 /kV
12.4 12.5 12.6 12.7 12.8 12.9 13.0 13.1

(10,3)

(10,17)

(3,10)

(17,10)

(10,10)

Table 4.10: Through focus series of several spots for the accelerating lens mode(continued).

The voltage

on E1 /kV
13.2 13.3 13.4 13.5

(10, 3)

(10, 17)

(3, 10)

(17, 10)

(10, 10)

Now we are about to prove that the double-dot shape in �gure 4.46 is not caused by

the emitter, we try to explain it with aberration theory by simulating the spot shape with

Zernike polynomials [69][70]. In light optics, for complicated aberrations, it is convenient

to take a representation with completeness and orthogonality. In Noll’s ordering scheme,

index 5 ( Z−22 ) and 14 ( Z 44 ) are astigmatism and fourfold e�ect, respectively, and we found
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that with a combination of these two factors, the shapes in �gure4.46 and table 4.9 can be

reproduced when the beams are out of focus.

Figure 4.48: Zernike polynomials, ordered vertically by radial degree and horizontally by azimuthal degree [71].

The simulation including two aberrations is done in MATLAB and shown in table 4.11.

In the table, we can see the spot shape in di�erent planes for two typical spots (double-dot

and single-dot shapes) in �gure 4.46. Planes 1 to 5 represent �ve planes from under-focus

to over-focus locations in the beam axis direction. The simulation of spot (10, 3) has more

astigmatism than spot (15, 10). When we now look again at �gure 4.46 we interpret the

double dots in the most left and right vertical stripes as the result of astigmatism. From

the fact that there is no astigmatism in the vertical stripe in the middle, we tentatively

conclude that the di�erential pumping aperture is displaced horizontally with respect to

the axis of the ALA chip.

When there is no obvious astigmatism, and only a fourfold e�ect exists, like what we have

seen for the accelerating lens mode in �gure 4.47 and table 4.10, the simulation also shows

exactly the same through focus series in table 4.12.

Table 4.11: Simulation for two spots in decelerating lens mode.

Defocus 1 2 3 4 5

(10, 3)

Defocus 1 2 3 4 5

(15, 10)
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Table 4.12: Simulation for one spot in accelerating lens mode.

Defocus 1 2 3 4 5

4.10 Conclusions
In this chapter, we experimentally proved the possibility of manufacturing a Multi-Beam

Source which can deliver a few hundred beams with a beam current of a few nA per beamlet

and minimum spot widths between 2.1 and 3 �m at a 300 mm image plane. In many cases,

there was astigmatism that increased the in-focus size of the spots.

We observed an obvious octupole e�ect for the square-patterned ALA and tried to compen-

sate for it with shaped apertures. The simulation indicates that with a proper correction the

FW50 value of the focused spot can be 65% of the value for a non-correct spot. However, the

experimental results indicate that the octupole �eld generated by the shaped aperture is too

sensitive to give a stable compensation of the octupole �eld generated by the surrounding

apertures.

We did not �nd an indication that the o�-axis spots have a noticeable coma or spreading

by dispersion caused by the energy spread in the beams.

Hexagonal patterned apertures can also suppress the octupole �eld and leave a small

12-pole e�ect which will generate a smaller spot size.

With these solid experimental results, we are ready to build a demonstrator of the whole

system, including the objective lenses and detection system. In the experiment, the mea-

surement su�ered from the 50 Hz electromagnetic noise. Therefore, the demonstrator

should have a good magnetic shielding. It is also good to have the ability to adjust the

position, pitch and rotation of the beam pattern, which can be done with certain coils in

the MBS of the demonstrator.

Finally, we conclude that if the astigmatism and fourfold astigmatism (octupole e�ect) is

corrected near the objective lenses, the system should be able to deliver a few hundred

beams with the same quality as a beam in a single beam system.
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5
Summary

In this thesis, the author investigates the extended Schottky source for the application

in a multi-beam source (MBS). The work has been done in both theoretical work and

experimental work. The major conclusions are summarized in this chapter.

