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Introduction

The beginning of particle physics can be traced back to 1895 when, in a cathode ray
tube experiment, Röntgen accidentally discovered X-rays. Since then, many new
particles have been discovered, some before and others after they were theoretically
explained. In the 1960s, with the development of the first accelerator machines ac-
celerating particles to probe higher energies, many new particles were found in a
short time, and physicists sought to bring order to this “particle zoo”, as this mass
of new particles and the resulting difficulties in finding their inner structure, was
called. A theoretical model was required to organise the mass of composite particles
found with these first accelerators. This model includes the fundamental building
blocks of hadrons (quarks) and became the Standard Model (SM) of particle physics.
It is one of the most precise and, at the same time, elegant theoretical descriptions.
It includes only two different kinds of particles - fermions, of which matter consists,
and bosons, the fundamental force carrier particles - and explains three of the four
fundamental forces: The weak force, the strong force and the electromagnetic force,
only leaving out the gravitational force. The SM was completed in 2012 by the
experimental finding of the last of its predicted particles, the Higgs boson, at the
Large Hadron Collider (LHC) at CERN [1, 2].
The fermions in the SM are grouped into three “generations” of particles, which are
physically similar, although the particles differ in their masses. In this context, the
SM’s first unanswered question can be posed: why are there three generations and
not four or two? Furthermore, the Higgs field gives mass to the massive particles of
the SM through the Higgs mechanism. But why are the masses as they are? Why
is the coupling of the Higgs particle different for each particle? Might the Higgs
particle be composite?
For these and many more open questions concerning the newest particle, it is impor-
tant to do further precision measurements on the Higgs boson and trace the limits of
the SM. Especially for these measurements, it is necessary to probe the fundamen-
tal laws of nature using higher energies and greater precision. Thus, the particle
physics community is evaluating different concepts for the successor of the LHC,
aiming to push the energy and intensity frontier. The most prominent successor
of the LHC is the proposed Future Circular Collider (FCC). In its first phase, the
FCC-ee will accelerate electrons and their antiparticles, the positrons, and collide
them to produce very clean collisions for precision measurements of the properties
of the SM. It is designed to enable such precision measurements in connection with,
for example, the Higgs boson, the top quark, the electroweak sector, and flavour
physics. Especially for flavour physics at the Z pole, it will be important to have an
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excellent reconstruction of the primary, secondary and tertiary vertices, as hadrons
containing heavy quarks typically have short lifetimes and need to be reconstructed
for these measurements. A precise vertex reconstruction necessitates high-precision,
light inner tracking layers; the vertex detector. The investigation of this detector
and its sensor candidates with regard to the FCC-ee requirements is the central
point of this thesis. In the scope of this work, sensor prototypes are characterised
following the requirements of vertex detectors at future electron-positron colliders
like the FCC-ee. This includes the question of whether a resolution of 3 µm can be
reached in 65 nm CMOS Imaging Process (CIS) technology. This characterisation
aims to compare different chip variants to guide the development of the next gener-
ation of sensors that eventually would instrument FCC-ee vertex detectors.
This work consists of six chapters: Firstly, the reader is equipped with the under-
lying physics motivation for future collider experiments. This includes an overview
of the SM, a discussion of its open questions, and an introduction to the FCC and
its physics programme, especially of the FCC-ee. Next, an outline of the techniques
used in the innermost detector layers, tracking and vertexing, is given, before the
historical and technological evolution of Monolithic Active Pixel Sensors (MAPS)
is discussed. This chapter also includes an introduction to the CE-65 prototype
structure, its technical specifications and the motivation for its characterisation in
this thesis. The following chapters discuss the experiments and analyses done to
characterise the sensors, and the results are presented. The thesis then closes with
conclusions and provides an outlook on the future of MAPS for FCC-ee vertex de-
tectors.



Chapter 1

The Standard Model of particle
physics

Humanity has long been pursuing the philosophy that the whole Universe, including
all matter, could probably be described by only a small number of indivisible com-
ponents. In ancient Greece, the earliest concept of “atomos” (indivisible) particles
was debated philosophically. This theory was followed thoroughly throughout the
evolution of science in the strong belief that one day, humanity could find proof
for it. Since then, the fundamental building blocks of the Universe were suspected
to have been found some times before, among others, the word “atom” is derived
from “atomos”. Likewise, the fascination with the laws that govern the motion and
interaction of matter has a long history. Researchers investigated different forces on
Earth and beyond to shed light on one of the biggest questions we can pose: What
is the Universe made of, and which laws govern the way nature evolves?
These endeavours to find the fundamental building blocks are now gathered together
in the Standard Model of particle physics (SM), whose structure is represented in
Figure 1.1.

The SM is grouping the particles into two different kinds: the fermions (matter
particles), which are divided again into quarks and leptons, and the bosons (force
carrier particles). According to the SM, all matter consists of these twelve particles
and their corresponding antiparticles. They interact by exchanging force carrier
particles, corresponding to one of the three forces present in the SM; the gluon cor-
responding to the strong force, the photon to the electromagnetic force and the W
and Z bosons to the weak force.
While the theory was developed in the early 1970s [4–13], the experimental proof of
the last particle, predicted by the SM, was only found in 2012. Then, the ATLAS
and CMS collaborations at CERN announced the finding of the last predicted parti-
cle of the SM, the Higgs boson [1, 2]. The Higgs boson is the quantum excitation of
the Higgs field that gives mass to other SM particles via the Yukawa coupling and
spontaneous symmetry breaking [14]. Apart from whether the Higgs is composite
and the differences in coupling of the Higgs field to the quarks and charged leptons,
there are more open questions concerning the newest fundamental particle. Preci-
sion measurements and very high collision energies would be needed to answer the
questions regarding the Higgs boson and the SM at large.



4 The Standard Model

R
/G
/B

2/3

1/2

2.3 MeV

up

u

R
/G
/B

−1/3

1/2

4.8 MeV

down

d
−1

1/2

511 keV

electron

e

1/2

< 2 eV

e neutrino

νe

R
/G
/B

2/3

1/2

1.28 GeV

charm

c

R
/G
/B

−1/3

1/2

95 MeV

strange

s

−1

1/2

105.7 MeV

muon

µ

1/2

< 190 keV

µ neutrino

νµ

R
/G
/B

2/3

1/2

173.2 GeV

top

t
R
/G
/B

−1/3

1/2

4.7 GeV

bottom

b
−1

1/2

1.777 GeV

tau

τ

1/2

< 18.2 MeV

τ neutrino

ντ
±1

1

80.4 GeV

W±
1

91.2 GeV

Z

1
photon

γ

colour

1
gluon

g

0

125.1 GeV

Higgs

H

graviton

stro
n
g
n
u
clear

fo
rce

(co
lou

r)

electro
m
a
g
n
etic

force
(ch

a
rge)

w
ea
k
n
u
clear

fo
rce

(w
ea
k
iso

sp
in
)

grav
itatio

n
al

fo
rce

(m
a
ss)

charge

colours
mass

spin

6
q
u
ark

s
(+

6
an

ti-q
u
ark

s)
6
lep

to
n
s

(+
6
an

ti-lep
ton

s)

12 fermions
(+12 anti-fermions)
increasing mass →

5 bosons
(+1 opposite charge W )

standard matter unstable matter force carriers
Goldstone
bosons

outside
standard model

1st 2nd 3rd generation

Figure 1.1: The Standard Model of particle physics, including all known and exper-
imentally observed elementary particles divided into fermions (leptons and quarks)
on the left-hand side, Gauge bosons in the middle and the Higgs boson on the right-
hand side. From Reference [3].

In the following, specific topics where further progress in HEP is needed are picked
out and explained in more detail. Thereafter, colliders are introduced generally,
and a comparison between hadron and lepton colliders is made. At the end of this
chapter, the current status of research on these open questions is summarised.

1.1 Electroweak unification

Another effect the SM describes is the electroweak unification. At the energy scale
corresponding to the mass of the vector bosons W and Z (∼100 GeV) [14], the elec-
tromagnetic and the weak interactions unify and are described by the electroweak
interaction [6]. In this unification, the electromagnetic and neutral currents corre-
sponding to these two interactions act as a superposition and are mathematically
described by a combined Lagrangian. The observables, sensitive to electroweak
corrections, need to be predicted more and more precisely as the experiments mea-
suring them get better and better. If a measurement showed a deviating result
from the theoretical predictions, it would hint towards the existence of new, weakly
interacting particles at higher scales. Precision measurements on these electroweak
observables, like the W and Z boson masses and decay widths, are thus an essential
tool for constraining theories describing physics beyond the SM. [15]
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1.2 CKM matrix

Another example of a precision measurement is the study of the Cabibbo-Kobayashi-
Maskawa [16, 17] matrix parameters. According to the SM, quarks can be ordered
in three flavour doublets of an up- and a down-type quark. The structure of the
electroweak charged current interactions, involving the 𝑊+ and 𝑊− bosons, allows
only transitions within the doublet, but no transitions between families are permit-
ted. This would, however, imply that the lightest particle of each doublet should be
stable since the strong and electromagnetic interactions do not carry flavour quan-
tum numbers and can, therefore, not mediate flavour-changing processes. What we
observe contradicts this assumption, as the Universe is almost exclusively composed
of particles of the first family and not only of the lightest particle per family. Cor-
respondingly, the interfamiliar mixing probability of quarks can not be zero. It can
be described by assuming that the quarks, when interacting weakly, are in their
weak eigenstates, which are combinations of their observable eigenstates. Math-
ematically, these mixed states are linear combinations of the mass eigenstates we
observe when particles travel. With this assumption, the observed phenomenology
can be reproduced. The weak isospin doublets would then look like this:(︂

𝑢
𝑑′

)︂ (︂
𝑐
𝑠′

)︂ (︂
𝑡
𝑏′

)︂
(1.1)

Where |𝑑′⟩ is assumed to be a linear combination of the mass eigenstates |𝑑⟩, |𝑠⟩
and |𝑏⟩. The connection between the three families can be described by introducing
mixing angles and a complex phase, which can be seen as rotations in flavour space.
The matrix describing these rotations has to be a unitary 3 × 3 matrix acting on
the mass states: ⎛⎝𝑑′𝑠′

𝑏′

⎞⎠ =

⎡⎣𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

⎤⎦ ⎛⎝𝑑𝑠
𝑏

⎞⎠ . (1.2)

This matrix, the CKM matrix, is the connection between the mass eigenstates
and the flavour eigenstates. With dedicated precision measurements, its parameters
could further be characterised to discover more about CP violation and, hence, about
the striking imbalance between matter and antimatter in our Universe. [14, 18–20].

1.3 Colliders

The precision with which we know the Higgs boson couplings and, hence, can un-
derstand the mechanisms leading charged fermions to have mass, is constrained by
high-energy collider experiments. In a collider, charged particles are accelerated
before colliding at specific interaction points (IP). Around these interaction points
(IPs) are experiments in which the particles resulting from the collisions are ob-
served. For example, the LHC at CERN hosts four experiments along its nearly
27 km long ring [21]. It is a hadron-hadron collider using particles accelerated to
nearly the speed of light.
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In a collider, the energy in the centre of mass frame defines the experiments which
are possible to conduct. This energy, given by the square root of the Lorentz invari-
ant quantity 𝑠, is greater than the sum of the masses of the particles being produced.
In natural units with c = 1, it is given by

√
𝑠 =

⎯⎸⎸⎷(︃∑︁
𝑖

𝐸𝑖

)︃2

−
(︃∑︁

𝑖

p𝑖

)︃2

, (1.3)

where 𝐸𝑖 is the initial energy and p𝑖 is the initial momentum of the collided particle
in three dimensions. For a collision of two particles inside a collider, the energy is
typically high, leading the mass of the particles to be negligible. In this case, the
centre of mass energy simplifies to

√
𝑠 = 𝐸1 + 𝐸2, which in the case of the LHC

corresponds to 6.799TeV for the two stable beams and a centre of mass energy of√
𝑠 =13.598TeV. [22]

The lifetime of a particle is given by the inverse of its transition rate, which is the
probability per unit time that the particle will decay. Fermi’s golden rule states that
the decay rate depends on the transition matrix element, |𝑀𝑓𝑖|2, giving the transi-
tion probabilities between different quantum states and the density of kinematically
accessible final states for the decay.

The luminosity is given by the ratio of the number of particles produced, dN,
in a certain period of time, dt, to the cross section, 𝜎, which is a measure of the
probability that a specific process will take place in an interaction of two particles.
It is given by

L =
1

𝜎

dN
dt

. (1.4)

In non-relativistic quantum mechanics, the transition rates of decaying particles are
obtained using Fermi’s golden rule, which is the transition rate Γ𝑓𝑖 from an initial
state ⟨𝑖| to a final state ⟨𝑓 |. It is usually expressed as

Γ𝑓𝑖 = 2𝜋|𝑇𝑓𝑖|2𝜌(𝐸𝑖), (1.5)

where 𝑇𝑓𝑖 is the transition matrix element and 𝜌(𝐸𝑖) is the density of states. If a
process is rare, its cross-section, 𝜎, given by the matrix element, 𝑇𝑓𝑖, is small. As
the luminosity is inversely proportional to the cross section, processes that happen
rarely can be measured more precisely with a high luminosity.

