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ABSTRACT

The intent of this thesis is to characterize the MuPix10 pixel sensor — a high-
voltage monolithic active pixel sensor (HV-MAPS) prototype for the sensor that
is planned to be used for particle tracking in the Mu3e experiment. The Mu3e
experiment searches for the lepton-flavor violating decay pu* — e*e*e™, which
is highly suppressed to an unobservable order in the Standard Model of Parti-
cle Physics. Thus, its observation would point to physics beyond the Standard
Model.

To identify such a decay an elaborate detector system has been developed in
order to be capable of detecting the searched-for event and distinguish it from
background events. The newly developed HV-MAPS are characterized and their
performance is analyzed on testbeam campaigns by using a multi-layer telescope
setup. In the scope of this thesis, the sensor performance data taken in a testbeam
at DESY is analyzed.

A model for the formation of particle hit clusters on the MuPix10 has been de-
veloped by assuming diffusion of the generated charge carriers during the drift
collection time. This model is introduced and its predictions are compared to
results from the testbeam and discussed critically.

Furthermore, different models for the energy deposition distribution ("straggling
functions™) in a thin silicon detector are presented and the possibility to deter-
mine the sensor thickness from the shape of these functions has been tested. The
results are discussed in view of the data obtained at the DESY-testbeam.

/ZUSAMMENFASSUNG

Das Ziel der vorliegenden Arbeit ist die Charakterisierung des MuPix10 Pixelsen-
sors — eines hochspannungsbetriebenen monolithischen aktiven Pixelsensor (HV-
MAPS)-Prototypen des Sensors, der fir die Bestimmung von Teilchenspuren im
Mu3e-Experiment zur Verwendung kommen soll. Das Mu3e-Experiment sucht
nach dem Zerfall p* - e"e*e™, der die Erhaltung der Lepton-Familienzahl ver-
letzt und im Standardmodell der Teilchenphysik ins Unbeobachtbare unterdriickt
ist. Seine Beobachtung wéire damit ein Indiz fiir Physik jenseits des Standard-
modells.

Um einen solchen Zerfall ausmachen zu konnen, wurde ein ausgekliigeltes Detektor-
System entwickelt, das in der Lage ist, den gesuchten Zerfall zu detektieren und
von Hintergrundereignissen zu unterscheiden. Die neu entwickelten HV-MAPS
konnen auf Testbeam-Kampagnen, unter Verwendung eines aus mehreren Sen-
sorlagen bestehenden Teleskops, charakterisiert und auf ihre Leistung untersucht
werden. Im Rahmen dieser Arbeit werden Daten analysiert, die im Zuge eines
Testbeams am DESY genommen wurden um die Leistung der Sensoren beurteilen
zu konnen.



Unter der Annahme von Diffusion der bei einem Teilchen-Hit im Sensor gener-
ierten Ladung wahrend deren Sammlung im elektrischen Driftfeld wurde ein Mod-
ell zur Beschreibung der Formation von Hit-Clustern entwickelt. Dieses Modell
wird hier vorgestellt und die Vorhersagen, die es macht, werden verglichen mit
Ergebnissen, die auf dem Testbeam erhalten wurden und auflerdem in Hinblick
auf diese kritisch diskutiert.

Des Weiteren werden verschiedene Modelle fiir die Verteilung der Energiedeposi-
tion in diinnen Silizium-Detektoren, sogenannte straggling functions, vorgestellt
und die Moglichkeit, die Form dieser zu nutzen, um die Dicke der Sensoren zu
bestimmen, wurde untersucht. Die Ergebnisse werden mit Blick auf die Daten
des DESY-Testbeams diskutiert.
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1 MOTIVATION

Introduction

1. Motivation

It has been in the nature of humans to understand the surrounding world to take
advantage of this understanding, as well as to just get the satisfaction from the
knowledge as has been pointed out in GoetheRaust

Dass ich erkenne, was die Welt
Im Innersten zusammenhalt

To see, what holds the universe at its innermost parts mankind has made great
e ort in the theoretical describing of ongoing processes in nature and also in
their experimental observations.

This interplay between theory and experiment is very much likely to be as old as
science itself.

