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Abstract

Sterile neutrinos are a theoretical type of neutrino that would naturally extend the

Standard Model (SM) of particle physics. With a mass in the keV-scale, they are a

promising candidate for Dark Matter (DM) and could help resolve open questions in

neutrino physics and cosmology. Unlike active neutrinos, sterile neutrinos do not in-

teract via the weak force, making them sterile. However, through a possible mixing

with the active neutrino flavor, they would be nonetheless experimentally accessible.

One possibility to measure sterile neutrinos is in single �-decay experiments, where

the active-to-sterile mixing would cause a small, kink-like distortion in the electron

energy spectrum.

Currently, the KArlsruhe TRItium Neutrino experiment (KATRIN) aims to directly

measure the neutrino mass with unprecedented precision. To achieve this, the exper-

iment focuses on the endpoint region of the electron spectrum from tritium �-decay,

where the neutrino mass would be evident. Once the neutrino mass campaign is

concluded, the experimental setup will be updated to search for sterile neutrinos

with a targeted sensitivity on the parts-per-million (ppm) level. In contrast to the

neutrino mass signature, the small imprint of the sterile neutrino could be located

anywhere in the spectrum. Therefore, the entire spectrum needs to be scanned,

leading to significantly higher electron rates at the detector. To meet the new re-

quirements, the TRISTAN detector system is currently under development. It is

designed to handle the envisioned high electron rate of 100 kcps while providing an

excellent energy resolution of less than 300 eV (FWHM) at 20 keV. To achieve this,

the TRISTAN detector features a modular, multi-pixel design based on Silicon Drift

Detector (SDD) technology.

Although SDDs provide exceptional energy resolution, they were originally devel-

oped for X-ray spectroscopy, where interactions differ fundamentally from those in

electron spectroscopy. Irradiating the detector with electrons leads to surface dam-

age in the entrance window region, impacting the Charge Collection Efficiency (CCE)

and thereby reducing energy resolution. However, maintaining high energy resolu-

tion throughout the entire sterile neutrino search with KATRIN is crucial for de-

tecting the subtle imprint of sterile neutrinos. Therefore, the goal of this thesis was

the investigation of electron-induced radiation damage to the TRISTAN SDDs to

estimate its potential impact on the planned sterile neutrino search.

To understand the damage electrons can cause to the TRISTAN detector, one side

of a detector module was irradiated with 15 keV electrons. In this irradiation, an

exposure equivalent to about one year of sterile neutrino search was delivered within
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a short time interval of less than ten hours. A dedicated experimental setup con-

taining a custom-designed electron gun with steering coils and a copper plate for

rate monitoring was developed. The irradiation was divided into five phases, with

performance check measurements conducted before and after each phase to assess

radiation damage as a function of electron exposure. It was investigated whether

the electron and X-ray performance of the detector had changed and if the leakage

current was increased.

The measurements revealed a degradation in electron performance, with energy res-

olution decreasing by 14% for 15 keV electrons during the first irradiation phases.

After an electron exposure equivalent to around four months of sterile neutrino

search with KATRIN (� 1:13 � 1012 electrons), a saturation of the damage was

found. The observed spectral features are characteristic of surface damage and ap-

peared consistently across all irradiated pixels. While the electron performance was

degraded, the X-ray performance remained unaffected, confirming that the damage

is limited to the detector surface. Additionally, no increase in leakage current was

found for a cooled detector to �35 �C. All these findings regarding the detector

performance after irradiation align well with the theoretical expectations.

Finally, a stability analysis regarding the possible recovery of the damage was con-

ducted. Here, the effect of heating the detector to 37 �C overnight and leaving the

detector to rest for two months was investigated. Both approaches did not signif-

icantly recover the damage, suggesting that the damage stays stable for the given

conditions in the sterile neutrino search with KATRIN. This again aligns well with

the theoretical expectation of the physical cause and impact of electron-induced

radiation damage to an SDD.
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1 NEUTRINO PHYSICS

1. Neutrino Physics

In 1930, Wolfgang Pauli postulated a new particle, later called the neutrino, as

a possible explanation for the observed continuous �-decay spectrum [1]. At that

time, physicists were investigating the energy of an electron released in a radioac-

tive �-decay where a neutron is converted into a proton and an electron. Since this

decay would underly the kinematics of a two-body decay, they expected to detect

mono-energetic electrons. Against their expectation, the measurements showed a

continuous electron energy spectrum ranging from zero kinetic energy to nearly the

maximum possible energy. Pauli recognized that the laws of conservation of energy

and momentum are only fulfilled in radioactive �-decay if there is also a third parti-

cle created, which common particle detectors could not see at that time. This way,

the electron would need to share the energy released in the decay with this third

particle, leading to a continuous electron energy spectrum and solving the puzzle.