1.4 Hadron versus lepton colliders
The LHC is a powerful machine in high-energy particle physics research, very well
suited to probe high energies and potentially discover new particles. It was con-
structed for the purpose of discovering the Higgs boson and for the study of rare
events at high energies [21]. However, precision measurements are difficult to per-
form at the LHC because it is a hadron collider. Hadrons are composite particles
consisting of two or more quarks. When they interact, various effects have to be
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accounted for.
Due to the nature of hadron collisions at the LHC, the most interesting processes
are buried under a large background of well-understood, uninteresting processes.
Another unwanted effect comes from the fact that quarks evolve in groups, con-
nected by gluons. The further they are away from each other, the stronger the force
between them pulls them back together, as the particles mediating the strong force
between the quarks, the gluons, interact with each other. This feature is called
confinement and makes it more challenging to study, for example, effects where the
quark flavour is a relevant quantity. Due to confinement, in a proton-proton collider
like the LHC, it is unclear which of the partons (quarks or gluons) inside the proton
interacts with which of the partons of the other proton, and the momentum carried
by the partons is also unknown. If either has to be known, calculations are done us-
ing so-called parton distribution functions (PDFs). These give the probability of the
interacting parton (whichever this might have been) to have carried a momentum
fraction of the total momentum of the hadron at this moment [14]. Using PDFs is
highly impractical for precise calculations, as it increases the resulting uncertainties
due to not knowing the parameters of the interactions precisely. Luckily, there is an
easy solution to this problem: don’t accelerate composite particles, but elementary
particles like, for example, electrons and/or positrons. However, other challenges
arise for highly energetic electrons in a circular collider. One difficulty encountered
when accelerating electrons along a curved path is that the electrons can lose a sig-
nificant fraction of their energy via bremsstrahlung. To minimise bremsstrahlung, a
circular collider has to have a large radius, such that the trajectories of the particles
have to be bent as little as possible.
Generally, in an 𝑒+𝑒− collider, the systematic uncertainty and the number of par-
ticles are reduced compared to a hadron-hadron collider. Having fewer particles in
general and less total energy coming out per bunch collision also reduces radiation
levels. All of this contributes to having cleaner and, hence, better analysable data
samples in an 𝑒+𝑒− collider. [23]

1.5 Particles generated in collisions

Not all the particles produced in colliders are stable, so many are not detectable:
Only the electron, the proton, their antiparticles and the photon are stable and
detectable in standard detectors. For specialised searches, detectors can be extended
by instruments designed to detect the fourth stable particle, the neutrino. Some
unstable particles are detectable, as these particles travel long enough distances to
reach the detector before decaying. The distance travelled is of order 𝛾𝑣𝜏 , where 𝜏 is
the mean lifetime in the rest frame of the particle, 𝑣 is its possibly relativistic velocity,
and 𝛾 = 1/

√︀
1− 𝑣2/𝑐2 is the Lorentz factor, which accounts for the relativistic time

dilation. Unstable particles with a rest frame lifetime of approximately 10−10 s or
more will, therefore, propagate several meters before decaying. In this case, detecting
them directly in the detector should be possible if they are produced at high enough
energies. These relatively long-lived particles usually decay mainly via the weak
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force. This includes the muon, decaying to the electron in a leptonic weak decay,
conserving the lepton number by including the corresponding neutrinos, which only
couple to the weak force (𝜇→ 𝑒+ + 𝜈𝜇 + 𝜈𝑒). For unstable particles, which can not
be directly detected, the decay products are observed. These short-lived particles
include heavy fermions, like B and C hadrons, which have lifetimes of 𝒪(ps) and thus
travel 𝒪(50 µm). But also the Higgs boson, the gluon, and the W and Z bosons, can
not be observed directly. The tracks of the final state particles have to be measured
with very high resolution to see that they came from a secondary vertex, which is
sometimes only a few µm beside the collision vertex.

1.6 Particle physics in 2040 and beyond

The experiments, which have already started or will start data taking now and run
until the 2040s, can not answer all the open questions introduced in this chapter.
Some parameters are essential to be measured with more statistics, using higher en-
ergy or in different channels to reduce uncertainties. For example, the Higgs boson
coupling constants to SM particles are expected to be measured to the uncertainties
shown in Figure 1.2 until the 2040s. These uncertainties could be improved signifi-
cantly by using measurements from a high-energy electron-positron collider, like the
FCC-ee (see next chapter). In Table 1.1, the expected relative uncertainties at 68%
CL of the 𝜅 coupling constants, denoting the Higgs boson coupling strength to other
SM particles, are shown. Here, a comparison is made between the expected uncer-
tainties of the HL-LHC measurements and the FCC-ee measurements. Particularly
for the measurements which can not be done at HL-LHC, the results gained at FCC
are vital. But also, measurements like the 𝜅𝑍 , which can be improved by a factor of
13, can provide valuable new insights into the SM. [23]

Using an electron-positron collider, the top quark’s mass can be more accurately
determined than with a hadron collider. This measurement is in various ways impor-
tant for predicting electroweak precise observables (EWPO), like the width of the
W and Z bosons, Γ𝑊/𝑍 . Only if the top mass is measured with the highest possible
precision, the FCC-ee EWPO measurements give their best sensitivity. Shown in
Table 1.2 are some examples of electroweak parameters, which would benefit from
a precisely measured top mass. [23]

For flavour studies, a high-energy lepton collider is very well suited. The pileup,
which makes measurements in a hadron collider more complicated, is negligible,
and the high energies allow studies of heavy quarks and their couplings. Today’s
research on one of the heavy quark couplings, |𝑉𝑡𝑠|, can only be made by studying
loop diagrams. It is determined in studies of the 𝐵0

𝑠 − 𝐵
0

𝑠 mixing and is mediated
via t-W box diagrams shown in Figure 1.3.

Due to pileup effects and the nature of hadron collisions, flavour tagging is gen-
erally very difficult at a hadron collider. For a precision measurement of the CKM
parameter |𝑉𝑡𝑠|, a collider like the FCC-ee is desired, where this parameter could be
measured with comparable precision but model independently. [27, 28]

Another example of a study, which is limited by today’s collider performance,



The Standard Model 9

Figure 1.2: Expected coupling constant uncertainty after HL-LHC measurements of
Higgs boson to SM particles, assuming that the Higgs boson decays only to final
states predicted by the SM. From Reference [24].

Figure 1.3: Box diagrams of 𝐵0
𝑠 mixing. This channel is used to measure the CKM

parameter |𝑉𝑡𝑠|, assuming no new physics in the loop. From Reference [26].

is the unitarity triangle. The unitarity triangle is a graphical representation of the
parameters of the CKM matrix. Requiring the matrix to be unitary, a SM assump-
tion, constrains the individual parameters. The triangle representation emphasises
the dependencies of the different parameters on one another. In such a graphical
representation, the state of the art of CKM parameter measurements can be dis-
played, as shown in Figure 1.4a. After the Belle II and the upgraded LHCb runs
are fully analysed, the research landscape will change, as especially |𝑉𝑢𝑏| can be
measured to higher precision. For further information on the measurements of Belle
II and LHCb on the CKM matrix, see [29–31].
Using the FCC-ee, the physics landscape could change drastically. Precision mea-
surements of the heavy quarks make it possible to determine parameters like |𝑉𝑢𝑏| to
an uncertainty of 𝒪(%). For an overview of the improvement in two measurements
today and after FCC-ee, see Figure 1.4

The FCC-ee would be an ideal candidate for studying the unsolved questions
outlined in this chapter in an optimal setting. As a high-energy electron-positron
collider, it can study SM parameters to much greater detail and follow new physics
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Coupling (%) HL-LHC FCC-ee

𝜅𝑍 1.3 0.10
𝜅𝑊 1.5 0.29
𝜅𝑏 2.5 0.38/0.49
𝜅𝑔 2 0.49/0.54
𝜅𝜏 1.6 0.46
𝜅𝑐 - 0.70/0.87
𝜅𝛾 1.6 1.1
𝜅𝑍𝛾 10 4.3
𝜅𝑡 3.2 3.1
𝜅𝜇 4.4 3.3
|𝜅𝑠| - +29

−67

Γ𝐻 - 0.78

Table 1.1: Expected relative precision of the 𝜅 parameters (Higgs couplings to SM)
evaluated at 68% CL and of the Higgs boson total decay width Γ𝐻 . Comparison
between uncertainties as expected to be measured at HL-LHC and FCC-ee. For some
of the entries, the 𝜅 precision starts being limited by the projected SM parametric
uncertainties. For these entries, the precision obtained by neglecting such parametric
uncertainties is also reported (separated by a /). From Reference [23].

hints wherever they lead. In the following chapter, this project is further introduced,
showing a preliminary run plan, as well as a description of how experiments at FCC-
ee could look like.
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Observable value present
pm uncertainty FCC-ee

Stat. UC
FCC-ee

Syst. UC

𝑚Z (keV) 91 187 600 ± 2 000 4 100
ΓZ (keV) 2 495 500 ± 2 300 4 12
𝑚W (MeV) 80 360.2 ± 9.9 0.18 0.16
ΓW (MeV) 2 085 ± 42 0.27 0.2

Table 1.2: Comparison of a selection of observables connected to EWK precision
measurements. The present world-average precision value is taken from Refer-
ence [25], the experimental systematic uncertainty (UC) value at FCC-ee was deter-
mined in the scope of the feasibility studies for the FCC-ee in Reference [23]. The
goal is to improve the systematic UC further to match the statistical UC.

(a) State of the art CKM matrix triangle.
From Reference [32].

(b) Expected unitarity triangle after
FCC-ee. From Reference [33].

Figure 1.4: Comparison between the unitarity triangle now and after FCC-ee.





Chapter 2

The Future Circular Collider project

The future of experimental particle physics after the discovery of the last proposed
particle lies in precision measurements. In 2020, the European Strategy for Particle
Physics Update recommended building a machine that is best suited to do precision
measurements on the Higgs boson as first priority [23]. For this Higgs factory,
different accelerator concepts are proposed. One of them is the International Linear
Collider (ILC), which is based on mature technology and therefore contains the
lowest risk. It consists of two linear accelerators of approximately 11 km length [34].
Another proposed accelerator is the Compact LInear Collider (CLIC). CLIC is an
𝑒+𝑒− collider operated in centre-of-mass energy stages from a few hundred GeV up
to a few TeV [35, 36]. However, the only collider, which also includes a hadron-
colliding phase, is the Future Circular Collider (FCC), which will in this section be
discussed in detail [23, 37].

2.1 The two phases of FCC

The FCC is planned to consist of two main phases. The first phase, FCC-ee, would
start data-taking in the mid-2040s and should run for approximately 15 years. The
second phase, FCC-hh, is planned to succeed FCC-ee and start taking data around
2070 (FCC [38]). First, it was considered to create a high-luminosity machine inside
the tunnel that is now used by the LHC. However, to be a Higgs Factory, the collider
has to be operated at very high centre-of-mass energies, for which it is much more
convenient to have a smaller curvature. Therefore, the FCC-ee is chosen to be built
in a new tunnel with a circumference of 90.7 km, which could subsequently be used
to host also the FCC-hh (see Figure 2.1 for a comparison in size between the LHC
tunnel and the planned FCC tunnel).

2.2 FCC in numbers

The FCC-ee is intended to reach successively different centre-of-mass energies, rang-
ing between

√
𝑠 ∼ 88GeV and 365GeV. This energy range includes 𝑒+𝑒− collision

centre-of-mass energies around the Z pole, the WW threshold, the ZH production
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Figure 2.1: Schematic representation of the FCC with 4 IPs and its booster. From
Reference [39].

maximum, up to the 𝑡𝑡 threshold and just above. Examples of which measurements
could be taken at these energies include the masses and decay widths of three of the
heaviest particles in the SM at their respective production energies: the Z boson at
the Z-pole, the W boson at the WW threshold and the top quark at the 𝑡𝑡 thresh-
old. Moreover, as a Higgs factory, the FCC-ee has many advantages, especially when
running at the ZH production maximum. At this energy, the measurement of the
Higgs coupling constant to the Z boson can be determined precisely and model in-
dependently. The absolute measurement can later be used as crucial input to Higgs
self-coupling measurements, including those at hadron or muon colliders.
The FCC-ee will feature four IPs, for which the currently expected luminosity values
at the energies mentioned above are shown in Figure 2.2.

For an example of how the integrated luminosities of the FCC-ee could be chrono-
logically ordered, see Figure 2.3, where the integrated luminosities for each run are
shown. The hatched area stands for a long shutdown time, needed for the prepa-
ration of the runs at the 𝑡𝑡 threshold. Note, however, that the currently intended
overall sequence of the centre of mass energies and the duration of each step will be
changed and adjusted in the coming years. [23, 40]

2.3 What distinguishes the FCC-ee?

Initially, the idea for the successor of the LHC at CERN was to create a high-
luminosity 𝑒+𝑒− circular collider, Higgs Factory, inside the LEP/LHC tunnel. This
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Figure 2.2: Currently expected luminosity values at FCC-ee at the centre of mass
energies around the Z pole, the WW threshold, the ZH production maximum and up
to the 𝑡𝑡 threshold and above. For comparison, the luminosity typically achievable
by linear collider Higgs factories is indicated in the dash-dotted oval. It holds for
linear colliders with one IP in their design and between 250 and 380 GeV centre-of-
mass energy. From Reference [23].

collider would have been planned to operate at
√
𝑠 = 240GeV. The advantage

of choosing a 90.7 km circumferenced ring instead, which would also be hosting the
second phase of the FCC, the FCC-hh, was an important decision to make the FCC-
ee unique among the Higgs factory plans worldwide. The larger ring size enables,
for the first time in 𝑒+𝑒− collisions, measurements at the 𝑡𝑡 threshold and beyond,
essential for the overall FCC electroweak and Higgs precision physics programme.
Moreover, the construction of an external second tunnel reduces the time gap be-
tween HL-LHC and the next collider and enables higher instantaneous luminosity
than having LEP3 in the LEP/LHC tunnel. In the 15 years, the FCC-ee is planned
to be operated, 2 × 106 top pairs are expected to be collected, making the FCC-ee
the top factory project with the highest luminosity proposed to date [23].

2.4 Detector concepts for FCC-ee

In a particle detector at a collider, the particles’ trajectories are usually traced using
different layers of detectors, which are traversed by particles from the collisions. The
signal that particles leave in the sensors in the single detector layers is then extrap-
olated to form traces of particles, so-called tracks. If a particle track is observed to
decay inside the detector, the point to which the decay products can be traced back,
to the decay point, the vertex. In a particle physics detector, the innermost detec-
tor part is usually a vertex detector, designed to reconstruct vertices as precisely as
possible from the data taken in these detector parts.
Generally, complete coverage, such that no particle escapes undetected, and the
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Figure 2.3: Baseline operation model for FCC-ee. Assuming four interaction points,
this figure shows the integrated luminosity at the Z-pole (green), the WW production
energy (blue), the ZH threshold (red) and the top-pair production threshold (sand)
as a function of time. From Reference [23].

smallest possible inner radius, helping to ensure an exquisite vertex resolution, are
desired in a detector. Additionally, to improve, for example, the momentum resolu-
tion of the particles in the calorimeters, an effective and lightweight vertex detector
is required, which ideally can be air-cooled and does not use heavy supporting ma-
terial. [19, 20]
Four experimental interaction points are planned for the FCC-ee, hosting four
unique, general-purpose experiments [40]. So far, there are four proposed detec-
tor concepts: (i) IDEA [41], (ii) ALLEGRO [42], (iii) CLD [43], which is a detec-
tor concept originating from the Compact Linear Collider (CLIC) [36], and (iv)
ILD@FCC-ee [44], a detector concept which is adapted from the International Lin-
ear Collider (ILC) [34]. IDEA is a detector featuring a light drift chamber tracking
system surrounded by a silicon tracking layer, a solenoid outside the tracker or the
ECAL, an ECAL and HCAL system, and an outer muon detector system. CLD fea-
tures a silicon pixel vertex detector and a silicon tracker, followed by high-granularity
calorimeters (ECAL and HCAL). A superconducting solenoid follows the calorime-
ters, and a steel yoke interleaved with muon chambers closes the field. The special
feature of ALLEGRO is its noble-liquid ECAL, which surrounds the tracker. It
could be made of lead (or tungsten) and liquid argon or, alternatively, of tungsten
and liquid krypton. It would be encapsulated by a solenoid, separating the ECAL
from the HCAL. The outermost layer is, as usual, the muon system. The ILD de-
tector concept has a very similar structure to the CLD but uses a time projection
chamber. [23]
Currently, only two FCC-ee vertex detector concepts exist. The sensors must per-
form exceptionally well for both inner vertex detector designs to ensure the best
possible vertex reconstruction. The only technology considered for FCC-ee vertex
detector sensors are Monolithic Active Pixel Sensors (MAPS). There is still much
R&D necessary towards the FCC-ee vertex detectors. This thesis is a part of the on-
going studies to characterise MAPS for a potential use at FCC-ee vertex detectors.
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In the following chapter, vertex detectors are discussed in detail, outlining how they
work and what parameters influence their performance, before a detailed overview
of the development of MAPS themselves is given in Chapter 4. [23, 45, 46]





Chapter 3

Tracking and vertexing

The experiments, located at a particle collider, are designed to detect and, if possi-
ble, identify the known particles produced in these collisions. The experiments are
optimised to detect and track particles as precisely as possible using different sub-
detectors and specifically developed components. These subdetectors are generally
based on a few fundamental concepts of the interaction of particles with matter,
which are introduced in the following.