Observations in nature are to be described by a theory and the theory should
agree with all observations. If the latter is not the case, the theory has to be
enhanced or new theories need to be put forward. It is therefore the aim of
physical experiments to nd limitations of current theories and hereby push the
precision of our understanding of the universe to higher and higher accuracy or
even nd a point at which a theory completely fails and new physics can be found.

The Mu3e experiment, introduced in[Section B, is just such an experiment,
searching for physics beyond the Standard Model, presented[in Sectidn 2. High
precision particle tracking and vertexing is required for this experiment and is to be
provided by high-voltage monolithic active pixel sensors (HV-MAPS). Extensive
R&D is conducted in order to design such a sensor fully capable of dealing with
the requirements set by the experiment. As such, dedicated testbeams campaigns
can be undertaken with the aim of the characterization of recently developed
sensors. Data taken at these testbeams can amount to several Terabyte from which
essential conclusions on the sensor performance have to be drawn by extracting
information that can be compared to expectations and model predictions. In turn,
the information gathered on the performance allows for further improvement and
development of the sensor needed for the nal experiment.






2 THE STANDARD MODEL OF PARTICLE PHYSICS

2. The Standard Model of
Particle Physics

The Standard Model of Particle Physic§SM) is one of the most precisely trialed
theories in physics with respect to its prediction accuracy. Not only is it a theory
to describe the world on a subatomic scale, but it also had the power to predict
the existence of particles. The high variety of particles and their properties it
is predicting and describing can be attributed to comparatively few elementary
particles (see Figure 2.1). Those particles can be structured with regard to certain
properties.

Figure 2.1: The Standard Model of Particle Physics [1].

The SM separates particles into two main groups: Thbosonswith an integer
spin and thefermions with a half-integer spin.
The Higgs bosonwith a spin of zero, is responsible for all fundamental particles
acquiring mass, whereas the knowgauge bosonswith a spin of one, are medi-
ating the fundamental forces of electromagnetigppoton), weak (Z°, W bosor)
and strong (gluon) interactions.
The fermions can be separated intquarks which are interacting electromagneti-
cally and strongly, andleptons The three leptonselectron, muon and tau interact
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electromagnetically and weakly, whereas themeutrinos only interact weakly. A
further separation of the fermions is the one into three generations:

The rst generation contains the up and down quarkas well as the electron and
the electron neutrino. Those particles make up all the known stable matter around
us. The second generation contains theharm and strange quarkand the muon
and muon neutrino, while the third generation contains the heaviest quarkstgp
and bottom quark® and the heaviest lepton (tau) and its neutrino. The heavy
particles of the second and third generation are rather short-lived and need high
energies to be produced.

12



3 THE MUSE EXPERIMENT

3. The Mu3e experiment

The Mu3e experiment is located at the Paul-Scherrer-Institut (PSI) in Villigen,
Switzerland. Being a comparatively small particle physics experiment in contrast
to large-scale high energy experiments as found for example at the Large Hadron
Collider (LHC) the search for physics beyond the SM is conducted by high-
precision measurements. Particularly, the aim of these measurements is to nd
the branching ratio (or an upper limit for it) of a muon decay into three electrons

3.1. Theoretical background

A number of properties of interacting particles is conserved within the SM. One of
them is the lepton number, describing the di erence between the number of lepton
particles and anti-particles. Following the SM, also the lepton avor number,
which is the lepton number for just one avor of leptons (electron, muon, tau),
should be conserved. However, since neutrino oscillations have been observed [2],
evidence for the violation of the lepton avor number conservation in the weak
interaction of neutral particles has been found, calling for physics beyond the SM.
Furthermore, the decay of a muon into three electrons (hence the name of the
experiment Mu3e, which is searching for exactly this decay)

"1 e'ee
would violate the conservation of the lepton avor number for charged particles.
In contrast, the known decay channels (see [3]) of the positively charged muon

conserve the lepton avor number. It has to be mentioned, that nearlyi00 %
of the muon decays follow the rst of the three modes mentioned above (Michel
decay). The other two decay modes are restricted to certain energy limits and are
rather rare with a decay probability of 6 10 °% (radiative decay with photon
emission) and 3:4 10 2% (decay with inner conversion), respectively.