This new particle, the neutrino, would need to be electrically neutral to preserve

charge conservation, have a spin of 1/2 to maintain angular momentum conserva-

tion, and be very light, as the highest energy observed for the beta electron nearly

matched the theoretical energy limit.

This chapter gives an introduction to neutrino physics, starting with the neutrino’s

properties in the Standard Model of particle physics (SM) in Section 1.1, followed

by their final discovery in 1956 in chapter 1.2. Interesting behavior of the neutrinos,

like neutrino oscillations, are questioning their SM properties and are discussed in

Section 1.3. The impact of neutrino oscillation on the neutrino’s mass is discussed in

Section 1.4. Finally, in Section 1.5, the possible existence of a sterile neutrino, which

is of particular interest for the work presented in this thesis, will be introduced.

1.1. Neutrinos in the Standard Model

Neutrinos are electrically neutral fermions with spin 1/2 and come in three differ-

ent flavors (�e, �� and �� ) according to their charged leptonic partners: electron,

muon, and tau. In the SM, neutrinos play a unique role since they solely interact

through weak interaction which only couples to left-handed particles. Hence, a pos-

sible right-handed version of the electrically neutral neutrinos would not interact via

any SM interaction. Therefore, and since only left-handed neutrinos were detected

to this point, the neutrino was introduced in the SM solely left-handed, laking a

right-handed counterpart.

Another interesting property of the neutrino is its mass. In the SM, the mass gen-

eration of a particle via Yukawa coupling with the Higgs field is only possible with a

right-handed partner. Therefore, the neutrino was introduced as massless in the SM.
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1 NEUTRINO PHYSICS

New insights regarding the behavior of neutrinos, such as neutrino oscillation, con-


ict with a massless neutrino and will be discussed in Section 1.3 and 1.4.

1.2. The Discovery of Neutrinos

Twenty-six years after the postulation of the neutrino by Wolfgang Pauli, it was

�nally discovered by Frederick Reines and Clyde Cowan in the project Poltergeist [2].

They used the Savannah River Power Plant in South Carolina as a strong source

of electron antineutrinos �� e. The idea was to detect those neutrinos indirectly via

inverse� -decay where an electron antineutrino induces the decay of a protonp into

a neutron n and a positrone+ :

�� e + p ! n + e+ : (1.1)

Large water tanks with dissolved cadmium chloride (CdCl2) in front of the power

plant served as target material. This way, neutrinos can be detected by observing

the decay products, the neutron and positron, using scintillators. The characteris-

tic signal of two photons from electron-positron annihilation, followed by another

photon a few microseconds later originating from the capture of the neutron on the

cadmium, proved the existence of the electron antineutrino.

As mentioned in Section 1.1, there are also two other neutrino 
avors in addition

to the electron neutrino. L. Lederman, M. Schwarz and J. Steinberger found the

muon neutrino � � in 1962 at the Alternating Gradient Synchrotron (AGS) neutrino

experiment at Brookhaven National Laboratory (BNL) [3]. A proton beam was

shot onto a beryllium target, producing charged pions. When those pions decay,

neutrinos are produced. A steel shield stopped all particles in front of the detector,

a spark chamber, except for the neutrinos, due to their very low interaction rate.

Those neutrinos interact with the atoms in the spark chamber, creating muons that

leave long muon tracks in the detector. At the same time, nearly no electron signals

were found. This proved the existence of a second neutrino 
avor� � .