3.1 Interaction and detection of charged particles
with matter

The innermost layers of a typical particle detector, the vertex detector, are primar-
ily used for the precise reconstruction of charged particle tracks. In general, the
techniques employed to detect and identify various particles in collider experiments
are based on the specific ways in which these particles interact with matter. Three
fundamental types of interactions are typically distinguished and will be discussed
in the following: interactions of charged particles in general, electromagnetic inter-
actions involving electrons and photons, and strong interactions of both charged and
neutral hadrons.[47]

Ionisation The Bethe-Bloch equation describes the mean energy loss per unit dis-
tance of a charged particle as it traverses matter, primarily due to ionisation of the
atoms in the medium. At low velocities, the energy loss increases approximately
as (1/𝛽2), where (𝛽 = 𝑣/𝑐), meaning slower particles lose more energy. However,
in high-energy physics, particles are typically highly relativistic, with (𝛽 ≈ 1). In
this regime, the energy loss reaches a minimum and then gradually increases due to
a logarithmic dependence on the relativistic factor (𝛽𝛾), where (𝛾 = 1/

√︀
1− 𝛽2).

This so-called relativistic rise in ionisation energy loss is a characteristic feature of
the Bethe-Bloch formula and is illustrated in Figure 3.1.

Particles entering the material at a momentum corresponding to 𝛽𝛾 ≈ 3 (the
minima of the curves) are referred to as minimum ionising particles.
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Figure 3.1: Ionisation energy loss curves for a charged particle with momentum/mass
ratio normalised by the speed of light. The different curves show the particle’s en-
ergy loss in different materials. Note the steep fall of the ionisation energy for
low-momentum particles, which ends at a minimum before rising again. From Ref-
erence [48].

Although other energy-loss processes also play a role for some particles, all
charged particles leave ionisation traces, trails of ionised atoms and ionisation elec-
trons in the medium they propagate. For muons with energies below 100GeV, ion-
isation is the dominant process; this is why muons can travel significant distances
even through very dense materials. As this is a special feature no other charged
particle has, the muons produced in particle accelerator collisions are usually very
penetrating. They can be detected and identified even after several meters of solid
detector material. This property is used to identify muons in particle detectors; the
muon system usually belongs to the outermost detector parts, which only muons
and neutrinos can reach. As neutrinos can’t easily be detected, the muons, which
have penetrated all the foregoing detector material, are identified by their presence
alone. This is why muon systems usually form the outermost detector parts, for
example, Figure 3.4. For an overview of how the energy of a muon is lost in copper
(Mass stopping power), see Figure 3.2. [47]

Bremsstrahlung For electrons, the energy loss when traversing matter is domi-
nated by ionisation only at low energies. The ionisation loss rates rise logarithmi-
cally with energy. Above a critical value, the energy loss is not described by the
Bethe-Bloch curve any more but by a radiative effect called bremsstrahlung. In this
process, the electron radiates a photon in the electrostatic field of a nucleus. Any
charged particle can be affected by bremsstrahlung, but the intensity is inversely
proportional to the square of the particle’s mass. Consequently, it happens more



Tracking and Vertexing 21

Figure 3.2: Mass stopping power (dE/dx) for anti-muons in copper as a function
of the muon momentum. On the left-hand side of the plot, the energy loss of low-
momentum muons is shown; in the middle, the energy loss follows the Bethe-Bloch
equation, and on the right-hand side of the spectrum, radiative effects make the
particle lose much energy. From Reference [48].

rarely for muons than for electrons. This is why for electrons, bremsstrahlung is
the dominant energy-loss process, while for muons, ionisation energy loss dominates
except at very high energies (muon energy larger than 100GeV).

Multiple Scattering When a charged particle traverses matter, it not only in-
teracts with the electrons inside the matter but also with the nuclei themselves.
This electromagnetic interaction results in directional changes along the particle’s
trajectory, called multiple scattering. The magnitude of this effect depends on the
material thickness 𝑥, which was traversed by the particle, the velocity of the par-
ticle 𝑣 = 𝛽𝑐 and the radiation length of the material 𝑋0. The radiation length is
a quantity that characterises how charged particles interact inside a material. It
depends on the atomic number 𝑍 and atomic mass 𝐴 of the elements composing the
material. The angle by which a particle is deflected from its trajectory by multiple
scattering is measured by the particle’s root mean square direction deviation. For
small angles of deviation, it can be approximated by√︀

⟨Θ2⟩ = 𝑧

𝛽𝑐𝑝
(20MeV)

√︂
𝑥

𝑋0

. (3.1)

Where 𝑧 is the particle’s charge divided by the proton charge, and 𝑝 is the mo-
mentum of the incoming particle. The radiation lengths for some common materials
can be found in Table 3.1. [49]

The traversing particles will, on average, scatter over a large angle in one ra-
diation length. Therefore, after one radiation length, the information about the
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Material Radiation length

Air 304m
Water 36 cm
Carbon Fiber 237mm
Silicon 9.36 cm

Table 3.1: Radiation lengths for different materials. Adapted from References [49,
50].

original trajectory of the scattered particle is smeared out considerably, which is
why minimising the total radiation length of a tracking detector enables to measure
the tracks more accurately.

Stopping power Furthermore, depending on the particle and the material, there
is the possibility of complete absorption of the scattered particle inside the material.
A particle can enter a material with very low momentum, and rather than being
scattered over a large angle, it can be stopped completely by the material. In this
case, the “range” of the particle, which is the distance travelled, might only have
been a small fraction of one radiation length before the particle came to rest. The
energy deposited inside the material can be measured to determine the particle’s
energy when entering the material. Measuring the energy in this way is done by
the second layer in a typical detector: the calorimeters. Generally, two different
calorimeters are used: one for the heavier hadrons and one for the lighter electrons,
which have a higher mass stopping power (dE/dx) and therefore travel a few cm in
the heavy materials of the calorimeter before being stopped. [49]

Detection of charged particles In particle detectors, usually, one of the most
interesting characteristics to know about a particle is its momentum. The ionisation
trace a charged particle leaves in the detector can be measured in different layers,
and the hits along its path can be used to reconstruct its trajectory. Different
techniques can be used to detect charged particles. For this thesis, semiconductor
sensors are used, which is why in the following, the focus lies on the material used
for the CE-65: Silicon.
There are two ways of adjusting the properties of semiconductor materials by in-
serting foreign atoms into the semiconductor crystal, in a process called doping. For
example, silicon is an atom with four valence electrons. One can insert a few atoms
with five valence electrons, like phosphorus, into the silicon crystal to increase the
number of conduction electrons over the number of holes. This process is called
n-doping (negative doping, as the charge of the electrons, which become primary
carriers). The second doping process is called p-doping (positive, as the charge of
the imagined “holes”, where the electrons are missing). Here, an atom with three
valence electrons, like Bohr, is inserted into the silicon crystal to increase the num-
ber of holes over the number of electrons.
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Figure 3.3: Sketch of the production and collection of charge carriers in a silicon
sensor. Adapted from Reference [47].

In semiconductor sensors, one uses appropriately doped semiconductor materials,
where from the charged particle traversing the material, the ionisation electrons
and/or the ionised atoms (holes) are detected, see Figure 3.3.

In a semiconductor material, charge carriers move by diffusion, a process result-
ing from the thermally induced random motion of molecules. Diffusion generally
makes the charge carriers move from a region of high concentration to a region of
low concentration. A potential difference (indicated by V in Figure 3.3) across the
semiconductor slice is applied for the detection, such that the charge carriers drift
in the electric field, in addition to the movement induced by diffusion. This makes
the charge collection in the n-type silicon faster, as the charge carriers don’t move
randomly but are more targeted. At one end of the semiconductor, collection elec-
trodes collect the charge carriers. The sensors can be segmented in one dimension
(strip sensors) or in two (pixel sensors), which provide a measure of the charged
particle’s passage through the sensor in two dimensions. After the charge carriers
are detected, the signal is amplified and can be precisely assigned to the pixel/strip
where the charge was collected. [47, 49]. The advantage of the semiconductor de-
tector compared to, for example, gaseous detectors is mainly the amount of energy
needed to produce one pair of free charge carriers. In a semiconductor, producing
an electron-hole pair is about a factor of ten less than in a gas-based detector. How-
ever, the advantage of gas detectors is that they are lighter and that it is easier to
build detectors, which cover large volumes. These two characteristics make the gas
detector very well suited for an outer tracker part in addition to a silicon vertex
detector, which is more precise. [51]. [49] [52]
Tracking detectors usually consist of multiple layers of sensitive elements, such that
a charged particle produced in a collision will leave a hit in each of them to have
enough information on the particle’s trajectory to reconstruct a track. The tracker is
usually placed inside a large solenoid, which spans a magnetic field over the detector
in the direction of the colliding beams, making it possible to measure the particle’s
momentum: Due to the Lorentz force, the particle’s trajectory leading away from
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the IP is deviated in the direction 𝑣⃗× 𝐵⃗, leading to a curved trajectory with radius
𝑅. From this radius and the angle between the particle and the beam pipe (𝜆), the
particle’s momentum can be determined using

p cos𝜆 = 0.3B𝑅. (3.2)

Where the momentum is given in GeV/c, the magnetic flux density 𝐵 in Tesla
and the radius 𝑅 in meters [49]. For high-momentum particles, the radius can be
in the range of 100 meters or more, which makes the trajectory look like a nearly
straight line. A very precise spatial resolution is necessary for the vertex detector
to deduce the momentum of such particles. [47]

Detection of photons In the tracker, the detection usually happens by ionisation
of charged particles. Neutral particles are not detected in the tracker but only in
the detector layers further downstream. An overview of the typical arrangement of
the detector parts is shown using the example of the CMS detector in Figure 3.4

Figure 3.4: Overview of the arrangements of subdetectors in CMS. The innermost
detector is the tracker, in which only charged particles leave hits. It is followed by
the electromagnetic and hadronic calorimeters, which are encased by the magnet,
and lastly, the return-yoke and the muon system are depicted. From Reference [53].

For photons, there are three interactions possible in matter. At low energies, the
dominant process is the photoelectric effect, where the photon is absorbed by an
atomic electron, which is thus ejected from the atom. This is the interaction which
happens in a Silicon sensor if a measurement is taken using a radioactive source, like
the 55Fe source, used for calibration of the CE-65 sensors (see Chapter 5). At higher
energies of 𝐸𝛾 ∼ 1MeV, Compton scattering becoms significant. Here, the photon
scatters in a two-by-two process off an atomic electron. At even higher energies
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from 𝐸𝛾 ∼ 10MeV onwards, interactions of photons are dominated by 𝑒+𝑒−-pair
production in the field of the nucleus. When a high-energy electron traverses a
medium, it loses energy by bremsstrahlung. It radiates a photon, which, in turn, is
highly energetic and produces an 𝑒+𝑒−-pair, which can interact with matter again.
The radiation length of a material is defined as the average distance travelled by
particles between the interactions. Accordingly, the number of particles roughly
doubles after each radiation length. This process continues as long as the energy of
the particles is above the critical energy. If the particle energy falls below it, the
electrons and positrons start losing energy through ionisation. This process is called
an electromagnetic shower and is used in particle detectors, usually in the detector
after the tracker: the electromagnetic calorimeter (see Figure 3.4). Most of the elec-
tromagnetic shower originating from the electron is contained in the detector, and
the energy can be determined. [49] [47]

3.2 Introduction to vertexing and parameters

For the calorimetry to be as accurate as possible, the innermost detector shown in
Figure 3.4, the tracker has to be as light as possible. Also, it is desired to have
the first detection layer as close to the beam pipe as possible, to detect the ver-
tices of particles with short lifetimes. For particles with lifetimes of the order of
picoseconds, like heavy quark hadrons, for example, the length travelled is about a
millimetre or lower, depending on their momentum. If such a particle is produced
in a collision, it can usually not reach the first detector layer and, hence, can not be
measured directly. In such cases, its decay products can be measured instead, and
their tracks extrapolated back to where they meet – reconstructing the decay vertex
of the original particle. To reconstruct this secondary vertex efficiently and precisely,
the resolution of the vertex detector has to be precise enough to distinguish the sec-
ondary vertex from the primary vertex. This distinction is the cornerstone for an
essential parameter for vertex detectors, the resolution of the impact parameter; the
closest distance from the track to the primary vertex of the collision is determined.
[52]

Parameters for the silicon vertex detector A simplified two-layer detector is
studied to see which parameters are important for a silicon vertex detector, where
the sensor is segmented in two dimensions. The detector lies outside the beam pipe,
close to the IP of an experiment. The two layers are at radii 𝑟1 and 𝑟2 and have
spatial resolutions of 𝜎1 and 𝜎2 respectively. Assume that the tracks of the charged
particles are straight lines and that negligible multiple scattering is involved in the
vertex detector itself. To get the impact parameter resolution 𝜎𝑏, consider the two
extreme cases schematically represented in Figure 3.5.

If the first detector has a resolution of 𝜎1 > 0 and the second detector’s resolution
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Figure 3.5: Simplified schematic of a 2-layer vertex detector. On the left, detector
two is assumed to be ideal (𝜎2 = 0), while on the right, it is detector one (𝜎1 = 0).
The X marks the IP, and 𝜎𝑏 denotes the extrapolated error in the measurement of
the trace at the IP. Adapted from Reference [52].

is perfect, 𝜎2 = 0, the resolution of the impact parameter is given by

𝜎𝑏 =
𝑟2

𝑟2 − 𝑟1
· 𝜎1 . (3.3)

If, on the other hand, detector 2 has a resolution of 𝜎2 > 0 and detector 1 has a
perfect resolution, we find

𝜎𝑏 =
𝑟1

𝑟2 − 𝑟1
· 𝜎2 . (3.4)

Altogether, from quadratically adding the two resolutions and including another
term corresponding to the multiple scattering inside the material before the detector,
i.e. the beam pipe and the detector material itself, 𝜎ms, we get

𝜎2
𝑏 =

(︂
𝑟1

𝑟2 − 𝑟1
𝜎2

)︂2

+

(︂
𝑟2

𝑟2 − 𝑟1
𝜎1

)︂2

+ 𝜎2
ms . (3.5)

From this formula, the following consequences for an ideal vertex detector arise:

• As the prefactor of 𝜎1 in the second term is dominant, the resolution of the
first detector layer should be as good (small) as possible.