The decay ! eeeis only possible including neutrino mixing (cf. Figure 3.1)
within the SM, which is highly unlikely and suppressed by the order &d(10°°) [4],
making it practically negligible and unobservable. Therefore, the observation of
such a decay would point to physics beyond the SM in particular, the determina-
tion of the branching ratio could set limits to some theories, like for example some
supersymmetry (SUSY) models that are predicting massive particles (c.f. [5], [6]).

The muon decay into three electrons is not the only process investigated in order

YHenceforth, the term electron in the context of a muon decay product implies the positrons as well.
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3.2 The Mu3e detector

Figure 3.1: * ! e"e"e in a neutrino loop [4].

to nd or discount (to a certain level of sensitivity) the lepton avor violating
decay. Experiments like MEG, located also at PSI and searching for the decay

I e, or Mu2e at Fermilab, searching for the conversion of a captured muon
into an electron, have the same aim as the Mu3e experiment.

3.2. The Mu3e detector

The aim of the Mu3e experiment in its nal stage is to either nd the lepton avor
violating decay ! eeeor to set the limit of the branching ratio below 10 6
with a con dence level 0of90 %[7].

The experiment makes use of the muon beam at PSI, which is currently the
strongest in the world, yielding a rate of the order ofl0° muons=s [7] created by

a high-intensity proton beam red on a xed target. Since the expected rate
of muons decaying into three electrons is really low, this high-rate muon beam
is needed. The muons are extracted and directed to the detector setup, which
is containing a target. The target consists of a Mylar foil which is double-cone
shaped and aimed to stop the muons before the decay. A sketch of the detector
is depicted in Figure 3.2. This setup is placed in a magnetic eld such that the
bending of the particle tracks allows for a precise momentum determination, and
the bending direction can be used to discriminate electrons and positrons. As is
sketched in Figure 3.2 the bending is in such a way that the electrons curl to the
so calledrecurl layers These layers are placed up- and downstream the beam
pipe in an extent to cover the full range of the recurling electrons regarding their
maximum energy of53 MeV? and the strength of the magnetic eld. The timing
information is provided by scintillating bers (time resolution of O(100 ps) [7])
placed around the target area and tiles (time resolution of 70ps [4]) placed
within the cylindrical recurl layers. Close to the decay point on the target the
four central pixel layers are located for the purpose of tracking and vertexing. The
two inner layers have radii of about2:3cm and 3:0 cm and the two outer layers,

2Considerations of the conservation of energy and momentum allow for the calculation of the maximum
kinetic energy of the electrons as the half of the muon rest mass.
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3 THE MUSE EXPERIMENT

Figure 3.2: Setup of the Mu3e experiment [8].

outside the scintillating bers, have radii of 7:4 cm and 8:6 cm, respectively [9].
The cooling of the detector, which is required due to the heat dissipation of the
electronics, is achieved by gaseous helium.

3.3. Detector requirements

Several prerequisites have to be ful lled in order to separate the rare, searched-
for events from the background. One possible source of background is the decay
I eee , which can be eliminated by precise energy measurements since ki-
netic energy is carried away by the neutrinos. This kind of background event,
however, is intrinsic and can not be avoided by any means. To identify it as back-
ground the momenta of the electrons have to be determined precisely in order to
get the energy of the particles. To reach the sensitivity for the branching ratio of
10 !¢ an energy resolution ofl:0 MeV is required [9].
Another source of background is the accidental background that can arise from
coincidences of multiple single muon decays. Precise timing and vertexing allows
for those events to be distinguished even at the high rates @ 10° muons=s
proposed for the nal stage of Mu3e.
The momentum resolution is dominated by multiple Coulomb scattering (cf. Sec-
tion 4.1.5). To reduce this scattering a low material budget and thus thin pixel
sensors are required. To reduce the impact of multiple Coulomb scattering on the
momentum resolution measurements even further the recurl layers are placed to
detect the particles after bending aboutl8C. By this, the de ection by multi-
ple scattering is eradicated in rst order (for details see [7]). In fact, the multiple
Coulomb scattering is the crucial point limiting the spatial resolution. The spatial
resolution of the vertex detector has to be su ciently good to distinguish di erent
decays for the background elimination.
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4 SILICON DETECTORS

4. Silicon detectors

In this section the interaction of charged particles with matter will be addressed.