The third neutrino 
avor � � was found in 2001 by the Direct Observation of Nu

Tau (DONUT) experiment at Fermilab [4]. The measurement principle was similar,

again using an accelerated proton beam producing charmed mesons, which decay

into tau neutrinos. By stopping all particles but the neutrino, a characteristic kink-

like signal could be observed originating from the short lifetime of the tau produced

by a tau neutrino after the shielding. With this, all three neutrino 
avors were found.

Those three neutrinos are considered as the completion of the leptonic part of the SM

as studies of the decay width of the Z boson at the Large Electron-Positron (LEP)

collider limit the total number of light active neutrinos to N = 2:9840� 0:0082 [5].
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1 NEUTRINO PHYSICS

1.3. Neutrino Oscillations

In the 1960s, the Homestake experiment by Ray Davis observed a de�cit of a factor

of three in the electron neutrino 
ux coming from the sun with respect to predic-

tions. In the following years, several other experiments like GALLEX [6], GNO [7],

SAGE [8], and Borexino [9] con�rmed this discrepancy, reducing the likelihood of a

measurement error and increasingly pointing towards the need for physics beyond

the SM.

A possible solution was proposed in 1957 by Pontecorvo: neutrino oscillations [10].

The idea is that neutrinos can change their 
avor eigenstate, meaning the missing

electron neutrinos in the Homestake experiment have oscillated into muon and tau

neutrinos on their way to Earth, leading to a de�cit in the electron neutrino 
ux. The

theory states that the three 
avor eigenstates (� e, � � , � � ) are a superposition of three

mass eigenstates (� 1, � 2, � 3). In this picture, neutrinos propagate in a quantum-

mechanical superposition of mass eigenstates but interact in 
avor eigenstates. Both

states are related via the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

0

B
@

� e

� �

� �

1

C
A =

0

B
@

Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

C
A

0

B
@

� 1

� 2

� 3

1

C
A (1.2)

The PMNS matrix for three neutrinos can be parameterized with three mixing angles

(� 12,� 13,� 23), which determine the mixing amplitudes, and a Charge conjugation

Parity (CP) violating complex Dirac phase� CP . If neutrinos are Majorana particles,

two additional Majorana phases� and � are introduced. In the simpli�ed case of

only two neutrinos, the oscillation probability of one neutrino� a into a di�erent


avored neutrino � b is described by [11]:

P(� a ! � b) = sin 2(2� ) sin2

�
L

4E
� m2

�
: (1.3)

Thus, the oscillation probability depends on the mixing angle� , the propagation

length L, the energyE, and the di�erence of the squared masses �m2 = m2
1 � m2

2.

Equation 1.3 shows that if neutrinos were massless, their oscillation probability

would be zero. Therefore, for a non-vanishing oscillation probability, at least two of

the three neutrinos must have a non-zero mass. Nevertheless, neutrino oscillations

were observed, as described above, in reactor, atmospheric and accelerator experi-

ments. Therefore, neutrino oscillations give rise to physics beyond the SM in the

form of a massive neutrino. However, neutrino oscillation experiments cannot de-

termine the absolute masses of the neutrinos but only the mass squared di�erence

� m2. Since the neutrino's absolute mass is a vibrant research topic, several exper-

3



1 NEUTRINO PHYSICS

iments have been conducted to determine the absolute mass of the neutrino. They

will be discussed in the following section.

1.4. Neutrino Mass

The observation of neutrino oscillations demonstrates that neutrinos cannot be mass-

less. Despite numerous experiments aimed at measuring the absolute neutrino mass,

to this date, no experiment has succeeded. In general, there are three di�erent exper-

imental approaches to set an upper limit to the absolute neutrino mass: cosmological

observations, neutrinoless double� -decay, and the kinematics of� -decay.

Cosmological Observations

In cosmology, the absolute mass of neutrinos can be deduced by observing their

impact on the evolution of the universe. Neutrinos, being light and abundant,

contribute to the cosmological matter density determining the formation of small-

scale and large-scale structures in the universe. Since neutrinos were relativistic for

a large period in the early universe, a non-zero neutrino mass rather suppresses the

growth of cosmic structures on small scales. Observing the structure of the universe

via the cosmic microwave background (CMB), galaxy surveys, or the Lyman-alpha

forest, an upper limit on the sum of the neutrino masses can be inferred. The current

best limit by the Planck collaboration is [12]

m� =
X

i

mi < 0:11 eV (95% C.L.) (1.4)

However, this result highly depends on the underlying cosmological model.