• The difference in distance of the two detector layers 𝑟2 − 𝑟1 should be as large
as possible. In a real detector, there are more than two layers. In this case,
the outermost layer should be as far away from the beam pipe as possible.

• As mentioned before, 𝑟1 should be as close as possible to the IP.

• To minimise the multiple scattering in the beam pipe and the vertex detector,
both should use materials with a long radiation length and be as thin as
possible to minimise the material budget. Like this, particle tracks do not
suffer from smeared-out directional information.
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[52]

These are some of the most important considerations to keep in mind for the
design and requirements of vertex detectors. They are also reflected in the require-
ments for possible FCC-ee vertex detectors.

Requirements on FCC-ee detectors In a real (not simplified) experiment, mea-
suring the impact parameters of charged particle tracks is the task of the vertex de-
tector and, as such, largely dependent on its performance. The resolution on these
parameters usually scales with the transverse impact parameter, 𝑑0, defined as the
shortest perpendicular distance from a track to the primary vertex. The transverse
impact parameter is given by

𝜎(𝑑0) = 𝑎⊕ 𝑏

𝑝 sin3/2 𝜃
. (3.6)

Where 𝑎 is dominated by the resolution on the hits, as the first two terms in
our example above were dominated by the resolution the detector had on the single
hits. The second term represents the contribution of multiple scattering, which was
in our simplified example 𝜎𝑚𝑠. This term depends on the material budget of the
vertex detector layers and the beam pipe. For the FCC-ee vertex detectors, a beam
pipe radius of 11.7mm is assumed, which allows for the vertex detector to be placed
approximately two millimetres away, which influences the asymptotic variable 𝑎.
Currently, the assumed required resolution on the transverse impact parameter is
3 µm ⊕ 15 µmGeV /(𝑝 sin3/2 𝜃) [23]. The physics programme for FCC focuses more
on the lower centre-of-mass regime than linear collider projects. To reconstruct
particles with comparatively low momenta, a low material budget in the detector
material of the vertex detector and the beam pipe is even more important than
usual, as the inverse of the particle’s momentum influences the second parameter
of 𝑑0. The planned beam pipe has only a radiation length of 0.7% 𝑋0 and the
baseline vertex detector designs aim for 0.3% X0 per detector layer. Such a low
material budget can only be achieved if the detector uses air cooling, but requiring
the sensors to be air-cooled means also that the power consumption of the sensors
can not go over ≳ 50mWcm−2. The sensor thickness should also be minimised, and
lightweight support structures should be developed and used. The support of the
detector inside the rest of the machine is a central part of the design for achieving
such a low resolution. Consequently, the precise knowledge of the detector position
inside the rest of the detector and the accelerator is an integral part of improving
the resolution. In addition to these requirements for the impact parameters, the
vertex reconstruction efficiency must be high. The vertex reconstruction efficiency
is determined by two components: firstly, the angular coverage should be maximal,
such that as few particles as possible escape the vertex detector unnoticed. A large
forward coverage is thus envisioned for FCC-ee, going up to |cos 𝜃| = 0.99, which
means that a long barrel and forward disks are desirable. Secondly, the hit efficiency
of the sensors themselves has to be high, such that no track is missed because the
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hit is not seen. The efficiency is therefore required to be more than 99 % for a
resolution of 3 µm [45]. See Table 3.2 for an overview of the requirements.

Physics challenges Requirement

Coverage up to |𝑐𝑜𝑠(𝜃)| =
0.99

Long barrel, forward disks

High reconstruction effi-
ciency

Hermeticity, small peripheries, >99% hit eff.,
many layers

Asymptotic resolution of a
≈ 3 µm

3 µm single-hit resolution, first layer close to int.
point

Multiple scattering: 𝑏 ≈
15 µm GeV

Light beam pipe
≤ 0.3% 𝑋0/layer → thin sensors, light support
Air-cooling → Power consumption ≲ 50 mW cm−2

Table 3.2: Overview of the physics challenges leading to the requirements for FCC-ee
vertex detectors. From Reference [45].

Radiation tolerance Vertex detectors are usually exposed to a constant flux
of charged and neutral particles and radioactivity. Being the closest detector to
the beam pipe, they are most affected by the traversing particles’ energy deposits.
These energy deposits can damage the detector material depending on the amount
of particle flux. The damage caused by radiation in silicon can roughly be divided
into two parts:

• Damage to the sensor’s surface. These kinds of radiation damage usually
happen through ionising energy loss

• Damage of the silicon crystal volume itself by energy deposition. This damage
is not dominated by ionising energy loss but by hits with the lattice atoms
(non-ionising energy loss, NIEL). These lead, among others, to displacements
of atoms in the lattice.

Substrate damage inside the crystal volume has a negative effect on the charge
collection. Surface damage mainly results in the malfunction of CMOS electronics
and the appearance of unwanted currents between the transistors. Damage to the
crystal volume is the limiting factor for using silicon detectors in HEP experiments,
so the sensors have to be tested to determine their radiation hardness. The NIEL
damage caused by particle radiation is usually converted into the damaging effect
that 1MeV neutrons would have. The number of particles that traversed the mate-
rial per cm2 is therefore given in 1MeV𝑛eq/cm

2 (1MeVneutron equivalent per square
centimetre). [52, 54]

FCC-ee detector concepts The four proposed detector concepts for the FCC-ee,
which were introduced at the end of Chapter 2 have significant differences, there are
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large similarities between them in the general structure. They all include a tracking
system, an ECAL, an HCAL and a solenoid magnet. Some groups also consider the
use of specialised detectors like possible RICH detectors (CLD) or a drift chamber
as part of the tracking system (IDEA). Still, all detector concepts plan to use Sil-
icon pixels for their vertex detectors. There are only two proposed vertex detector
layouts, as ALLEGRO and ILD currently use the vertex detector concepts of IDEA
and CLD. The first layer of the CLD vertex detector is foreseen at a radius of only
12.5mm from the IP. The CLD includes three double-sided barrel layers and three
disks per side to ensure full coverage. For the IDEA vertex detector, the first layer
would be at 13.7mm radius and the outer barrel layer would be up to 315mm in
radius and three disks per side are planned at distances of up to 960mm in the
direction of the beam pipe [45].
Both vertex detector concepts foresee the usage of Monolithic Active Pixel sen-
sors (MAPS), which unite a small pixel pitch, a low material budget and are cost-
effective. The next chapter gives an introduction to this technology, as the CE-65
is a MAPS. [23, 41–45]





Chapter 4

Monolithic active pixel sensors and
the CE-65 prototype chip

A pixel detector chip typically comprises two main components: a pixelated semi-
conductor sensor and front-end electronics. The sensor is responsible for detecting
incoming particles or radiation, while the front-end electronics provide power, con-
trol signals, and handle data readout from the sensor. In hybrid pixel detectors,
these two components are fabricated as separate silicon dies and interconnected us-
ing bump-bonding technology. This detector technology is beneficial for measuring
large particle fluxes close to the IP and for very high radiation environments. The
active sensor and the front-end chip can be developed and optimised separately for
radiation hardness and rate capability in the case of hybrid detectors, which is an
advantage of this structure. The disadvantages are the complex construction and
costly assembly of the chip. Also, the pixel size of these sensors can not be below
a certain threshold related to the diameter of the bump bonds. Furthermore, the
hybrid structure of the chip also results in a comparably high material budget, which
not only comes from the two-fold silicon usage in the two parts of the chip but also
from the higher power consumption necessary for this type of detector. The hybrid
pixel detectors in ATLAS and CMS have, for example, a material budget of more
than 3% X0/layer, which is an order of magnitude higher than what is acceptable for
the requirements of FCC-ee. Monolithic structures in commercial CMOS processes
should be used for detectors at future colliders. [52]

4.1 CMOS technology

A MOS (Metal-Oxide-Semiconductor) structure traditionally consists of a double
interface formed between three distinct materials: a metal, an oxide layer, and a
semiconductor. When using the MOS structure, two types of doping are distin-
guished. In the p-doped semiconductor, the holes dominate, while in the n-type,
the electrons dominate. Many chip electronics used to read out detectors use a
combination of NMOS and PMOS transistors on the same substrate (CMOS pro-
cess). Each type of transistor is embedded in a well of opposite doping to enable
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the integration of both n-type and p-type devices on the same substrate, as shown
in Figure 4.1. [52]

Figure 4.1: Schematic cross-section of a triple-well CMOS process. NMOS transis-
tors are implemented in a P-Well, while PMOS transistors are placed in an N-Well,
both of which are isolated within a Deep P-Well. This configuration allows NMOS
and PMOS devices to be integrated on the same substrate, enabling the realisation
of complementary CMOS logic used in complex switching circuits. From Refer-
ence [52].

Nowadays, in MOS structures, the metal part is generally replaced by strongly
doped polysilicon, which can withstand higher temperatures without reacting with
the oxide part. In the case of the CE-65 sensors, which are TPSCo 65 nm CMOS
process chips, the MOS transistors are used to amplify the signal charge from the
sensor. [52]
Another way to improve charge collection is by applying a bias voltage, creating a
suitable electric field at the sensor. The silicon sensors used for this thesis consist of
an epitaxial layer on top of a p-type substrate, and the collection electrode is n-type
silicon. Between the collection electrode and the substrate, there is a p-n-junction,
which collects the holes. A schematic of a p-n-junction is shown in Figure 4.2.

A bias voltage can be applied across a p-n junction to control the width of the
depletion zone within the epitaxial layer, allowing it to be adjusted for a specific
purpose. When a positive voltage is applied to the substrate relative to the collection
electrode, the built-in potential of the p-n junction is reduced. This is known as
forward bias. Under forward bias, more electrons diffuse from the n-type region
to the p-type region, narrowing the depletion zone and increasing the conductivity
of the semiconductor.
However, for semiconductor detectors, the reversed bias configuration is used. In
this case, a negative voltage is applied to the p-type substrate and a positive voltage
to the n-type collection electrode (i.e. 𝑉ext < 0). This increases the built-in potential
of the junction, thereby expanding the depletion region. Within this region, charge
carriers generated by incident radiation drift under the influence of the electric field
toward the collection electrode, where they can be read out. See Figure 4.3 for a
schematic illustration of these processes. [52]

MAPS usually use an epitaxial silicon layer as the active part of the sensor, where
the doping profile of the silicon can be controlled very precisely and independently
of the substrate. Additionally, the epitaxial layer can be produced with exceptional
purity, minimising the contamination from elements as oxygen and carbon. One of
the longstanding challenges with MAPS was the limited size of the depletion zone.



MAPS and the CE65 33

Figure 4.2: Schematic of a p-n-junction in thermal equilibrium, when no bias voltage
is applied. From Reference [55].

Outside this zone, the charges liberated by the traversing particles move in the epi-
taxial layer by diffusion towards the depleted zone around the collection electrode,
close to where the readout electronics are located. Only the particles generated in
the depletion zone move by drift-dominated motion towards the electrode. Increas-
ing the volume of the depleted zone makes the particles move faster, reducing the
likelihood of charge loss due to recombination during diffusion. This improvement
significantly enhances the timing performance and detection efficiency of the sensor.
As a result of this advancement, MAPS technology has become suitable for use in
high-performance particle physics experiments. [52]

The first MAPS-based vertex detector in particle physics was developed for the
STAR experiment at Brookhaven’s Relativistic Heavy Ion Collider. It used MI-
MOSA pixels, where only the basic readout electronics could be implemented to
complement the sensing part. The STAR experiment studied the extremely hot
form of matter that formed at the beginning of our Universe, shortly after the Big
Bang. During three years of data taking, the choice of CMOS monolithic detectors
enhanced the capability to look into the quark-gluon plasma.
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Figure 4.3: Schematic overview of the different kinds of bias voltage and their effect
inside the semiconductor compared to no bias voltage. From Reference [52].

4.2 ALPIDE sensors

Another heavy ion collider experiment designed to study the physics of strongly
interacting matter at extreme densities (where the quark-gluon plasma forms) is
ALICE (A Large Ion Collider Experiment) at CERN. The whole detector was up-
graded during the second Long Shutdown (LS2) at LHC to improve its physics reach.
An essential part of this upgrade concerned the vertex detector, the so-called Inner
Tracking System (ITS). This was replaced entirely with a new detector (ITS2) to im-
prove, among other things, the tracking efficiency, the impact parameter resolution,
and the readout capabilities. A significant step in this upgrade was the reduction
of the size of the beam pipe to be only 18mm in diameter instead of the former
28mm, allowing the innermost layer of the vertex detector to be much closer to the
interaction point. The ITS2 comprises seven cylindrical layers of MAPS, of which
the first layer is located at a radius of 2.4 cm from the centre of the beam pipe. The
MAPS in use in the ITS2 are named ALPIDE (ALice Pixel DEtector) [56], and a
total of 24120 chips are used in the detector, covering an active area of 10m2. They
were the first MAPS to be used by an LHC experiment. [57]
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ALPIDE MAPS has been developed explicitly for the ITS2 upgrade using the Tow-
erJazz 180 nm CMOS Imaging Sensor process. Every chip measures 1.5 cm × 3 cm
and includes a matrix of 512-pixel rows and 1024-pixel columns. As seen in the
schematic pixel cross-section of the ALPIDE in Figure 4.4, the collection electrodes
in the chip are n-well diodes and have an area of ∼ 100 times smaller than the pixel
cell, which has a pitch of ∼ 29 µm× 27 µm.

Figure 4.4: schematic cross-section of an ALPIDE MAPS. From Reference [57].

The signal is amplified and discriminated for each pixel separately. Test beam
results have shown that the sensor has an intrinsic spatial resolution of 5 µm with
a minimum detection efficiency of 99%. A reversed bias voltage is applied to the
𝑝+ substrate to increase the signal-to-noise ratio. The bias voltage increases the de-
pletion volume around the n-well collection electrodes, ensuring that the movement
of charge carriers is dominated by drift towards the collection electrode, and more
charge carriers are read out. [57] [58]

4.3 ALICE ITS3

This thesis focuses on characterising one of the chips developed in the context of
designing the successor of ALICE’s ITS2, but with a view to applications at future
vertex detectors, especially at an 𝑒+𝑒− collider. In the third Long Shutdown (LS3)
at LHC, starting in 2026, the whole LHC is planned to undergo a major upgrade,
which represents an important phase in enhancing CERN’s capabilities and is mainly
connected to the transformation of the LHC into the High Luminosity LHC (HL-
LHC). ALICE is replacing its innermost three tracking layers during LS3 with a new
detector, the ITS3 [59]. It will again be based on MAPS, which are newly developed
for the ITS3 to reduce the material budget and increase the tracking precision and
efficiency, especially at low 𝑝T. The installation of a new beam pipe during the shut-
down is also planned. The reduction of the material budget in the vertex detector
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happens through stitching, a technology which is newly used and applied in HEP.
Stitching allows MAPS to be constructed with up to wafer-scale size (∼ 12 inches),
helping to avoid dead areas between the detectors. Moreover, the material budget
of the sensors themselves can be reduced by thinning them out to values of about
50 µm. This thinning allows the silicon to be mechanically flexible, enabling it to be
curved to match the cylindrical geometry of the detector. As a result, the need for
passive mechanical support structures is significantly reduced, minimising the over-
all material budget. The new vertex detector will consist of three cylindrical layers,
which include curved wafer-scale stitched sensors and feature a material budget of
0.07% X0 per layer, instead of the former 0.35% per layer. Furthermore, the first
layer in ITS3 can be positioned at a radial distance of 19mm from the IP, where
before it was at ∼ 24mm. The spatial resolution, radius and material budget deter-
mine the impact parameter resolution, as discussed in Section 3.2. For a summary
of the requirements for ITS3 vertex detector chips compared to the requirements for
FCC-ee vertex detectors, see Table 4.1. [59–61]

Requirements ALICE ITS3 FCC-ee vertex

Sensor spatial resolution 5 µm 3 µm
Material budget per layer [X_0] 0.07% <0.3%
Radiation tolerance [1MeV neq/cm2] 1013 ∼ 1014 per year
First layer radius r_min 19mm 13.7mm
Power density 40mWcm−2 ∼50mWcm−2

Particle hit density 8.5MHz cm−2 ∼ 250MHz cm−2

Table 4.1: Table summarising the requirements on pixel sensors for the ITS3 detector
and a possible vertex detector for FCC-ee. Numbers from References [23, 59].