The goal of chapter 2 was to �nd the virtual source properties of o�-axis beams from

the Schottky source, beams which are usually created by positioning an o�-axial aperture

in the emission cone. We �rst reviewed some research on the o�-axial electron beam

in a source from the literature. Then, we brie�y explained the theory of boundary ele-

ment method (BEM). With the software CPO2D, which is based on the Boundary Element

Method, we �rst did ray tracing of a Schottky source for the cold emitted electrons in a

line. We calculated the spherical aberration coe�cient for 10 apertures of 3 cases with the

rays from the facet to a �eld-free plane. The �rst case is a radius 0.5 �m emitter at 5 kV
extraction voltage, the second case is a radius 1.0 �m emitter at 5 kV extraction voltage,

and the third case is also a radius 1.0 �m emitter but with 6 kV extraction voltage, the

virtual source plane of the central aperture was chosen for the �tting. We also calculated

some aberrations individually for on-axis and o�-axial apertures.

We also derived the defocus and displacement of the meridional focus plane for the o�-

axial beams. We calculated the planes with these formulas and the spherical aberration

coe�cient from the last step.

By checking the emission area at the facet for an o�-axial aperture in the �eld-free area,

we calculated the virtual source size on both x and y directions for o�-axial apertures. We

found that the virtual source size is di�erent in the x and y direction for o�-axial beams,

which must be taken into account for a multi-beam application.

We also calculated the size and shape of the aberrations, and we found that both the virtual

source and aberration spot will be elongated in the y direction, and individual stigmators

will be needed to correct for astigmatism. The blur caused by defocus and astigmatism, in

the virtual source plane of the central beams, is smaller than the virtual source sizes up

to the maximum polar angles for every case, and the virtual source size is the dominant

contribution of the total source size in a Schottky source system.
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In chapter 3, We aimed to achieve 1.0 mA/sr angular intensity for a radius of 1.0 �m
TFE emitter, and we found it’s possible for di�erent emitter temperatures. The current in

the dog ear area and emitted from the shank make things complicated, and we need to

balance them and choose an intermediate emitter temperature.

From the angular intensity maps, we found that the uniform region could be as large

as about 100 mrad from the emission pattern center (optical axis). These should be the

physical limitations caused by the TFE source for the multi-beam application. Of course,

engineering may give other limits to the range that we can utilize.

We found it challenging to maintain a stable emission at 1.0 mA/sr for a large opening

angle from the long-term running curve. The YAG screen current drops all the time though

the angular intensity keeps more or less the same, it’s because the morphologic changes

happened at the edge of the emitter facet in a long-term running, and it’s not good for the

long-term stability for a multi-beam application which needs current from both the center

and o�-axial area.

We also found the YAG current could be reasonably stable for the whole emitting facet at

0.81mA/sr angular intensity. A constant YAG current indicates a stable facet shape without

morphologic change or further faceting of the tip, and this is essential for a multi-beam

source that is supposed to work perfectly for a whole year.

We speculate that to obtain a stable 1.0 mA/sr for up to 100 mrad half opening angle, an

emitter with slightly larger radius should be chosen.

In chapter 4, we experimentally proved the possibility of manufacturing a Multi-Beam

Source which can deliver a few hundred beams with a beam current of a few nA per beamlet

and minimum spot widths between 2.1 and 3 �m at a 300 mm image plane. In many cases,

there was astigmatism that increased the in-focus size of the spots.

We observed an obvious octupole e�ect for the square-patterned ALA and tried to compen-

sate for it with shaped apertures. The simulation indicates that with a proper correction the

FW50 value of the focused spot can be 65% of the value for a non-correct spot. However, the

experimental results indicate that the octupole �eld generated by the shaped aperture is too

sensitive to give a stable compensation of the octupole �eld generated by the surrounding

apertures.