Di erent processes can occur for particles traversing matter leading to energy
losses (ionization, Bremsstrahlung) and de ections (Coulomb scattering) of the
particle. In particular, the theory of energy deposition of electrons and positrons
in silicon is introduced, allowing for a theoretical understanding of the working

principle of semiconductor detectors. For a full understanding of the detectors
the theory of semiconductor physics and p-n junctions is expedient as well and
will be presented in the following.

4.1. Particle interaction with matter

In order to detect charged particles one has to make use of their energy loss while
traversing matter. For this, various elaborate methods have been introduced, all
based on the energy deposition due to one of the hereafter described processes.
It is, however, important to distinguish between the energy loss of a particle and
the energy that is deposited in the detector, as will be addressed in the further
course.

4.1.1. lonization and excitation

Charged patrticles experiencing the Coulomb eld of the electrons in the matter
they are traversing can transfer energy to these electrons. This energy transfer
leads to excitation of the electrons and, if any, ionization. The energy loss of the
traversing particle due to this process diers for heavy particlésand electrons
and positrons.

Heavy particles

A heavy, charged particle traversing matter looses energy according to the Bethe-
Bloch formula (adapted from [10])

* + .
& _Z 22 1o e, () C(l)
dx my 2

2 | 2 2 Z
(4.2)
Here and in the following:
" K 5097 MeV fm? constant factor
Z atomic number of the detector material

m, atomic mass of the detector material

3Heavy in this context means heavier than electrons.
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4.1 Particle interaction with matter

density of the detector material
z charge number of the traversing particle
= ¢ velocity of the traversing particle
me electron mass
= p% Lorentz factor of the traversing particle

Tmax Maximal possible energy deposition of a single particle
I mean ionization energy of the detector material
density-correction function (important for high energies)
C shell-correction function (important for small velocities)
This formula holds for relativistic particles and describes the energy loss due
to ionization and excitation of shell electrons in the traversing material. The

proportionality to Z arises from the incoherent scattering on all electrons in the
shell of the bulk material. For small values of the particle energy, this energy

Figure 4.1: Density-normalized energy loss due to ionization in di erent materials
[11].

loss increases with decreasing particle velocity proportional t&. This results

from the increasing interaction time of the traversing particle with the matter for
smaller velocities. In the region of 3 3:5the energy loss has a minimum

18



4 SILICON DETECTORS

for all heavy patrticles in all materials. The density-normalized energy loss in
this minimum is around 2MeV g *cm?, and particles in this region are called
minimum ionizing particles (MIP). For higher particle energies the energy loss
increases logarithmically due to the relativistic increase of the transverse electric
eld the traversing particles experiences. Finally the energy loss saturates and
reaches a plateau (Fermi-plateau). The behavior of the energy loss in di erent
materials is shown in Figure 4.1.

The mean ionization energy is empirically and approximately given by (cf. [10])

| 17:72%%ev: (4.2)

Electrons and positrons

For electrons and positrons, energy loss due to ionization has to be described
di erently since the kinematics di er due to the much smaller mass. Additionally,

in the case of electrons also di erences arise due to the indistinguishability from the
shell electrons. A detailed elucidation of the description of electron and positron
energy loss due to ionization from which the following formulae are taken can
be found in [12]. In the general case, the density-normalized energy loss in units
of MeV g *cm? is given as

1 dE' _ 0:15353&

dx 2 A

B(T) (4.3)

with the atomic number A and the stopping numberB(T) depending on the
kinetic energy T of the particle. For the case of electrons and positrons the
stopping number di ers from the one given in the Bethe-Bloch formula above an
instead is |

B(T)= Bo(T) 2In — 4.4
(T)=Bo(T) 2In (4.9)
with di erent terms of By(T) for electrons and positrons. With the substitution
= i, for electrons this term is
Bo(T)=In( ?( +2)=2)+(1+ 28 (2 +1)In(Q) = +1)2 (4.5)
and for positrons it is

Bo(T) =In(( *( +2)=2))+2In(2)

( 2=12)(23+ 145 +2)+10=( +2)2+4= +2)%): (4.6)

With this model, and the energy-dependent density correctionand the mean ion-
ization energyl taken from [10], the energy loss shown in Figure 4.2 is obtained
for the case of silicon. The density-correction in [10] is computed according to
Sternheimer's parametrization ( rst introduced in [13]).