Neutrinoless Double � -decay

Less model dependency can be achieved by observing neutrinoless double� -decay

(0��� ). This hypothetical process could occur if neutrinos are Majorana parti-

cles, meaning they are their own antiparticles [13]. In this process, two neutrons

would simultaneously decay into two protons and two electrons without emitting

any neutrinos, violating lepton number conservation by two units. The experimen-

tal signature of 0��� is a mono-energetic peak at the kinematic endpoint of the

corresponding continuous ordinary two neutrino double� -decay (2��� ). The 0���

has not yet been observed. The observation of 0��� would not only con�rm the

Majorana nature of neutrinos but also provide a measurement of the coherent su-

perposition of neutrino mass eigenstatesm��

m2
�� =

�
�
�
�
�

X

i

U2
eimi

�
�
�
�
�

2

: (1.5)
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1 NEUTRINO PHYSICS

This is because the half-lifeT0�
1=2 of this process depends onm�� . The current

best upper limit was achieved by the KamLAND-Zen experiment which found a

decay half-life ofT0�
1=2 > 2:3 � 1026 y corresponding to an e�ective neutrino mass of

m�� < 36 � 156 meV [14]. However, this method relies on the assumption that

neutrinos are indeed Majorana particles, and it can only provide a limit range since

m�� depends on the underlying calculation of the nuclear matrix element, which

carries signi�cant theoretical uncertainties.

Single � -decay

The most model-independent approach to measure the e�ective neutrino mass is

via single � -decay. These experiments focus on the precise measurement of the

energy spectrum of electrons emitted in� -decay processes, such as the decay of

tritium. Near the endpoint of the electron energy spectrum, the presence of a non-

zero neutrino mass causes a slight distortion that can be used to infer the neutrino

mass. This is because the electron needs to share the available energy with the

neutrino; if the neutrino has a non-zero mass, the spectrum shifts towards lower

energies. Figure 1.1 shows an example of the in
uence of di�erent neutrino masses

on the endpoint of the di�erential tritium spectrum. Single � -decay experiments

directly probe the neutrino mass without relying on speci�c theoretical models, but

they are extremely challenging due to the very small mass di�erences that need to

be detected. The current resolution of such experiments is not yet precise enough to

resolve all three mass eigenstates. Therefore, the e�ective neutrino massm� which

is the incoherent sum of the neutrino mass eigenstates is introduced:

m� =

s X

i

m2
i jUei j

2: (1.6)

The KArlsruhe TRItium Neutrino experiment (KATRIN) is currently the lead-

ing e�ort in this �eld, aiming to determine the neutrino mass with high precision

by examining the endpoint region of tritium � -decay. The current upper limit is

m� < 0:45 eV at 90 % C.L. [15]. A detailed description of KATRIN is provided in

section 2.

1.5. Sterile Neutrinos

Sterile neutrinos� s are a hypothesized type of neutrino that di�ers from the three

known neutrino 
avors � e, � � and � � . In the following, these three usual neutrino


avors will be called active neutrinos. Those active neutrinos appear in the SM only

as left-handed, while there is no strong reason why they should not also have a right-

handed partner like every other lepton. Hence, introducing a right-handed neutrino

would be a natural extension of the SM. The only force neutrinos interact with is

5



1 NEUTRINO PHYSICS

Figure 1.1: Tritium � -Decay Spectrum and Endpoint Region
Left: Tritium � -decay spectrum with the endpoint energyE0 = 18:6 keV.
Right: Zoom into the endpoint region where a non-zero neutrino mass causes a shift
towards lower energies and a shape distortion of the spectrum. The e�ect is shown
for di�erent e�ective massesm� . Plot taken from [16].

the weak interaction which couples only to left-handed particles. Therefore, there

would be no SM interaction for the right-handed neutrinos, which gives them the

"sterile" designation. Nevertheless, there is the possibility that sterile neutrinos� s

mix with active neutrinos through their mass eigenstate� 4 which can be described

by extending the PMNS matrix to:

0

B
B
B
B
@

� e

� �

� �

� s

1

C
C
C
C
A

=

0

B
B
B
B
@

Ue1 Ue2 Ue3 Ue4

U� 1 U� 2 U� 3 U� 4

U� 1 U� 2 U� 3 U� 4

Us1 Us2 Us3 Us4

1

C
C
C
C
A

0

B
B
B
B
@

� 1

� 2

� 3

� 4

1

C
C
C
C
A

(1.7)

This mixing would make it possible to detect signatures of sterile neutrinos in active

neutrino experiments.