The requirements for the silicon sensors considered for ITS3 are closely aligned
with those anticipated for the vertex detectors at FCC-ee. For this reason, we ex-
tend the characterisation of one of the chips developed in the context of ALICE ITS3
to enable comparative testing of various chip designs. This approach may also help
guide the development of suitable sensor technologies for the FCC-ee vertex detector.

Different chips and designs: APTS, DPTS, CE-65, MOSS, MOST To
achieve the ambitious requirements of ITS3, three types of 65 nm CMOS chips were
developed and studied thoroughly for comparison. These chips are called Analogue
Pixel Test Structure (APTS), Digital Pixel Test Structure (DPTS), and Circuit
Exploratoire 65 nm (CE-65). During the characterisation, the performance of irra-
diated chips was also tested, but these results are not part of this thesis.
During the development phase of the sensors, ALICE designed two kinds of wafer-
scale chips: MOnolithic Stitched Sensors (MOSS) and MOnolithic Stitched sensors
with Timing (MOST), see Figure 4.5.

The MOSS was developed for high-energy physics using stitching, while the
MOST has a different stitching approach, allowing for timing measurement. The
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Figure 4.5: A 300 mm wafer containing six MOSS and MOST stitched sensors
(indicated), as well as several small prototype chips. From Reference [59].

two sensors follow different approaches to preserve yield for a large stitched chip.
Comparing and characterising both chips gives valuable information towards the
final ITS3 chip design.
In the first tests, both sensor types work as expected. The interplay of different
units of the same sensor yielded some insight into the coupling and requirements
during powering on and configuration, which will be considered when designing the
next stitched sensor type. [59]
In the scope of designing prototype structures for the ITS3, three different chips
were designed: the APTS, the DPTS and the CE-65. The APTS is a pixel ma-
trix prototype designed to test the sensor’s analogue response. The readout of the
analogue pixel output allows direct evaluation of the pixel signal. The DPTS was
designed to test the digital response. It contains a discriminator in the front end,
which allows the qualification of the pixel cell. The complex structure of the front
end can also be seen as a prototype for the final ITS3 sensor ASIC. The third type
of chip is the CE-65. It is a commercial TowerJazz Panasonic Semiconductor Com-
pany (TPSCo) [62] 65 nm CMOS process, consisting of a large pixel matrix with a
rolling shutter readout, where the matrix is read out row-by-row. Where the APTS
has only a very small active area of 4× 4 active pixels, the CE-65 provides analogue
information for a matrix of 64 × 32 or 48 × 32 pixels for the first version of the
chip (V1) and 48× 24 pixels for the second version (V2), but at much more limited
time resolution. The large pixel matrix size is interesting to study in-pixel effects,
using the superimposition of the data measured by the pixels. APTS and CE-65
are complementary, while the DPTS implements a full asynchronous digital readout
with time-over-threshold information. [59]
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4.4 The CE-65 v2 prototype chip
At the beginning of 2023, a second version of the CE-65 chip was developed, the
so-called CE-65v2. Both were explicitly designed to investigate the charge collection
and the electrical properties of the 65 nm CMOS process through a selection of 15
configurations. The chips combine an analogue readout with a large pixel matrix
using a slow readout. For the measurements, a resetting voltage in reverse bias of
4V or 10V was applied. The in-pixel circuitry consists of AC-coupled amplifiers,
DC-separated from the input stage of the readout electronics. Therefore, the reverse
bias is not limited by the power supply for the electronics. Unlike the CE-65v1, the
second version of the chip is developed with exclusively AC in-pixel amplifiers. The
15 configurations of the CE-65v2 chip target the exploration of the following three
main characteristics:

• Process variation, using the processes Standard, Modified and Modified with
Gap

• Pitch variation, using 15 µm, 18 µm and 22.5 µm

• Matrix geometry, using squared and hexagonally stacked pixels.

Throughout this thesis, a comparison is made between the results with 10V reset-
ting voltage, which achieves full depletion of the pixel, and results with 4V resetting
voltage. [63]
The different pitch sizes allow the study of the improvement in spatial resolution
when using smaller pitches. On the other side, smaller pitch sizes cause difficulties
during manufacturing and generate a higher power dissipation, making it essential
to explore at which size the desired spatial resolution can be achieved. [63]
For MAPS to be used in high-energy physics experiments, the most crucial develop-
ment was a process modification which increased the extent of the depletion volume.
Using this technology, the charge collection in a considerable part of the pixel vol-
ume is dominated by drift velocity instead of just diffusion, leading to less charge
loss and more radiation hardness. A drift field following the depletion of the entire
sensitive layer further improves radiation hardness for more demanding applications.
The high electric field would push the charge carriers to their destination and reduce
the collection time, as well as the probability for them to be captured by radiation-
induced defects or radiation traps, leading them to be lost for the readout. The fully
depleted sensor layer has been obtained with two process modifications, “Modified”
and “Modified with gap”, compared to the standard process, which was the process
already used in the ALPIDE pixel, where the epitaxial layer is only partially de-
pleted, see Figure 4.6a. In the Standard process, the movements of charges outside
the depleted region will be dominated by diffusion, making it the slowest and least
radiation-tolerant of the three processes.
However, the “Standard” process is expected to have the most significant charge
sharing. The charge sharing delivers information about where the hit has happened
inside the pixel, when calculating the position by charge weighing techniques, and
it could improve its spatial resolution to a range significantly below pixel pitch. For
the “Modified” process, see Figure 4.6b, a low-dose n-type implant is added across
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the whole pixel length. This implant causes the epitaxial layer to be fully depleted
and the charge carriers to move by drift to the collection electrode. In the third
process, “Modified with Gap” shown in Figure 4.6c, this lateral electric field is fur-
ther increased with a gap, introduced at the edges of the low-dose n-implant. The
gaps ensure that the charge collection is dominated by drift, even at the edges of
the pixel.

(a) Standard process. (b) Modified process.
(c) Modified with Gap pro-
cess.

Figure 4.6: The three process options implemented in CE-65. From Reference [64].

The Modified and Modified with Gap processes have lower charge sharing, but
they are expected to be more radiation-hard and possibly have a more efficient charge
collection. For an overview of the characteristics of the Standard and Modified with
gap processes, see Table 4.2. [64] [65] [63]

Standard process Modified with Gap
process

Charge collection process Diffusion dominated Drift dominated
Charge sharing between
neighbouring pixels High Low

Charge collection speed Slow Fast even at the edges

Radiation tolerance
Subject to charge
trapping, less radia-
tion tolerant

more radiation toler-
ant

Expected performance Better resolution Better efficiency

Table 4.2: Comparison between two of the three process variants, the CE-65 sensor
comes in. These two variants are studied in this thesis.

In the next two chapters of this thesis, the characteristics of the standard and
the modified with gap process are studied, for pixel cell sizes of 15 µm as well as of
22.5 µm. For all four chip variants, a comparison is made between measurements
with an applied resetting voltage of 4V compared to a resetting voltage of 10V.
The effects are studied globally over the whole chip as well as in-pixel, to be able
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to see which regions inside a pixel perform best and where efficiency or resolution
losses occur. Determining the calibration factor is a vital first step in comparing the
different chip variants. It enables the conversion of the readout analogue information
to charge expressed in number of electrons. This is done in the analogue-to-digital
converter (ADC).
In this thesis, the process variation between the Standard and Modified with gap
processes and the difference between 15 µm and 22.5 µm pitch sizes are studied.
These measurements, discussed in Chapter 5, are a necessary preparation for the
test beam measurements discussed in Chapter 6.



Chapter 5

Lab measurements

Energy calibration is an essential first step in characterising a semiconductor sensor
with an analogue readout. The spectrum from a radioactive source can be measured
to calibrate sensors, as it is known very precisely. This measurement gives insight
into the charge collection properties and the depletion of a sensor. In the sensor,
the particles passing through the sensitive material react with it through ionisation,
generating charge carriers, which are collected by the sensor. While inside the de-
pleted material, the charge carriers drift towards the collection electrode; outside,
they move by diffusion. This causes some of the charge carriers to be lost for the
readout if, for example, the charge is shared between different pixels; hence, it falls
below the threshold. By comparing the characteristic spectrum of the source to its
measured spectrum, the conversion from analogue to digital counts can be calcu-
lated and used afterwards to analyse the test beam results shown in Chapter 6. By
measuring the spectrum, it can also be determined whether all the charge generated
within the sensor is measured.

5.1 Setup

To calibrate the CE-65v2 chip, the spectrum of an 55Fe source was used. The 55Fe
isotope undergoes beta decay, where an electron is captured and the 55Fe decays
to 55Mn with a half-life of 2.737 years. This effect is accompanied by X-ray emis-
sion where the most prominent peak is at an energy of 5.9 keV (K-𝛼). A secondary
peak (K- 𝛽) is at an energy of 6.5 keV, see Figure 5.1 for the whole spectrum of
55Fe, including also two additional peaks. Only two peaks are expected to be ob-
served, as the photons from the other radioactive transitions carry too little energy
to be recorded. Matching the measured peak position known in Arbitrary Digital
Units (ADU) of the K-𝛼 to the given energy value makes it possible to determine
the conversion factor between ADU and energy. However, the conversion factor,
or calibration factor, is often not expressed in eV/ADU, but it is usually given in
terms of electrons corresponding to the number of electron-hole pairs produced in
the ionisation process in silicon [66]. On average, the energy of 3.6 eV is required to
produce an e-h pair. For the peaks of 5.9 and 6.5 keV, this leads to an average of ∼
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Figure 5.1: 55Fe energy spectrum for events with cluster size 1. From Reference [66].

1640 and ∼ 1800 e-h pairs, respectively [67].

The different chip versions of the CE-65 were calibrated using the setup shown
in Figure 5.2. The Device Under Test (DUT) is mounted on a carrier board, trans-
mitting the measured and amplified signal to the proximity board. The proximity
board hosts the ADCs and provides the chip with power and reversed bias voltage.
The digitised signal is then transmitted to the data acquisition (DAQ) board, which
features a Field-Programmable Gate Array (FPGA). The FPGA handles the read-
out, processes the incoming data, and transmits it to a connected laptop for storage
and further analysis. The radiation source is mounted on a movable holder equipped
with a tube supplying dry air to maintain a low-humidity environment. The chip
under test is cooled via pipes integrated into the aluminium mount of the Device
Under Test (DUT), which are connected to a chiller operating at 20 ∘C. These
measures, dry air supply and active cooling, ensure the sensor operates under sta-
ble and controlled conditions, enabling reproducible and comparable measurements.
The complete setup also includes a power supply that powers the DAQ board and
applies the reverse bias voltage to the sensor.

5.2 Method

The raw data in the form of 32-bit words is passed from the DAQ board to the
EventBuilder, which packs them into CE-65 frames. Like this, the energy measured
in every pixel is recorded within a very short time. If one of the pixels measures
an energy above the seed threshold, the four frames before and the four consecutive
frames are read out. The analogue signal in the main frame is computed offline by
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Figure 5.2: Measurement setup as used for the energy calibration. From left to right,
the setup components include a DAQ board connected to the proximity board, which
is connected to the carrier board, where the sensor is glued on and connected via
wire bonds. At the bottom of the picture, the cage for the radioactive source is
visible, which can then be placed on top of the sensors. The blue tube attached to
it brings dry air, while the two blue tubes which run under the proximity boards
are connected to the chiller, bringing the cooling water.

subtracting the average signal in the successive frames. In this way, the baseline
noise can be minimised. An online cut ensures that the amount of data recorded is
not unnecessarily large and that the recorded frames include pixels above a specific
threshold value. This threshold value is set to 800 ADUs. In the offline analysis, a
pixel surpassing a threshold of 900 ADUs is regarded as a seed pixel for the clus-
ter reconstruction. The 3 × 3 matrix surrounding this pixel is considered in the
reconstruction. Each pixel must surpass a threshold of 300 ADUs, corresponding
to approximately 2 times the Root Mean Square (RMS) noise, to be regarded as
a neighbouring pixel and thus as belonging to the cluster. The raw data, where
only the online cut and the cuts of the offline pre-processing were applied, is shown
in Figure 5.3 for the Standard and Modified with Gap processes, respectively. A
clear distinction in the charge-sharing behaviour can be observed between the two.
For the Modified with Gap process variant (Figure 5.3a), charge sharing is reduced.
This is reflected in the plot being narrower on the left-hand side and more heavily
populated on the right-hand side, indicating that a larger fraction of the deposited
charge is collected in the seed pixel. Furthermore, a diagonal border of the popula-
tion, going through the plot origin, can be seen for this process variant, indicating
that a significant fraction of clusters with multiple pixels have cluster size 2. In con-
trast, the Standard process chip (Figure 5.3b) shows more frequent charge sharing,
with energy more often distributed across neighbouring pixels, leading to a broader
spread on the left-hand side of the distribution. The diagonal band present in both
plots corresponds to the total energy deposition of a K-𝛼 X-ray event, where the
combined energy of the seed and neighbouring pixels sums to a constant value.

In the following, the four different chip variants are compared based on their 55Fe
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(a) Modified with Gap process, 15 µm,
10V applied bias voltage.

(b) Standard process, 15 µm, 10V ap-
plied bias voltage.