For particle energies beyond the minimum the electrons loose constantly more
energy than the positrons, whereas the situation for small energies is inverse. Dif-
ferences are caused by the indistinguishability of incident and scattered electrons,
which is not given for positrons.

If the energy loss per collision is below the value @255 MeV the process is
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4.1 Particle interaction with matter

Figure 4.2: Energy loss of electrons and positrons in silicon due to ionization.

considered an ionization. For higher energies and therefore especially important
for the creation of -electrons (see Section 4.1.2) the processes are caltaller-
(e e ) and Bhabha (e €") scattering, respectively (cf. [14]).

4.1.2. -electrons

It is possible for electrons to absorb a big amount of energy from the traversing
particle in central collisions. These so called-electrons have a su ciently high
kinetic energy to move away from the initial interaction point and perform further
ionization along a secondary track. The numbedN of such electrons which are
produced in an energy rangdT (with the kinetic energy T much larger than the
ionization energyl) for a path length dx of the matter the particle is traversing

is given in [14] as

BN 1,22 LF(T)
dxdT 27 A 2 T2
with notations equally as for the Bethe-Bloch formula and a functior=(T) de-
pending on the spin of the traversing particle. Formulas oF (T) for spin-1=2

particles, like electrons and positrons, can be found in [15].

(4.7)
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4 SILICON DETECTORS

4.1.3. Energy loss fluctuations

The process for energy loss due to ionization only provides a formula for the mean
energy loss. However, the actual energy loss of a particle traversing a material
of thicknesst underlies statistical uctuations. These uctuations are caused by
two e ects (cf. [16] and [17]). Firstly, the energy loss in a single collision of a
particle with the electrons in the matter to be traversed is not constant, but the
probability p() for an energy transfer is glven by the di erential cross section

40 divided by the total cross section = o 90—

1d ()
S

With this, the probability of an energy loss in N collisions becomes thé&l -fold
convolution Fy () of p() with itself (adapted from [17]):

p() = (4.8)

2
Fn()=  p(E)En(  E)dE (4.9)

with
Fo(E)= (E) and Fi(E)= p(E): (4.10)

Secondly, the overall number of collision® for a su ciently thick sensor
follows a Poisson distribution P,,(N) with the mean number of collisionsm,
depending on the sensor thickneds
Altogether the probability f ( ;t) for an energy loss in a sensor of thickness
t becomes the sum oveN of the energy loss probabilitied=y () weighted with
the Poisson distribution P, (N)

*
f(t)= Pm(N)Fn() (4.11)
N =0

The resulting distribution is called the straggling function and this method to
obtain the straggling function in particular is called theconvolution method(pre-
sented by Bichsel in [18]).

The determination of straggling functions using this method is, however, not triv-
ial. The cross section di erential in the energy loss has to be known and a large
number of convolutions has to be computed, making the evaluation highly un-
wieldy.

A number of more convenient models has been developed and tested (see e.g. [18])
and a further discussion of some models of these straggling functions can be found
in Section 10.

In general, the shape of these straggling functions is Gaussian-like for low energy
losses and showing a strong asymmetry with a long tail towards high energy losses
accounting for large energy transfers and-electrons.
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4.2 Semiconductor physics

4.1.4. Bremsstrahlung

For light particles, as electrons and positrons, the e ect of Bremsstrahlung is
dominant already at low energy. This e ect is the loss of energy due to emission
of radiation of a charged particle de ected in a Coulomb- eld mainly of atomic
nuclei. The energy changeE of an incident particle per path lengthdx is given
by

de E

dx - Xo
with X, being the material-dependent radiation length (the mean length after
which the initial energy has decreased by a factor deaf) An empirical formula
for this radiation length can be found in [19] (denotations are the same as in the
Bethe-Bloch formula):

(4.12)

5. = 716408gcm2A

0~ 87 -
Z(Z+1)In 8

The energy of a particle lost due to Bremsstrahlung, however, is scarcely deposited

in the detector with most of the emitted Bremsstrahlung photons leaving the
sensor without substantial interactions.