In addition to being a very natural extension of the SM, sterile neutrinos are also

motivated by several theoretical and experimental considerations:

See Saw Mechanism

The introduction of right-handed neutrinos o�ers, for example, a framework for

understanding the mass generation of active neutrinos and additionally provides a

potential explanation for their exceptionally small masses. In the Standard Model,

active neutrinos are many orders of magnitude lighter than other fermions, with

no clear reason for this disparity. Including a right-handed neutrino enables the

implementation of the so-called See-Saw mechanism. The mechanism gets its name

from the idea of a "see-saw," where the smallness of one quantity is balanced by

the largeness of another. More precisely, the smallness of the active neutrino mass

could be explained by a GeV-scale and, thereby, a rather heavy, sterile neutrino.

A condition for the mechanism is that the neutrino is a Majorana particle. Then,

6



1 NEUTRINO PHYSICS

the right-handed neutrinos can have a very large Majorana massMR , which is not

constrained by the Higgs mechanism that gives mass to other particles. The mass

term for neutrinos in this extended model can be written as

M =

 
0 mD

mD MR

!

(1.8)

where mD is the Dirac mass term generated by the usual Higgs mechanism. The

eigenvalues of the mass matrixM give the masses of the physical neutrino states

m� and mN , and we obtain

m� �
m2

D

MR
; mN � MR : (1.9)

If we assumeMR to be in the order of GeV or higher, the light neutrino massm�

naturally becomes very small.

Experimental Anomalies

There have been several experimental anomalies that suggest the possible existence

of sterile neutrinos. For instance, short-baseline neutrino oscillation experiments like

the Liquid Scintillator Neutrino Detector (LSND) [17] and the Mini Booster Neu-

trino Experiment (MiniBooNE) [18] observed excess events that could be explained

by the presence of a light sterile neutrino with a mass in the eV-scale. Additionally,

the Gallium Experiment (GALLEX) [19] and the Soviet-American Gallium Exper-

iment (SAGE) [20] found anomalies in their calibration process. Both experiments

aim to measure the solar neutrino 
ux using inverse� -decay in 71Ga. When cali-

brating their experiments using strong51Cr and 51Ar electron neutrino sources, they

measured a decreased rate which could be explained by a light sterile neutrino in

the eV-range. However, despite these hints, the existence of eV-scale sterile neu-

trinos remains controversial. Other experiments, such as the KATRIN experiment,

can directly search for a sterile neutrino in the eV-scale, but until now, no sterile

neutrino signal has been observed.

Dark Matter Candidate

Finally, if the sterile neutrino would be in the keV-mass range, it is a suitable

candidate for Dark Matter (DM). They are neutral, massive, and, provided the

active-sterile mixing angle is su�ciently small, they also have a lifetime longer than

the age of the universe. DM is typically categorized into three types: hot dark mat-

ter (HDM), cold dark matter (CDM), and intermediate warm dark matter (WDM),

based on the particles' velocities and the time of their creation. Depending on their

creation mechanism, keV-scale sterile neutrinos would belong to CDM or WDM [21].

In both cases, sterile neutrinos could explain cosmological observations.

7



1 NEUTRINO PHYSICS

Since sterile neutrinos couple to active neutrinos, there is a decay mode where a

sterile neutrino decays into an active neutrino by emitting a mono-energetic pho-

ton. Therefore, sterile neutrino DM leads to potentially observable X-ray emission.

Hints for such a decay have been found by the X-ray Multi-Mirror (XMM)-Newton

telescope [22]. In 2014, the telescope found an unidenti�ed X-ray line near 3:55 keV,

which could, in principle, originate from a radiative decay of a 7 keV sterile neu-

trino. However, the current resolution of X-ray telescopes is not yet su�cient to

conclusively rule out alternative explanations for this line, such as atomic physics

e�ects.