Figure 5.3: Seed pixel energy versus sum of neighbour pixel energies in a raw data
file.

spectrum measurements. The calibration factors were evaluated using the Gaussian
fitted mean of the K-𝛼 peaks, for reversed bias voltages of 4V and 10V respectively.
The comparisons are performed using the entire sensor matrix except the outermost
rows and columns of pixels, which were left out, so there are no edge effects.
A file, expressed in ADU, was saved for the analysis of the calibration factor and the
pixel-by-pixel analysis in such a way that all the charge of the K-peaks is recorded
by a single pixel. If the clusters evaluated for these analyses were larger, the charge
would be shared between multiple pixels. When analysing the data with cluster
size = 1, the information from the neighbouring pixels is not evaluated, enabling a
clearer picture of the performance of the pixel in question. To have enough data
to do pixel-by-pixel measurements without overlaying each pixel inside the matrix,
six-day measurements were taken to analyse. These measurements usually result in
∼ 4000 events per pixel, enabling smooth energy spectra analyses.

5.3 Results

5.3.1 Global spectrum measurements

The global energy spectrum measurements of the X-rays coming from the 55Fe
source, measured by the Modified with Gap process sensor, are shown in Figure 5.4.
These spectra are measured using the smaller pitch size of 15µm. Figure 5.4a shows
the spectrum measured with an applied reversed bias voltage of 10V. The mean of
the Gaussian fit (indicated in red) of the K-𝛼 peak lies at 7063 ADU, corresponding
to 1640 electrons. This leads to the conversion factor indicated in red of 0.232 elec-
trons/ADU. Figure 5.4b shows the spectrum measured by the same sensor with an
applied voltage of 4V. The mean of the Gaussian fit of the K-𝛼 peak lies at 6610
ADU, leading to a conversion factor of 0.248 electrons/ADU, as indicated on the
plot.
The difference in the fitted peaks leads to a difference in the conversion factors.
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Given that the same chip was used for these measurements, we can assume that the
variance is due to the applied bias voltage.
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Figure 5.4: 55Fe spectrum for single pixel clusters of the entire matrix. The Gaussian
fit is marked in red.

The calibration factor measured with 4V bias voltage is higher for all four chip
variants. With an applied bias voltage of 10V, the k-𝛼 peak is si

For a comparison of the different pitches, Figure 5.5 shows the global spectrum
measurements of the two Standard process chips, while Figure 5.6 shows the global
spectrum measurements of the two Modified with Gap process chips. The DAQ and
proximity boards used at the test beams were utilised for all four measurements. For
both processes, the fitted mean values of the smaller pitch sizes lie slightly below
the mean evaluated for the larger ones. This leads the conversion factors to be a bit
larger for the 15 µm pitched sensors. In the Standard process variant, the mean of
the fitted Gaussian of the smaller (larger) pitch is evaluated to be 6836 ADU (6989
ADU), leading to a conversion factor, as indicated, of 0.240 electrons/ADU (0.235
electrons/ADU). For the Modified with Gap process variant, the mean values of the
fitted Gaussian are slightly higher than for the Standard process variant. This effect
comes from charge-sharing effects in the Standard process chips. If the charge from
the seed pixel is shared with neighbouring pixels not reaching the threshold of 300
ADUs, the cluster size for the event is still 1, and it contributes to this analysis. The
effect is small, as this can only happen with minimal charge sharing. For the smaller
(larger) pitch, they correspond to 6951 ADU (7063 ADU), leading to a conversion
factor of 0.236 electrons/ADU (0.232 electrons/ADU).

For an overview of all calibration factors evaluated in the scope of this thesis,
please check Table 5.1.

5.3.2 Comparison of calibration factors

The calibration factor was initially calculated using a proximity board and a DAQ
board, which were not used in the test beams. As there was a different proximity
board to transform the sensor signal from analogue to digital (ADC), the conver-
sion factor of the two setups has to be determined. To accomplish this, one of the
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Figure 5.5: 55Fe spectrum for single pixel clusters of the entire matrix. The Gaussian
fit is marked in red. Comparison of Standard process chips with different pixel
pitches.

Gap 15 Gap 22.5 STD 15 STD 22.5

4V 0.248 0.253 0.250 0.246
10V 0.236 0.232 0.240 0.235

Table 5.1: Overview of the calibration factors calculated in the analysis. GAP
represents the Modified with Gap chip variants, while STD stands for Standard
variants. The subsequent number 15 or 22.5 indicates the pixel pitch. All calibration
factors are given in electrons/ADU.

calibration measurements was repeated using a board from Strasbourg, which was
used at the test beams. The conversion of the calibration measurements with these
two setups is compared in the following. In Figure 5.7, the global energy spectrum
measurements using the DAQ and proximity boards used at the test beams (Fig-
ure 5.7a) and those originally used at the UZH setup (Figure 5.7b) are shown. The
comparison uses the Modified with Gap chips of 15 µm of pitch. The difference
in the calibration factors evaluated in these measurements is 0.038 electrons/ADU.
Although this is not a big difference, it will shift the threshold values for test beam
measurements, as these are given in electrons and converted for the analysis to ADU.

The calibration factor was calculated with the DAQ and proximity boards used
in the SPS test beam, and the test beam analysis procedure was performed again
for one single measurement with the updated calibration, resulting in minor changes
in the results. In Figure 5.8, the deviation is shown for the Modified with Gap chip
of 15 µm of pitch, as an example. The shift in the x-axis is only marginally visible
for high Seed Threshold values, and for the other chips, the test beam analysis was
not retaken.
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(a) Modified with Gap process, pitch size
of 15 µm at 10V.
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(b) Modified with Gap process, pitch size
22.5µm at 10V.

Figure 5.6: 55Fe spectrum for single pixel clusters of the entire matrix. The Gaussian
fit is marked in red. Comparison of Modified with Gap process chips with different
pixel pitches.

5.3.3 K-beta peak fitting

Due to the pixel-to-pixel gain variation, the K-𝛽 peak can not be seen in the global
plots. The gain variations can be minimised by calculating the calibration factor for
each pixel separately. Pixel-by-pixel studies are also done to confirm the linearity of
the calibration factor, as it should be the same when evaluated at the K-𝛼 peak as
at the K-𝛽 peak. In the pixel-by-pixel studies of the different chip variants, another
difficulty with the K-𝛽 peak becomes apparent.
All the plots in this subsection are evaluated using data taken with the Modified with
Gap process chip featuring a pitch size of 15 µm. For coherence, all the arguments
are made on the same measurement, which was taken using the DAQ and proximity
boards from the UZH and applying a reversed bias voltage of 4V. Note, however,
that the problems in fitting the K-𝛽 peak arise with all four tested chips at both
bias voltages. For these analyses, a double Gaussian fit was performed.
While the K-𝛼 mean values are distributed approximately Gaussian, as expected,
the K-𝛽 values are smeared out to the left. In Figure 5.9, the distributions of the
mean values are shown.

Figure 5.10 shows the pixel-by-pixel evaluation of the K-𝛽 mean value, divided
by the K-𝛼 mean value. The ratio is calculated from the data in ADU. As the cali-
bration factor is constant within the pixel, the ratio is expected to be 1.1017 (ratio
of the peaks at 5.9 and 6.5 keV). However, the peak in Figure 5.10 is clearly below
this value at 1.06 with the right-hand side tail smeared out towards ∼ 1.070.

Corresponding to this smaller ratio, the fitted Gaussians of the measured K-
𝛼 and K-𝛽 peaks must be closer than expected. Pixel-by-pixel energy spectrum
measurement plots can roughly be divided into three categories.
Pixels, of which the measured spectra are similar to the one shown in Figure 5.11,
contain a shifted, but steep K-𝛽 peak, leading to interferences with the K-𝛼 peak.
In these cases, the two fitted Gaussians have means very close together, leading the
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of 15 µm at 10V. Measurement taken
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(b) Modified with Gap process, pitch size
15 µm at 10V. Measurement taken with
the UZH DAQ and proximity board.

Figure 5.7: 55Fe spectrum for single pixel clusters of the entire matrix. The Gaussian
fit is marked in red. Comparison of the different measurement setups.

ratio of the peaks to be close to 1. Such distributions are observed in most pixels,
leading to the peak in Figure 5.10.

Pixels with measured spectra similar to the one shown in Figure 5.12 have a
clearly visible peak, where the fit does not interfere with the fit from the K-𝛼 peak.
For such pixels, the mean of the K-𝛽 peak has a significant distance to the mean
of the K-𝛼 peak, enabling the ratio of the two peaks to be higher, corresponding to
the data smearing out the Gaussian in Figure 5.10 at ∼ 1.070. It could be that the
sensor is not completely linear; however, the reason why this ratio is not closer to
1.1017 is not clear.

In some rare cases, the energy spectrum measurement features a K-𝛼 peak with
a flat K-𝛽 peak. In these cases, the second Gaussian fit is observable only in the
right-hand side tail of the K-𝛼 peak, which is smeared out. See Figure 5.13 for an
example of such a distribution. In comparison to the first case, where the two peaks
are also interfering, the amplitude of the second peak is fitted to be smaller in these
cases, which is why the two mean values are further apart. In Figure 5.10, these
cases are the rarely occurring entries to the right of the peak.

Different ways of fitting the two Gaussians for the single pixel spectra exist.
Even though the K-𝛽 peak is visible and well fitted in some of the pixels, the
ratio of the two peaks usually does not come close to the expected 1.1017. The
reason for this behaviour could be a non-linearity of the CE-65 in the high end of
the energy spectrum, as the analysis was done with enough data to ensure good
visibility of a peak in lower energy, even on a pixel-by-pixel basis. Cross-checking
with measurements of the APTS sensor [66] shows that they did not have this
problem in the pixel-by-pixel analysis.
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Figure 5.9: Distributions of pixel-by-pixel mean values for K-𝛼 and K-𝛽 peaks.
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Figure 5.10: Pixel-by-pixel ratio of K-𝛽/K-𝛼 peak mean values.
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Figure 5.11: Measured energy spectrum of pixel [5][7]. The red line indicates the
double Gaussian fit. The fit of the steep K-𝛽 peak is shifted towards the K-𝛼 peak.
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Figure 5.12: Measured energy spectrum of pixel [9][10]. The red line indicates the
double Gaussian fit. K-𝛽 peak is fitted as expected.
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Figure 5.13: Measured energy spectrum of pixel [2][15]. The red line indicates the
double Gaussian fit. The fit of the flat K-𝛽 peak is shifted towards the K-𝛼 peak.





Chapter 6

Test beam measurements

Measurements were taken at a test beam to compare the performance of the different
chip variants in an environment with real but controlled conditions. There, a beam
of accelerated particles is deviated towards an experimental site, where the sensor
can be mounted in the beamline to take measurements. To see how the device under
testing (DUT) performs, it is placed within a telescope, an array of multiple sensors.
This array of silicon detectors is placed one after another along the direction of the
beam. These planes, built with a well-proven technology, reconstruct the direction
of each incoming particle. The track path is then extrapolated to the DUT plane,
in such a way that the DUT spatial resolution and efficiency can be reconstructed.
During the last year, two test beams were conducted to test CE-65 sensors. In April
2024, a test beam was conducted at CERN’s SPS North Area test beam facility
(H6 beamline) [68], using a beam of mixed hadrons of 120GeV energy. In May
2024, a test beam was conducted at the DESY test beam facility at beamline 24
[69], where we used electrons of 3GeV. These two experimental conditions are very
different, reflecting the different research motivation of the two test beams. The
CERN test beam was conducted to study non-irradiated sensors with better spatial
resolution, while at DESY, the primary research motivation was to study the effects
that irradiation has on the chips, for which the worse spatial resolution of the DESY
TB facility was less problematic.
This thesis focuses on analysing the data collected at the SPS test beam. The
measurements taken at this test beam aim to study the global and in-pixel analysis
of the resolution and the efficiency of the sensors. At the SPS test beam, different
bias voltages of 4V and 10V were tested and compared.

6.1 Setup

The telescope was the same in both of these test beams. It consisted of six ALPIDE
reference planes, a DPTS trigger and the DUT. The arrangement is shown in Fig-
ure 6.1.

The reference planes provide an estimated tracking resolution of the telescope of
2.2 µm. The estimate was done using the telescope optimiser, a software optimising
the position of DUT and telescope planes, for the given geometry [70]. The DUT and
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Figure 6.1: Schematic representation of the telescope components used at CE-65
test beams at CERN and DESY. The particle beam traverses from left to right,
passing first three ALPIDE reference planes, next the DUT, followed by the DPTS
trigger, before hitting again three reference planes. The reference planes and the
DUT are equispaced with 25mm.

the trigger were placed between the first three and the last three reference planes.
The trigger ensures that only events which pass through the DUT are recorded.
This is vital, as the ALPIDE chip has a much larger sensitive area than the DUT.
As a trigger, a DPTS [71] was mounted on a movable stage to be aligned by remote
control with the DUT. During the measurements at CERN, the DUT was cooled
to a steady temperature of 20 ∘C, the same as in the lab. For the measurements
with the irradiated sensors, the temperature was set lower, as these sensors perform
much better in a cold environment. There, the chiller was set to 0 ∘C, ensuring a
chip temperature of 15 ∘C. The sensors were mounted inside a metal box, which
was covered with a black towel during the measurements to minimise background
effects coming from the light in the experimental hall. This coverage caused some
instabilities in the temperature of the ALPIDE planes, as they were not cooled
directly. The complete experimental setup is shown in Figure 6.2. It also includes
the connection to the power supplies and the computer from which measurements
and the movable stage, as well as the power supplies, were controlled. The telescope
is placed on a height-adjustable table, remotely controllable from the hut.

Before starting the first measurement, the experiment was mounted in the area.
The telescope was brought into position with the height-adjustable table, and the
cables were secured. Afterwards, a noise run was carried out, where the beam was
kept off to measure the background noise. The trigger, which was initially adjusted
inside the telescope by eye to align with the DUT, was then positioned with finer
accuracy using the movable stage. The measurement started when the beam was
seen in the recorded frames of the DUT. This adjustment of the trigger had to be
repeated each time the DUT was changed, as this changed the position of the device
by up to a few hundred µm.
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Figure 6.2: Picture of the telescope used at DESY. The order of the planes is
mirrored with respect to the scheme shown in Figure 6.1.

6.2 Collected datasets
The data presented in this chapter was taken from test beam measurements per-
formed using the following sensors:

• PCB 19, Modified with Gap process, 15 µm pitch size. Measurements taken
with 4V and 10V bias voltage.

• PCB 10, Modified with Gap process, 22.5 µm pitch size. Measurements taken
with 10V bias voltage.

• PCB 7 from Prague, Modified with Gap process, 22.5 µm pitch size. Measure-
ments taken with 4V bias voltage were used for this analysis, as there were
no measurements with 4V bias voltage taken with the PCB 10.

• PCB 6, Standard process, 15 µm pitch size. Measurements taken with 4V and
10V bias voltage.

• PCB 18, Standard process, 22.5µm pitch size. Measurements taken with 4V
and 10V bias voltage.

For the global characterisation, a single beam run with approximately 50’000
trigger hits was analysed. For an overview of how many trigger hits this corresponds
to per sensor and applied voltage, see Table 6.1 for the global analysis.

From these trigger hits, usually between a third and half of them can be used for
the analysis. In Table 6.2, the number of tracks used for the global study is shown
per sensor and applied voltage.