(4.13)

4.1.5. Multiple Coulomb scattering

A charged particle traversing matter (e.g. a detector plane) will be scattered
and de ected in the Coulomb- eld of the nuclei and shell electrons. For fast
particles the former are prime and for comparatively light particles, like electrons,
the energy transfer to the nuclei is rather small, but the momentum can change
signi cantly. Such scatterings occurring iteratively will lead to a distribution of

the angles between the direction of the incident and nal path. This distribution

has approximately a Gaussian shape (the processes are described precisely in the
Moliere theory, cf. [20]).

The variance of the Gaussian distribution of the overall scattering angle is
approximately given by

S

212MeV X
— — 4.14
ﬁgizp . Xe (4.14)

with the momentum p of the particle and the velocity c. The radiation length
of the detector isX and x denotes its thickness (cf. [10]).

4.2. Semiconductor physics

In order to fully understand the functionality of a pixel sensor it is important to
understand the interaction between the sensor material and traversing particle.
Since most pixel sensors are made of semiconducting materials, in this section the
underlying physics of semiconductors will be discussed.

In a solid with lattice structure the wave functions of the single atoms overlap and
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4 SILICON DETECTORS

create continuous bands of energy levels. In the ground state these bands are lled
beginning with the lowest energy level up to the so calleBermi energy, which,

for semiconductors, is approximately the energy level at which the probability of
an energy state to be occupied i50% However, not all energies are allowed for
electrons in such a system, there are certain "forbidden regions”, so calbzchd
gaps Such a band gap can occur between the highest lying fully occupied energy
band (the valence bandl and the next higher band ¢onduction band.

Figure 4.3: Electronic band structure model [21].

Based on the band structure of a solid material various properties can be ex-
plained qualitatively. For instance, the position of the Fermi energy has a direct
in uence on the charge transport in the material. Since fully occupied bands can
not contribute to the charge transport, materials with the Fermi energy laying in
the band gap are insulators. For metals the Fermi energy is located within an
energy band, allowing electrons to move freely. A special case are semiconductors,
here the band gap is small enough (e.gl:12 eV for silicon, [22]) that the ther-
mal energy su ces to excite electrons into the conduction band, allowing them to
contribute to charge transport. This makes semiconductors negative temperature
coe cient thermistors, i.e. the resistivity increases with decreasing temperatures.

In a semiconductor the thermally excited electrons will leave a vacancy in the
valance band . This vacancy (lol€') can be seen as a positive charge moving in
the valence band similarly to the electron in the conduction band. The existence
of electrons in the conduction and holes in the valence band is the basis for the
conductivity of semiconductors. Since they occur jointly in the semiconductor,
they are also callecelectron-hole pairs

In a pure semiconductor the only charge carriers are the thermally excited
electron-hole pairs. This kind of semiconductor is calledtrinsic. The number of
charge carriers can be obtained by using the density of states and the Fermi-Dirac
statistics for electrons (for the calculations and the following results see e.g. [10]).
The density of electrons in the conduction band is given by

Ec Er

3:05 10Y 3
n cm ° exp KT

(4.15)
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4.2 Semiconductor physics

and the density of holes in the valence band is

Er Ey

2:55 10'° 3
p cm ° exp T

(4.16)
Here, EF denotes the Fermi energykg is the Boltzmann constant, Ec is the
lowest energy level of the conduction bandgy is the highest energy level of the
valence band andl denotes the temperature.

Since electrons and holes appear jointly, thenass action lawis applicable here,
and (for intrinsic semiconductors)

n=p=:n (4.17)

with the intrinsic charge carrier density n; depending only on the temperature
and the band gap of the semiconductor. For silicon &00K an intrinsic charge
carrier density ofn; 1:01 10cm ! is obtained.