The above-mentioned motivations for the sterile neutrino show that depending on

the mass range of the sterile neutrino, it could solve numerous open questions from

particle physics and astronomy. The most important mass range for this thesis is

the keV sterile neutrino. This mass range can be directly probed by the KATRIN

experiment with the new detector update TRISTAN. Using tritium � -decay allows

probing the sterile neutrino parameter space up to 18:6 keV and mixing amplitudes

of sin2� < 10� 6 [23].

8



2 THE KATRIN EXPERIMENT

2. The KATRIN Experiment

The KArlsruhe TRItium Neutrino experiment (KATRIN) is a single � -decay neu-

trino mass experiment. It can directly probe the e�ective electron antineutrino mass

using molecular tritium (cf. Equation 2.1).

T2 ! 3 HeT+ + e � + �� e: (2.1)

KATRIN holds the current best upper limit on the neutrino mass in direct neutrino

mass experiments ofm� < 0:45 eV at 90 % C.L. [15] and aims to improve this limit

even to a sensitivity close to 0:2 eV with 90 % C. L. [24]. The signature of a massive

neutrino in single � -decay experiments is a local spectral distortion as described

in Section 1.4. This distortion is statistically signi�cant only in a region close to

the spectral endpoint. Therefore, solely a narrow region close to the endpoint is

analyzed. Only a fraction of 2� 10� 13 falls into the last 1 eV below the endpoint,

demanding high source strength to ensure adequate statistics [24]. Tritium is par-

ticularly advantageous for neutrino mass investigations due to its low kinematic

endpoint energy ofE0 = 18:6 keV and short half-life of t1=2 = 12:3 a [23]. These

characteristics enhance the fraction of� -decay in the endpoint region. To achieve

its goal of a high neutrino mass sensitivity, KATRIN combines a high luminosity

Windowless Gaseous Tritium Source (WGTS) with a high precision electron spec-

trometer based on Magnetic Adiabatic Collimation combined with an Electrostatic

�lter (MAC-E).

In the following, an overview of the experimental setup of KATRIN will be provided

in Section 2.1. The neutrino mass measurement campaign of KATRIN is succeeded

by the search for sterile neutrinos in the keV-mass range with the KATRIN experi-

mental setup that will be discussed in Section 2.2.

2.1. Experimental Setup of KATRIN

Figure 2.1 shows the 70 m-long KATRIN beamline divided into six components.

The most important parts will be discussed in the following based on the KATRIN

design report [24].

Windowless Gaseous Tritium Source (WGTS)

The Windowless Gaseous Tritium Source (WGTS) acts as the� -electron source of

KATRIN and o�ers high luminosity (tritium decay rate: 1 :7 � 1011 Bq) and small

systematic uncertainties (� 1 %). It consists of a 10 m-long stainless steel tube with

a diameter of 9 cm. The molecular tritium gas is continuously injected in the cen-

ter and streams towards both sides. Superconducting magnets guide the electrons

9



2 THE KATRIN EXPERIMENT

Figure 2.1: Schematic Overview of KATRIN
The KATRIN experimental setup consists of the following sections:
a) Rear section, b) Windowless Gaseous Tritium Source (WGTS), c) Transport
section, d) Pre-spectrometer, e) Main-spectrometer, f) Focal Plane Detector (FPD).
Figure taken from [25]

emitted in the � -decay of the tritium molecules along the beam tube towards the

transport section. A closed-loop system ensures that the 40 g=d tritium throughput

stays at a purity of more than 95 %.

Transport Section

The transport section connects the WGTS with the spectrometer section and is

designed to solely transport the� -electrons. To prevent tritium from entering the

spectrometer and detector sections, where it would increase the background, the

transport section is built in a chicane con�guration, eliminating any direct line of

sight from the tritium source to the detector. The transport section is divided

into the Di�erential Pumping Section (DPS) and the Cryogenic Pumping Section

(CPS). The DPS uses four turbo-molecular pumps to reduce the tritium 
ow by �ve

orders of magnitude. The CPS traps the remaining tritium on an argon frost layer

at temperatures below 4 K, reducing tritium levels by an additional nine orders of

magnitude. Combined, these sections decrease the tritium 
ux by over 14 orders

of magnitude. Throughout this process,� -electrons are magnetically guided to the

spectrometer without energy loss, ensuring accurate measurements.