We did not �nd an indication that the o�-axis spots have a noticeable coma or spreading

by dispersion caused by the energy spread in the beams.

Hexagonal patterned apertures can also suppress the octupole �eld and leave a small

12-pole e�ect which will generate a smaller spot size.

With these solid experimental results, we are ready to build a demonstrator of the whole

system, including the objective lenses and detection system. In the experiment, the mea-

surement su�ered from the 50 Hz electromagnetic noise. Therefore, the demonstrator

should have a good magnetic shielding. It is also good to have the ability to adjust the

position, pitch and rotation of the beam pattern, which can be done with certain coils in

the MBS of the demonstrator.

Finally, we conclude that if the astigmatism and fourfold astigmatism (octupole e�ect) is

corrected near the objective lenses, the system should be able to deliver a few hundred

beams with the same quality as a beam in a single beam system.
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6
Samenvatting

Samenvatting In dit proefschrift onderzoekt de auteur de eigenschappen van de Schottky-

bron voor toepassing in een multi-bundel bron (MBS). Het bevat zowel theoretisch als

experimenteel werk. De belangrijkste conclusies zijn in dit hoofdstuk samengevat.

Het doel van hoofdstuk 2 was om de eigenschappen van de virtuele bron te vinden van

niet-axiale bundels van de Schottky-bron, bundels die meestal worden gecreëerd door een

naast de as geplaatst apertuur in de emissiekegel te zetten. We hebben eerst wat onderzoek

naar niet-axiale elektronenbundels besproken zoals gevonden in de literatuur.

Vervolgens hebben we kort de theorie van de ladingsdichtheid methode (BEM) uitgelegd

die de basis vormt van de software CPO2D waarmee we baanberekeningen hebben gedaan

van een Schottky-bron. We berekenden de sferische aberratiecoë�ciënt voor 10 openingen

van 3 gevallen met de stralen van het facet naar een veldvrij vlak. Het eerste geval is een tip

met een straal van 0,5 �m bij een extractiespanning van 5 kV , het tweede geval is een tip

met een straal van 1,0 �m bij een extractiespanning van 5 kV , en het derde geval is ook een

tip met een straal van 1,0 �m, maar met een extractiespanning van 6 kV , de virtuele Voor

de �tting werd gekozen voor het bronvlak van de centrale opening. We hebben ook enkele

aberraties individueel berekend voor openingen op de as en buiten de axiale richting. We

hebben ook de defocus en verplaatsing van het meridionale focusvlak afgeleid voor de

niet-axiale bundels. We hebben de vlakken berekend met deze formules en de sferische

aberratiecoë�ciënt uit de laatste stap.

Door het emissiegebied aan het facet te controleren op een niet-axiale opening in het

veldvrije gebied, berekenden we de virtuele brongrootte in zowel de x- als de y-richting

voor niet-axiale openingen. We ontdekten dat de virtuele brongrootte verschillend is in de

x- en y-richting voor niet-axiale bundels, waarmee rekening moet worden gehouden bij

een toepassing met meerdere bundels.

We hebben ook de grootte en vorm van de aberraties berekend en we hebben vastgesteld dat

zowel de virtuele bron als de aberratievlek in de y-richting groter zijn dan in de x-richting,

en dat er individuele stigmatoren nodig zullen zijn om astigmatisme te corrigeren. De

onscherpte veroorzaakt door onscherpte en astigmatisme in het virtuele bronvlak van

de centrale bundels is kleiner dan de virtuele brongroottes, tot aan de maximale polaire
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hoeken voor elk geval, en de virtuele brongrootte is de dominante bijdrage van de totale

brongrootte in een Schottky-bron systeem.

In hoofdstuk 3 streefden we naar een hoekintensiteit van 1,0 mA/sr te bereiken voor

een straal van 1,0 �m TFE tip, en we ontdekten dat dit mogelijk is voor verschillende

emittertemperaturen. De stroom in het gebied van het hondenoor en de stroom die door de

schacht wordt uitgezonden, maken de zaken ingewikkeld, en we moeten ze in evenwicht

brengen en een tussenliggende emittertemperatuur kiezen.