4.2.1. Doping of semiconductors

For electronic applications the conductivity of intrinsic semiconductors is too low.
In order to insert electron-hole pairs and hereby increase the conductivity of the
silicon one can make use of the so calleldping

As described above, semiconductors have a lattice structure consisting of one or
more types of di erent atoms. For the tetravalent silicon with four covalent bonds
per atom, the lattice is of a face-centered cubiddc) structure. Replacing a small
proportion of the silicon atoms ( ppb - 1h , [23]) with tri- or pentavalent atoms
like aluminum or phosphorus yields a surplus of holes or electrons in the lattice
increasing the conductivity by a factor of up to10° (the material, however, is
overall still neutral). The energy level of the additional electron of thedonor
(pentavalent atom) is close to the conduction band (the energy di erence is of the
order of 10 2eV, [10]). This means that most of the donor electrons are thermally
excited into the conduction band. Analogously the energy levels created by the
acceptors(trivalent atoms) are just little above the valence band energy and elec-
trons from the valence band can be easily thermally "excited" into these states.
Insetting trivalent atoms increases the number of holes in the lattice making them
the majority charge carriers in this material, which is then calleg-doped Analo-
gously for doping with pentavalent atoms the majority charge carriers are electrons
and the material is calledn-doped The respective minority charge carriers are
negligible for charge transport in the case of doped semiconductors, since their
density is lower by a few orders of magnitude.

The doped semiconductors with impurities implanted on purpose are callexk-
trinsic semiconductors.
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4.2.2. p-n junctions

Boundary areas between p-doped and n-doped semiconductors are widely used in
today's microelectronic world. At the same time, the p-n junction also forms the
basis for the pixel sensors discussed in the scope of this thesis. Bringing an n- and
a p-doped material into contact creates g-n junction with certain properties,
which will be discussed in the following.

As was described in the section before, the p-doped material has a surplus of holes
whereas the n-doped bulk has a surplus of electrons. Bringing the materials in
contact allows for electrons and holes to recombine in the boundary area. However,
the initially electrically neutral p- and n-doped materials will create regions of
space charge caused by the remaining donor and acceptor atoms after the electron-
hole recombination. This means the acceptors of the p-doped material will attract
electrons from the donors in the n-doped material leading to an e ective negative
charge on the side of the p-doped material and a positive charge with the n-doped
part. This charge transport is calleddi usion . The di usion of the charge carriers
and the resulting space charge of the remaining atomic cores is followed by the
development of an electric eld (rift eld ) in the boundary region counteracting
the exchange of electrons and holes between acceptors and donors until eventually
an equilibrium between the di usion and the drift is reached (cf. Figure 4.4). This

Figure 4.4: Charge carrier di usion and drift at a p-n junction [24].

region, in which the electrons and holes recombined, is the so calléepletion
region where no free charge carriers are available anymore and therefore this part
acts like an insulator. This region can be extended or reduced by applying an
external voltage to the p-n junction.

Connecting the anode of a voltage supplier to the n-doped part and the p-doped
material to the cathode feverse bia¥ will increase the size of the depletion region
by diverting the electrons and holes away from the junction and hereby making
the junction non-conducting. Only a small leakage current will run through the
p-n junction (diode) due to di usion of the minority charge carriers until, at too
high voltages, the diode breaks down and becomes conducting. Analogously, by
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inverting the polarity of the voltage supplier forward biag the depletion region
will decrease and the p-n junction becomes conducting even for low voltages.
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5. Pixel detectors

To meet the requirement of high spatial resolution in the vertex detector the usage
of pixel detectors is expedient. Pixel detectors in principle consist of a p-n junction
as discussed above. A traversing particle will deposit energy and hereby create
pairs of electrons and holes in the semiconductor matertal These charges can
then be collected and used for signal generation.

Di erent construction principles for pixel sensors are available, which are mainly
classi able into the group of hybrid pixel sensors and monolithic sensors, both
discussed in the following.