Spectrometer Section

The spectrometer section consists of the pre-spectrometer and the main-spectrometer.

Both are based on the MAC-E �lter principle which is depicted in Figure 2.2. Su-

perconducting magnets at the front and rear end of the spectrometer vessel create

a magnetic �eld that guides the electrons from the source magnetic �eldBsrc to the

maximum magnetic �eld Bmax . The electrons perform cyclotronic motion caused

by the Lorentz force along the �eld lines. At the analyzing plane, the magnetic

�eld drops by four orders of magnitude to a minimumBmin . At the same time,

a retarding potential is applied, which �nds its maximum at the analyzing plane.

10



2 THE KATRIN EXPERIMENT

Figure 2.2: Schematic Drawing of the KATRIN Main-Spectrometer
The main-spectrometer is based on the MAC-E �lter principle. Electrons (blue
trajectory) are guided in cyclotron motion along the �eld lines (black) inside the
vessel. The magnetic �eld is high at the front and rear end, while it becomes minimal
at the analyzing plane (red line). This allows for magnetic adiabatic transformation
of the electron's transverse momentum into a longitudinal momentum (black arrows
on the bottom). At the analyzing plane, a retarding electric potentialqU is applied,
which acts as an electrostatic barrier for electrons with energies belowqU. Figure
taken from [26].

With this, the spectrometer acts as a high-pass �lter. Only electrons with an energy

higher than the retarding potential U can overcome this electrostatic barrier and

are re-accelerated and collimated onto a detector. If the energy of the electron is

insu�cient to overcome the barrier, it is re
ected.

The special magnetic �eld con�guration of a high magnetic �eld at the front and

rear end and a low magnetic �eld at the analyzing plane is needed to ensure high

sensitivity. This is because the retarding potential is applied perpendicular to the

direction of the magnetic �eld guiding the electrons. Therefore, the �lter is only

sensitive to the longitudinal componentEk of the electron energyE = Ek + E? and

its sensitivity is de�ned by the remaining transversal componentE? . Minimizing E?

is achieved by magnetic adiabatic collimation: The transversal momentump? of the

electron is adiabatically transformed into a longitudinal one, keeping the electron

magnetic moment� constant:

� =
E?

B
/

p2
?

B
= const: (2.2)
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2 THE KATRIN EXPERIMENT

This leads to an energy resolution �E of the spectrometer depending on the re-

maining E? , i. e. the fraction of Bmin to Bmax :

� E = E �
Bmin

Bmax
: (2.3)

This way, the KATRIN main-spectrometer achieves a design spectrometer resolution

of � E = 0:93 eV Full Width at Half Maximum (FWHM) with E = 18:574 keV,

Bmin = 3 �10� 4 T, and Bmax = 6 T. The � -spectrum near the endpoint is achieved by

measuring the rate of electrons reaching the FPD for di�erent retarding energieseU,

leading to an integral spectrum according to

�( eU; m� ) =
Z E0

eU
dE

d�( eU; m� )
dE

: (2.4)

In front of the main-spectrometer, there is a smaller pre-spectrometer based on

the same principle. The main purpose of this pre-spectrometer is to reject most

of the low-energy electrons. This way, only the relevant electrons with energies

close to the endpoint enter the main-spectrometer. However, the combination of

both spectrometers leads to a Penning trap between them. Therefore, the pre-

spectrometer was switched o� after the fourth measurement campaign [27].

Focal Plane Detector (FPD)

Those electrons that overcome the potential barrier of the main-spectrometer are

accelerated onto the Focal Plane Detector, where they are counted. The acceleration

with additional 10 kV leads to a lower intrinsic detector background in the region

of interest. The detector consists of a silicon PIN (positive-intrinsic-negative) diode

segmented into 148 pixels of equal area. The segments are arranged in a ring-

wise structure, allowing the investigation of radial and azimuthal e�ects. Since the

detector is designed to only count the electrons, an energy resolution of about 1:5 keV

(FWHM) at 18 :6 keV is su�cient. Furthermore, for neutrino mass analysis, only

electrons near the endpoint are of interest where the 
ux is rather low. Therefore,

the detector can handle count rates in the order of tens of kcps [28].