56 Test beam measurements

Gap 15 Gap 22.5 STD 15 STD22.5

4 V 50 132 50 126 50 074 50 050
10 V 50 151 50 189 50 236 50 066

Table 6.1: Number of trigger hits per file used to perform the analysis shown in this
chapter.

Gap 15 Gap 22.5 STD 15 STD22.5

4 V 18 837 19 914 21 075 29 068
10 V 20 013 27 289 19 664 30 208

Table 6.2: Number of good tracks reconstructed from the trigger hits and used to
analyse global efficiency and resolution.

For the in-pixel studies, the data from different runs was merged. For the Mod-
ified with Gap process variant with 15 µm pitch size, 10 beam runs were used,
corresponding to 478’065 trigger hits. For the Standard process variant with 15 µm
pitch size, the data of 7 beam runs was used, totalling 400’814 trigger hits. Of
these trigger hits, 190’151 (163’960) tracks were used for the Modified with Gap
(Standard) process in the analysis.

6.3 Analysis

The analysis of the test beam data was done using the Corryvreckan analysis and
reconstruction framework [72]. It has been designed especially to simplify the recon-
struction of data recorded at test beams. Written in C++, the framework features a
modular design in which the separate modules implement the individual steps of the
reconstruction process. The flexibility of the framework allows the reconstruction
chain to be adapted to different analysis requirements. Also, it enables the direct
processing of simulated detector responses in the same way as the reconstruction
of the experimental data in the analysis. As described before, the planes of the
telescope are used to reconstruct particle tracks. From a reconstructed track on the
reference planes, the hit on the DUT can be extrapolated, and a window (region of
interest or ROI) can be defined on the DUT, where the hit is expected to be. If the
centre of mass of a pixel cluster associated to a hit is found to be inside this window
on the DUT, this hit is associated to the track. For an overview of the analysis
chain used here, see Figure 6.3.

The first step of the reconstruction chain consists of masking noisy pixels. These
pixels return artificial hits, not generated by the interaction of charged particles
inside their sensitive volume. If such a pixel is not masked on the reference planes
of the telescope, it can falsify the alignment, resulting in a shift of the reconstructed
traces of particles. Likewise, noisy pixels can occur on the DUT itself, where it is
equally important to mask them for the clusters on the DUT to be reconstructed
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Figure 6.3: Flowchart of the analysis chain.

correctly. If the noisy pixels are not masked, the ROI is shifted accordingly, and the
extrapolated track of the particle cannot be matched with a cluster on the DUT.
In Figure 6.4b, an example of a shifted region of interest is shown. This shift fol-
lows the appearance of four noisy pixels on the DUT, shown in the hit map of
Figure 6.4a. Following the shift of the ROI, the reconstruction algorithm could not
match clusters correctly, leading to the cluster map in Figure 6.4c. Such a faulty
reconstruction leads the analysis to fail completely for higher seed thresholds, which
again causes the reconstructed efficiency to go below 1%. In the given example, the
efficiency was reconstructed to be 0.1 ± 0.0%. For comparison, Figure 6.5a shows
the hitmap with masked pixels, from which an aligned ROI can be calculated as
shown in Figure 6.5b. The effect of the mask can be observed in the clustermap
of Figure 6.5c, where all the clusters that would contain the masked pixels are also
omitted. This results in two holes in the upper right part of the cluster map. The
masking leads to an efficiency of 93.9± 0.2%

The next step is the alignment of the reference planes to the beamline. The ge-
ometry of the telescope is defined beforehand in a geometry file, shown in Figure 6.6,
which includes the benchmark measurement for the alignment, as this measurement
can not be done precisely enough by hand. However, the X and Y positions of
the single planes and the precise orientation angle strongly influence the track re-
construction. The telescope alignment consists of a separate pre-alignment and
alignment step, which are both repeated multiple times. In these steps, the planes
of the telescope are shifted and rotated iteratively with respect to a plane defined
as the reference plane (in our case, plane three of the telescope was used). After
the track is reconstructed, the position where the hit is expected to be on the DUT
is calculated. Subsequently, the spatial distance between this expected hit position
and the actually measured hit position of the DUT, the residual, is evaluated. An
example of the residual determined in the analysis step for the Modified with Gap
process chip with a pitch size of 22.5 µm, is shown in Figure 6.7.

All the alignment steps target iteratively the improvement of the residual. In
the pre-alignment of the telescope, the correlations between all detector planes of
the setup and the plane beforehand defined as the reference plane are calculated.
By shifting and rotating the positions saved in the geometry file, the other planes
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(a) Hitmap of CE-65. Note four noisy
pixels. (b) Region of Interest on CE-65. Shift

occurs due to noisy pixels.

(c) Clustermap. No clusters can be formed due to a shift in ROI.

Figure 6.4: Analysis plots of a measurement without masking noisy DUT pixels.

of the telescope are aligned during multiple iterations. The improvement on the
residual during the iterations is shown for the Standard process chip of 15 µm pitch
size in Figure 6.8. These measurements were taken with an applied voltage of 10V.
After this relatively loose matching criteria, it is possible to perform tracking. The
preliminary tracks are the input to the second step of the alignment. With the
Millepede-II package [73], the simultaneous fit of all track candidates can be per-
formed to determine the alignment corrections simultaneously. In the alignment
step, events which include a hit in each reference plane are selected.

Next, the DUT is aligned to the rest of the telescope, following a repeatable
two-step procedure, where in the second step, the clusterisation is done. There,
clusters are calculated via a nearest neighbour search from all signals of a specific
chip, followed by determining the hit position (seed pixel) using a charge-weighted
centre-of-gravity algorithm. It can be done following either the “cluster” method or
the “window” method. In the “cluster” method, the pixels, which form the cluster
around a seed pixel, are chosen according to their own charge amplitude in the
event. They are selected if their amplitude exceeds the same charge threshold as
the seed pixel. In the “window” method, on the other hand, the threshold for the
neighbouring pixels is effectively zero – all eight direct neighbour pixels to the seed
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(a) Hitmap of CE-65. The four noisy pix-
els are masked.

(b) Region of Interest on CE-65. Shift
does not occur.

(c) Clustermap using masked pixels.

Figure 6.5: Analysis plots of the same measurement as in Figure 6.4, but with
masked noisy pixels on DUT.

will be contained in the cluster. The “cluster” method is used in the global plots
as efficiency is represented more accurately by this method. In contrast, in the
“window” method, the efficiency is biased, as all neighbouring pixels are read out,
even if the charge they measured is low. However, the “window” method is useful
for showing the improvement of the resolution coming from charge sharing effects
in standard chips. There, the charge of the neighbouring pixels is low, and thus, it’s
difficult for them to pass the neighbour threshold cut using the “cluster” method.
In the alignment of the DUT, the seed charge thresholds are altered so that the seed
charge can be analysed at different thresholds. [72]

6.4 Results

To characterise the CE-65 sensors in test beams, the detection efficiency and the
spatial resolution were evaluated for the whole sensor, averaging over each pixel.
Likewise, measurements were taken for the spatial resolution and the detection effi-
ciency to be evaluated inside one pixel. The performance of different regions inside
the pixel can be studied by superimposing the measurements taken in every pixel of
the large matrix.
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Figure 6.6: Extract from geometry file. Initial parameters of reference plane 3.

(a) Local residual in X. (b) Local residual in Y.

Figure 6.7: Residuals of DUT after the alignments of the telescope and the DUT.

6.4.1 Global efficiency and spatial resolution

For the global studies, charge sharing behaviour is very important, as it significantly
impacts both the efficiency and the spatial resolution. In Figure 6.9, the accumulated
charge ratio is shown as a function of the number of pixels in a cluster to study the
extent of charge sharing for the two process variants. As a 3 × 3 matrix around
the seed pixel was considered candidates for a cluster, 9 pixels were also considered
for this analysis. The pixels were ordered by the amount of charge they carry,
normalised by the total charge, defined as the sum of the charge of all pixels in
the 3 × 3 matrix. For more details on how the analysis was performed, see [63].
Comparing the two plots, the different charge-sharing properties become apparent.
As the accumulated charge ratio for the seed pixel (pixel no. 1) for the Standard
process is much smaller than for the Modified with Gap process, the charge is much
more distributed to the neighbouring pixels in the Standard process. The uniform
distribution for the Modified with Gap process variant shows that charge sharing is
not as significant in this process variant.

To study the performance of the CE-65 in efficiency and spatial resolution, the
“cluster” method was used to reconstruct the DUT hits. To determine and compare
these two parameters of all four different chip variants at both bias voltages of 4V
and 10V, they were evaluated at ten seed threshold values ranging from 90 to 390
electrons, with the lowest set to approximately three times the noise RMS, as for
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(a) First iteration. (b) Seventh iteration.

Figure 6.8: Residuals of the reference planes during the alignment of the telescope.

(a) Standard process. (b) Modified with Gap process.

Figure 6.9: Accumulated charge ratio as a function of the number of pixels in a 3 ×
3 matrix around a seed pixel. From Reference [63].

lower thresholds, the signal-to-noise ratio would be very low. For an example of the
noise distribution for the Modified with Gap process chip of 15 µm with 4V applied
bias voltage, see Figure 6.10. The thresholds were converted from ADC to electrons
using the calibration factors determined in Chapter 5.

Shown in Figure 6.11a is the study of the global efficiency as a function of electron
thresholds for the Standard process. All four pitch and reverse bias combinations
yield efficiencies greater than 99% for thresholds up to ∼ 150𝑒− and ∼ 130𝑒− for the
15 µm and 22.5 µm respectively. In Figure 6.11b, the global efficiency as a function
of electron thresholds for the Modified with Gap process is shown. An efficiency of
over 99% is achieved up to much higher thresholds for all four pitch and reverse bias
combinations in this process. For both pitch sizes, this efficiency is achieved up to
∼ 180𝑒−. The drop in efficiency in the Standard process variants is steeper than in
the Modified with Gap variants, which is as expected, as the Standard process loses
seed charge through charge sharing, making it harder for an event to surpass the seed
charge threshold. In the Standard process variant, the sensor performs better when
a reverse bias voltage of 10V is applied compared to 4V, indicating an increased
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Figure 6.10: Noise distribution of Modified with Gap process chip of 15 µm with
4V applied bias voltage. The standard deviation of the noise in ADU is given in
the right-hand box. This was the baseline value used to calculate the first threshold
evaluated per measurement.

depleted zone. While in the Modified with Gap process, the different pixel pitches
perform nearly equally well, in the Standard process, a significant improvement of
the 15 µm compared to the 22.5 µm pitch size can be observed. This is expected, as
the undepleted region at the pixel boundaries is greater for the larger pitch size. In
the Modified with Gap process, the depleted zone ranges over the whole pixel pitch
in both cases. Accordingly, the 22.5 µm pitch sensors perform slightly better than
their smaller-pitched counterparts.
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Figure 6.11: Detection efficiencies.

The spatial resolution of the chip variants was likewise studied for the CE-65
sensors at different bias voltages with respect to increasing electron threshold, while
subtracting in quadrature the value of the telescope resolution. In Figure 6.12a, the
spatial resolutions for the Standard process chips are shown for all four combinations
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of pitch sizes and reverse bias voltages. For all combinations, excellent resolutions
can be achieved. For the larger pitch size of 22.5 µm, the requirement of 3 µm is
undercut up to a limit of ∼ 140𝑒− or ∼ 150𝑒− for a reverse bias voltage of 4V
or 10V respectively. For the smaller counterpart, the requirement is undercut up
to even higher limits of ∼ 200𝑒− for both bias voltages. The performance degrades
quickly below 250𝑒− as the cluster size decreases. At this level, it plateaus at ∼ 5 µm
and below 3.5 µm for the larger and the smaller pitch size, respectively. The binary
resolution of pitch size /

√
12 lies at 6.5 µm for the larger pitch size and 4.3µm for

the smaller sensor and is surpassed in both cases for all tested thresholds.
In Figure 6.12b, the global spatial resolution of all four combinations of pitch size
and reverse bias voltage for the Modified with Gap process chips is shown. This
process variant achieves a worse resolution than the Standard process, as charge-
sharing effects are reduced. However, as charge sharing is not completely negligible,
also for this process, the binary resolution is surpassed in all four combinations for
all thresholds, as the 22.5 µm chip displays resolutions of just above 5 µm, while
the 15 µm chip plateaus at ∼ 3.5 µm for see charge thresholds above ∼ 150𝑒−. The
Modified with Gap process variant displays less variation with increasing thresholds,
but both chip variants perform comparably well at high thresholds. Comparing the
reverse bias voltages, the Standard process shows a significant improvement when a
reverse bias of 4V is applied. This effect probably comes from the depletion depth
being influenced by the applied bias voltage. As the Modified with Gap process
chip features full depletion in any case, it might not be significantly influenced by
a change in the bias voltage. In contrast, the balloon-shaped depleted region in
the Standard process might be adjusted according to the applied voltage. The bias
voltage does not significantly influence the performance of this process variant.
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(a) global spatial resolution of Standard pro-
cess.
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Figure 6.12: Global spatial resolution studies.

The global efficiency for the Modified with Gap process falls below 99% for
seed charge thresholds of 165 ADU (168 ADU) for a pitch size of 22.5 µm (15 µm),
applying a reversed bias of 4V and 156 ADU (170 ADU) for the larger (smaller)
pitch size with a reversed bias of 10V.

The global efficiency for the Standard process variant falls below the threshold
of 99 % at 120 ADU (138 ADU) for a pitch size of 22.5 µm (15 µm), when a reversed
bias of 4V is applied. With a reversed bias of 10V, it falls below 99% at 136 ADU
(152 ADU) for the larger (smaller) pitch size.
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6.4.2 In-pixel efficiency and spatial resolution

The CE-65 features a large pixel matrix, which can be utilised to perform in-pixel
studies. From the large number of collected and reconstructed tracks, the hit infor-
mation of every pixel, not belonging to the two outermost columns/rows, is superim-
posed and analysed. For the in-pixel studies, the “cluster” method with a seed and
neighbour threshold of 170𝑒− is used to compare the in-pixel with the global studies.
Additionally, to see the effect of the charge sharing in the Standard process variants,
the “window” method was applied for the spatial resolution studies. Studying the
efficiency inside the pixels, we see areas within the pixel where detection efficiency
losses occur. The spatial resolution measured inside a pixel can give insights into
charge sharing properties of a process variant and, as such, is expected to reflect the
excellent resolution of the Standard process chips. For both processes, data from
the smaller 15 µm pitch size sensor is used, and a reverse bias voltage of 10V was
selected. The left-hand side plots of the in-pixel study figures in this subsection
represent the averaged pixel divided into multiple bins. For each bin, the detection
efficiency/ spatial resolution is determined and represented by the colour shade. The
right-hand side of the plot illustrates the variation in detection efficiency, resp. spa-
tial resolution along different paths. The blue line represents the straight path from
the middle of the pixel to the (upper) edge, the orange path leads along the edge of
the pixel from the middle to the upper right corner, and the green line is the path
from this corner again to the middle of the pixel. The resolution and distance along
the path are given in µm while the detection efficiency is given in percent. The di-
agonal path in the in-pixel efficiency plots marks the corresponding global efficiency,
according to the results shown in the previous subsection. The in-pixel efficiency
study of the Standard process, analysed using the “cluster” method, is shown in Fig-
ure 6.13. The performance shows a significant dip at the corners, which comes from
charge-sharing effects. For a hit, recorded at the edge of a Standard process pixel,
the hit information is shared between the closest neighbour pixels and, therefore,
often does not exceed the seed threshold.