5.1. Hybrid pixel detectors

Hybrid pixel sensors were used most commonly in the last decades. They consist
of two separate dies: One layer is for the readout electronics that each pixel has
and one layer is the active p-n junction forming the detection volume in which
the deposited energy is collected. A sketch of such a sensor type is depicted in
Figure 5.1.

Figure 5.1: Sketch of a hybrid pixel sensor [25].

There are certain advantages for making this type of pixel sensor expedient for
di erent applications. Due to the separate sensor and readout layer, the devel-
opment for both can be done independently. More important, the application of

“For reasons of simplicity, they are termed just the created or produced chargein the following.
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a high voltage as reverse bias to the active layer allows for full depletion of the
sensor and a fast charge collection via drift resulting in a good time resolution
and a high rate capability.

The bonding between the two layers, however, is rather expensive and the process
is not trivial. Additionally, the material budget of the hybrid sensor is rather high
increasing the probability and impact of multiple scattering.

5.2. Monolithic active pixel sensors

In contrast to the hybrid pixel sensors, the active part of a pixel and the readout
electronics are realized on the same substrate for monolithic active pixel sensors
(MAPS). A sketch of such a sensor can be found in Figure 5.2. These chips are

Figure 5.2: Sketch of a MAPS [26].

produced in commercial CMOS technology and therefore comparatively cheap.
Due to the fact, that only one layer is needed, the MAPS can be produced rather
thin reducing the e ect of multiple scattering and hereby increasing the achievable
spatial resolution for the tracking and vertexing.

Without the application of a high voltage or high doping, the created charge would
be collected only by di usion. This means a slow charge collection and also a small
signal. There are two reasons for the small signal. Firstly, the charge will equally
spread in all directions and only a small fraction will reach the collection electrode
by chance. Secondly, charge may be lost due to recombination with impurities
in the silicon. The probability for this e ect increases with an increasing path a
charge is traveling in the crystal and therefore is larger for di usion than for drift.
This drawback of the MAPS has been amended by the introduction of the high-
voltage monolithic active pixel sensors (HV-MAPS). The HV-MAPS are MAPS, as
discussed above, with the change that a high voltage is applicable to the sensor in
order to deplete the active area and collect the charge via the drift in a strong eld.
This allows to thin down the sensors even moré)(50 m)), since the substrate is
no longer needed for charge collection via di usion reducing multiple scattering
even further.
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Experimental setup

6. The MuPix10 chip

The development of the pixel sensors for thiklu3e experiment has lead frequently

to the submission of new versions of sensors in the MuPix series. The latest ver-
sion, the MuPix10, is designed to ful Il the requirements for the Mu3e experiment
[9] and is the rst full-size prototype for the nal version. Its features and the
operating principle are presented hereafter.

6.1. Features and geometry

The MuPix10 is an HV-MAPS consisting 0f256 250 pixels of an80 80um?
size. Each pixel has a digital partner cell in the periphery adding up to a total
size 0f20:66 2318 mn?. The chip is produced in an180 nmHV-CMOS process
by TSI semiconductors. Sensors were produced on wafers with resistivities of
20 and 200 cm (cf. [27]). The MuPix10 pixel matrix is shown in Figure 6.1.
The pixel matrix is divided in three sub-matrices 084=86=86 columns, which are
read out separately. The periphery part on the lower end of the chip along the
columns contains the HV and power pads, the readout control unit (RCU), the
pixel con gurations and temperature diodes.

6.2. Signal processing and readout

The electrons produced in the sensor material by an ionizing particle (cf. Sec-
tion 4) are drifting to the collection electrode. The signal created by the collected
charge is AC-coupled to the charge-sensitive ampli er (CSA). The CSA is imple-
mented in the pixel and has a negative feedback circuit. These components are
used to shape and amplify the signal.

Alternatively, the signal can be mimicked by a test-pulse injection by discharging
a capacitance in the pixel.

A line driver sends the signal to the periphery. The periphery structure presented
in the following is provided for each pixel on the sensor.

The signal is compared to a threshold by a comparator. The threshold is set
globally but can be tuned for each pixel by so called Tuning Digital-to-Analog
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