Uit de hoekintensiteitskaarten hebben we ontdekt dat het uniforme gebied ongeveer 100

mrad vanaf het centrum van het emissiepatroon (optische as)kan bedragen. Dit is dan de

fysieke beperkingdie wordt veroorzaakt door de TFE-bron voor de toepassing met meerdere

bundels. Uiteraard kan de techniek andere grenzen stellen aan het bereik dat we kunnen

benutten.

We vonden het een uitdaging om een stabiele emissie van 1,0 mA/sr te handhaven voor

een grote openingshoek ten opzichte van de langetermijncurve. De YAG-schermstroom

daalt voortdurend, hoewel de hoekintensiteit min of meer hetzelfde blijft. Dit komt doordat

de morfologische veranderingen op de lange termijn aan de rand van het emitterfacet

plaatsvonden, en dat is niet goed voor de stabiliteit op lange termijn voor een toepassing

met meerdere bundels die stroom nodig heeft vanuit zowel het midden als het niet-axiale

gebied.

We ontdekten ook dat de YAG-stroom redelijk stabiel kon zijn voor het hele emitterende

facet bij een hoekintensiteit van 0,81 mA/sr . Een constante YAG-stroom duidt op een

stabiele facetvorm zonder morfologische verandering of verdere facettering van de punt, en

dit is essentieel voor een bron met meerdere bundels die een heel jaar perfect zou moeten

werken.

We speculeren dat om een stabiele 1,0 mA/sr te verkrijgen voor een halve openingshoek

van maximaal 100 mrad , een emitter met een iets grotere straal moet worden gekozen.

In hoofdstuk 4 hebben we experimenteel de mogelijkheid bewezen om een Multi-Beam

Source te vervaardigen die een paar honderd bundels kan leveren met een bundelstroom

van een paar nA per bundeltje en minimale spotbreedtes tussen 2,1 en 3 �m bij een beeldvlak

van 300 mm. In veel gevallen was er sprake van astigmatisme waardoor de scherpte van

de vlekken groter werd.

We observeerden een duidelijk achtpoole�ect veroorzaakt door de aperture lens array ALA

met vierkant patroon en probeerden dit te compenseren met niet-ronde openingen. De

simulatie geeft aan dat met een juiste correctie de FW50-waarde van de gefocusseerde vlek

65% kan zijn van de waarde voor een niet-correcte vlek. De experimentele resultaten geven

echter aan dat het door de niet-ronde opening gegenereerde achtpoolveld te gevoelig is om

een stabiele compensatie te geven van het achtpoolveld dat door de omringende openingen

wordt gegenereerd.

We hebben geen indicatie gevonden dat de plekken buiten de as een merkbare coma hebben

of zich verspreiden door dispersie veroorzaakt door de energiespreiding in de bundels.

Zeshoekige openingen met patroon kunnen ook het achtpoolveld onderdrukken en een

klein 12-polig e�ect achterlaten dat een kleinere vlekgrootte genereert. Met deze solide

experimentele resultaten zijn we klaar om een demonstrator van het hele systeem te
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bouwen, inclusief de objectie�enzen en het detectiesysteem. In het experiment had de

meting last van de elektromagnetische ruis van 50 Hz. Daarom moet de demonstrator een

goede magnetische afscherming hebben. Het is ook goed om de mogelijkheid te hebben

om de positie, toonhoogte en rotatie van het straalpatroon aan te passen, wat gedaan kan

worden met bepaalde spoelen in de MBS van de demonstrator.

Ten slotte concluderen we dat als het astigmatisme en het viervoudige astigmatisme

(octupoole�ect) worden gecorrigeerd nabij de objectie�enzen, het systeem in staat zou

moeten zijn om een paar honderd bundels te leveren met dezelfde kwaliteit als een bundel

in een enkel bundelsysteem.
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