Figure 6.13: In-Pixel efficiency study for the Standard process variant. The cluster-
ing method “cluster” was used.

In figure Figure 6.14, the in-pixel efficiency study of the Modified with Gap pro-
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Figure 6.14: In-Pixel efficiency study for the Modified with Gap process variant.
The clustering method “cluster” was used.

cess is shown. For the Modified with Gap process, the observed drop in the efficiency
is only a minor effect compared to the Standard process. The detection efficiency
is much more uniformly distributed over the pixel size, reflecting the better global
efficiency of the Modified with Gap process. This distribution shows the effect of
the depletion, which allows the charge collection to reach the edges and corners of
the pixel.

For the in-pixel study of the spatial resolution, the mean absolute deviation
between the reconstructed telescope and DUT cluster position (

√︀
∆𝑥2 +∆𝑦2) is

shown. This differs from the previously stated global resolution, which was the
average standard deviation of the residuals in the x and y directions. This way
to calculate the resolution is the Taylor expansion of

√︀
∆𝑥2 +∆𝑦2. However, the

resolution per bin in X and Y is very different for the in-pixel studies. To get a
reliable quantity, the Taylor expansion is not suitable in this context. This is why
the precise deviation is calculated in the in-pixel study to get the resolution. In
Figure 6.15, the resolutions in X are shown. Note that per bin, these resolutions
are significantly different. Another effect, which can be observed, comes from the
different process variants. While the Modified with Gap process variant performs
uniformly well over the whole pixel pitch, the resolution at the edges of the Standard
process pixel is smaller than for the Modified with Gap process variant. This effect
is supported by the use of the “window” clustering method.

Figure 6.16 shows the in-pixel spatial resolution study of the Standard process,
where the “cluster” method was used in the analysis. Starting on the right-hand
side plot with an excellent resolution in the centre of the pixel, the performance
drops rapidly following the path towards the upper edge of the pixel. The highest
resolution value slightly above ∼ 6 µm is measured at the corner. This resolution
outranges the binary resolution of ∼ 4.3 µm for a pitch size of 15 µm and is influenced
mainly by the missing hit information due to charge sharing and a high neighbour
threshold. This influence can be minimised by applying the “window” method.
Figure 6.17 shows the in-pixel spatial resolution of the Standard process, using the
“window” method in the analysis. Here, the tendency of better resolution in the
centre than the edges is also visible, but the resolution in the pixel corner only rises
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(a) Resolution in X for the Modified with
Gap process variant.

(b) Resolution in X for the Standard pro-
cess variant.

Figure 6.15: Resolution in X for the Standard and the Modified with Gap process
variant with 15 µm pitch size. The analysis was made using the clusterisation method
“window”. Note the significant standard deviations for both processes.

to ∼ 3.5 µm and therefore does not improve upon the binary resolution. Also, the
distribution of the performance throughout the chip is much more uniform than in
Figure 6.16.

Figure 6.16: In-Pixel resolution study for the Standard process variant. The clus-
tering method “cluster” was used.

For the Modified with Gap process, the in-pixel spatial resolution, analysed using
the “cluster” method, is shown in Figure 6.18. Starting again in the middle of the
pixel, the resolution is also excellent, but it rises even more sharply, peaking at a
resolution of over 7.5 µm at the corner. This resolution overshoots the binary reso-
lution even more than the Standard process, mainly because the Modified with Gap
process has nearly no charge-sharing opportunity. Therefore, applying the “window”
method for this process is not expected to improve the resolution as much as in the
Standard process. This is also reflected in the overall worse spatial resolution ob-
served before. In Figure 6.19, the results of using the window method in the analysis
are shown. The performance at the edges and corners has slightly improved using
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Figure 6.17: In-Pixel resolution study for the Standard process variant. The clus-
tering method “window” was used.

the window method and does not exceed a spatial resolution of ∼ 6.5 µm, however,
this is still worse than the binary resolution.

Figure 6.18: In-Pixel resolution study for the Modified with Gap process variant.
The clustering method “cluster” was used.

The “window” method shows clearly the advantage of the Standard process over
the Modified with Gap process. Charge sharing from the seed to the neighbouring
pixels strongly helps reconstruct the precise hit position inside the pixel and reach
resolutions much below the binary resolution.

In the in-pixel study, the reason for these differences between the process vari-
ants can be confirmed, as the Standard process variant performs much better than
the Modified with Gap variant in the spatial resolution, especially when allowing the
3 × 3 neighbouring pixels to be read out with a neighbouring threshold of zero. The
charge sharing in the Standard process makes it possible to have a very good spatial
resolution throughout the pixel, especially at the edges and corners, compared to
the Modified with Gap variant. For the in-pixel study of the detection efficiency,
the performance of the Modified with Gap process variant is significantly more uni-
formly distributed over the pixel than for the Standard process. This comes mainly
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Figure 6.19: In-Pixel resolution study for the Modified with Gap process variant.
The clustering method “window” was used.

from the depletion of the sensors, which reach the edges and corners of the Modified
with Gap process sensors. In case of the Standard process sensors, the depletion
doesn’t reach the edges of the pixel, leading to a significant drop in the performance
of the Standard process sensors at the edges, which is also reflected in the worse
global performance for this variant.
For completeness reasons, the in-pixel detection efficiency study was performed us-
ing the “window” clusterisation method to detect the efficiency. Furthermore, the
analysis was also conducted for the larger pixel pitch sizes of 22.5µm. The effects
and tendencies shown in this chapter are also applicable to these results, which is
why they are not discussed here. These results can be found in the Appendix.

6.5 Summary

The characterisation in the test beam at SPS showed the very good performance
of the Standard process variant, yielding global spatial resolutions of below 2.5 µm,
after the telescope resolution was subtracted. This resolution is achieved using the
smaller pitch size of 15 µm, still operating with over 99 % efficiency and at thresholds
above 130 electrons. For the larger pitch size of 22.5 µm, a global spatial resolution
of < 3 µm was achieved, operating with over 99 % efficiency at thresholds above 130
electrons. For the global efficiency, the larger pitch size performs better, and the
chip performs better when a reversed bias of 10V is applied.
The Modified with Gap process, featuring faster charge collection but less charge
sharing, enables resolutions of ∼3.3 µm. A future reduction of the pixel pitch size for
this process could also allow the Modified with Gap process variant to undercut the
required 3 µm. For the global efficiency, the sensor achieves slightly better results
for the larger pitch size of 22.5 µm and performs better when a reversed bias of 10V
is applied.
Studying the in-pixel performance of the chip variants, the results of the global
studies are extended. The Standard process variant, performing much better in
the global spatial resolution, allows for charge sharing between neighbouring pixels.
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This makes it possible to have a very good spatial resolution, especially at the edges
and corners of the pixel. However, the detection efficiency at the edges and corners
is limited due to the partial depletion of the Standard sensor. The full depletion of
the Modified with Gap sensor allows for a very good charge collection at the edges
and in the corners, making detection more efficient.





Conclusions

The Standard Model, while being an elegant model to describe matter and most
of the forces in our Universe, leaves many questions unanswered. A new particle
collider is needed to study these, focusing on the high-precision study of the Higgs
boson. As a successor of the LHC at CERN, many different future collider projects
are proposed, one of them being the FCC. This versatile project makes it possible to
study in the first phase already much more than solely the Higgs boson, as it offers
the possibility to inspect, for example, the electroweak interaction as well as flavour
physics parameters in great detail. Until the first collisions can be recorded in the
FCC-ee, many steps still have to be taken, as shown in Figure 6.20. This March,
the FCC feasibility study report was finished and published. After the potential
approval of the FCC in ∼ 2028, the focus will shift more and more towards develop-
ing and building accelerator and detector prototype components. The anticipated
start of the detector installation will be in ∼ 2041, with the detector commissioning
starting in ∼ 2045 to enable the start of the FCC-ee physics programme soon after.

Figure 6.20: Preliminary FCC-ee timeline. From Reference [74].

These endeavours follow a long timeline, which already benefits from ongoing
research in detector developments. The optimal prerequisite for this is to have an
already existing experiment with similar requirements to one of their detector parts.
For the sensors which could be used in the vertex detector, such an experiment
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is the ALICE experiment at CERN. The developments on MAPS, which they are
advancing for the update of their inner tracking system (ITS3), are very interesting
for the R&D for FCC-ee vertex detectors. In the scope of the research for the ALICE
ITS3, small-scale test structures were developed. Among them was the CE-65 sensor
and its evolution, the CE-65v2.

This thesis evaluated the feasibility of reaching the FCC-ee vertex detector re-
quirements using a 65 nm CMOS process sensor deployed in the CE-65v2 prototype
chip. A special focus lay on the spatial resolution requirement of 3 µm while the chip
still runs with a detection efficiency of at least 99%. The results shown here built
on studies of the CE-65v1 and CE-65v2, found in Reference [63]. Within the scope
of this thesis, four variants of the CE-65v2 were characterised, investigating the
impact of different pixel pitches and manufacturing processes on the performance
of the sensors. Furthermore, the sensors were operated at reverse bias voltages of
4V and 10V, adding a third exploration axis. The characterisation consisted of
measurements of the calibration factor with a radioactive source in the lab at the
University of Zurich and of tests in a real but controlled environment at the CERN
SPS and at DESY II test beam facilities.
The test beam characterisation of the Standard process variant yielded resolutions of
below 2.5 µm (below 3 µm) for the pitch size of 15 µm (22.5 µm), after the telescope
resolution was subtracted. These resolutions were achieved while still operating with
over 99% efficiency and above a seed charge threshold of 130 electrons. The GAP
process, featuring faster charge collection but less charge sharing, enables resolutions
of ∼3.3 µm. This value could be reduced when reducing the pitch size of the GAP
process. In-pixel performance studies extended the results obtained in global stud-
ies. In the Standard process variant, the charge-sharing effect could be observed.
In the spatial resolution, this allowed for very good performance, especially at the
edges and corners of the pixel, while the detection efficiency performance decreased
in these regions. In the Modified with Gap process variant, the contrary effect was
visible by having a very good detection efficiency in the edges and corners, but a
significant dip in the resolution in these areas.
In summary, it was concluded that the challenges in achieving the required resolu-
tion in semiconductor sensors with an analogue readout, while maintaining a good
efficiency at reasonable noise levels, differ between the two chip process variants. In
the Standard process, the challenges include the complex design of the analogue-to-
digital conversion scheme to fully benefit from the charge sharing information. In
a real detector environment, it is impossible to read out all the neighbouring pixels
with a zero threshold. The main challenge for the Modified with Gap process is
integrating all the necessary logic into the pixels while minimising the pitch size to
reach the required 3 µm resolution. The results obtained in the scope of this the-
sis were presented at the Eleventh International Workshop for Semiconductor Pixel
Detectors for Particles and Imaging 2024 (link to the contribution on indico1) and
were published as a conference proceeding [75].
To complete the characterisation of the CE-65v2 chip, a test beam is planned for
June 2025, in which the impact of a staggered pixel arrangement, as well as the

1https://indico.in2p3.fr/event/32425/contributions/142771/
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intermediate process variant “Modified” will be tested. In the Modified process vari-
ant, there are no gaps in the n-type implant, while the depletion still reaches the
edges of the pixel. The full analysis of the CE-65v2 chips also include studies of
the 18 µm pitch size and the analysis of the data taken at the test beam in DESY,
studying the effect of irradiation on the different chip variants.
The studies of the CE-65v2 chip has supplemented the APTS [66] and DPTS [71]
studies, validating the 65 nm TPSCo CMOS process as a candidate technology for
future particle detection applications.
Guided by the ECFA R&D roadmap [76], eight detector R&D collaborations have
formed to develop detector technologies towards fulfilling all the requirements of
future collider physics experiments. One of the collaborations is the Solid State
Detectors R&D Collaboration (DRD3 [77]). This collaboration aims to improve,
among others, the monolithic sensing technology, aiming to advance the perfor-
mance of monolithic CMOS. The OCTOPUS2 project within DRD3 is concerned
with developing MAPS, from the ASIC design to simulation, and characterisation.
The goal is to target the general vertex-detector requirements of future lepton col-
liders, as outlined in the ECFA detector R&D roadmap [78, 79].
The results in this thesis mark a promising step towards developing sensors for FCC-
ee vertex detectors and are a starting point for projects like OCTOPUS.

2https://octopus.web.cern.ch/
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Figure 6.21: In-pixel efficiency of Modified with Gap process sensor with 15 µm pitch
size. Analysis made using the “window” clusterisation method.
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Figure 6.22: In-pixel resolution of Modified with Gap process sensor with 15 µm
pitch size. Analysis made using the “cluster” clusterisation method.
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Figure 6.23: In-pixel efficiency of Modified with Gap process sensor with 22.5 µm
pitch size. Analysis made using the “window” clusterisation method.

11.25 7.50 3.75 0.00 3.75 7.50 11.25
In-pixel track intercept x (µm)

11.25

7.50

3.75

0.00

3.75

7.50

11.25

In
-p

ixe
l t

ra
ck

 in
te

rc
ep

t y
 (µ

m
)

Tracking
resolution
= 2.2 µm

A

B C

ALICE ITS3 beam test work in progress

@SPS April 2024, 120 GeV/c hadrons
Plotted on 22 Apr 2025

A B C A

0.00 11.25 22.50 33.75
Distance along the path (µm)

86

88

90

92

94

96

98

100

De
te

ct
io

n 
ef

fic
ie

nc
y 

(%
)

Total efficiency

CE 65v2 (ER1)
Type: Modified w/ Gap
Pitch: 22.5 m 
Vsub = Vpwell = 0, T = 20°C
Imat = 3mA, Icol = 200 A, Voffset = 1V
AC amp.: Ipmos = 100 A, HV = 10V
Method: Window
Threshold: 170 e

Stat. error86

88

90

92

94

96

98

100

De
te

ct
io

n 
ef

fic
ie

nc
y 

(%
)

Figure 6.24: In-pixel efficiency of Modified with Gap process sensor with 22.5 µm
pitch size. Analysis made using the “cluster” clusterisation method.
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Figure 6.25: In-pixel efficiency of Standard process sensor with 15µm pitch size.
Analysis made using the “window” clusterisation method.
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Figure 6.26: In-pixel resolution of Standard process sensor with 15 µm pitch size.
Analysis made using the “cluster” clusterisation method.
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Figure 6.27: In-pixel efficiency of Standard process sensor with 22.5 µm pitch size.
Analysis made using the “window” clusterisation method.
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Figure 6.28: In-pixel efficiency of Standard process sensor with 22.5 µm pitch size.
Analysis made using the “cluster” clusterisation method.
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