2.2. keV-scale Sterile Neutrino Search with KATRIN

The KATRIN experimental setup, as described above, was designed to measure an

integral tritium spectrum near the endpoint to search for distortions caused by a

non-zero neutrino mass. Besides the neutrino mass search, the measured� -decay

spectrum can be analyzed regarding an imprint of hypothetical sterile neutrinos. If

a sterile neutrino exists, the resulting tritium spectrum would be a superposition of

12



2 THE KATRIN EXPERIMENT

active neutrino and sterile neutrino components:

d�
dE

= cos2 � s
d�( m� )

dE| {z }
Active Term

+ sin2 � s
d�( m4)

dE| {z }
Sterile Term

: (2.5)

This would manifest itself as a kink-like signature and a broad distortion in the

spectrum depending on the mixing angle� s, the e�ective electron anti-neutrino

massm� , and the fourth mass eigenstatem4. Figure 2.3 depicts an exemplary sterile

neutrino signal in the tritium spectrum. The position of the kink depends on the

mass of the sterile neutrino (here:m4 = 10 keV) and the mixing angle determines

the strength of the distortion of the spectrum.

Figure 2.3: Tritium � -Decay Spectrum with Sterile Neutrino Imprint
The measured spectrum including the sterile neutrino imprint (orange line) is a su-
perposition of the active (blue dash-dotted line) and sterile neutrino (orange dotted
line) part. Here, the generated sterile neutrino has a mass ofm4 = 10 keV and an
exaggerated large mixing amplitude sin2(� s) = 0 :2. For comparison, the blue dashed
line shows the spectrum for the case where no sterile neutrino exists. Figure taken
from [29].

During the commissioning phase of KATRIN in 2018, the collaboration was able

to set an exclusion limit on the sterile-to-active mixing amplitude for sterile neu-

trinos with a mass up to 1:6 keV. The new limit of sin2(� s) < 5 � 10� 4 (95% C.L)

improved current laboratory-based bounds in the sterile-neutrino mass range be-

tween 0.1 and 1:0 keV [30].

Since the mass of the sterile neutrino is unknown, the kink-like signature of a sterile

neutrino could be located anywhere in the spectrum. Therefore, scanning the entire

spectrum would allow searching for sterile neutrinos up to 18:6 keV and mixing an-

gles sin2(� s) < 10� 6 [23]. To scan the entire spectrum, the retarding potential will

be set to signi�cantly lower values or zero leading to much higher count rates up

to 108 cps [23]. The KATRIN FPD is not designed to handle these high count rates
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and is planned to be replaced after the neutrino mass campaign is �nished. A novel

multi-pixel silicon drift detector array named TRISTAN is currently under devel-

opment and will be described in Section 3. The energy resolution of the TRISTAN

detector is targeted to be less than 300 eV FWHM for 20 keV electrons to be able to

resolve a distortion in the ppm-level [31]. With this, measuring di�erential spectra

becomes possible in addition to the integral spectrum. Consequently, a potential

positive signal on a sterile neutrino can be veri�ed independently.
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3. The TRISTAN Detector

The TRISTAN detector is based on the Silicon Drift Detector (SDD) technology.

Those semiconductor detectors are well suited for the keV sterile neutrino search

with KATRIN due to their good energy resolution at high count rates in the keV

range. This chapter gives an overview of the working principle of the TRISTAN

detector. It starts with an introduction to semiconductor detectors in Section 3.1,

followed by the working principle of SDDs in Section 3.2. In Section 3.3 and 3.4,

the design of the TRISTAN detector and its response to electrons is presented,

respectively.

3.1. Semiconductor Detectors

The valence band is the highest occupied energy level inside a solid, whereas the

conduction band is the lowest unoccupied energy level. In conductor materials, the

valence and conduction band overlap so that electrons can move freely. In contrast,

insulators have a large energy gap, known as the band gap, between the two bands,

which prevents electrons from moving between them. In semiconductors, this band

gap is small enough to lift a valence electron into the conduction band if it gains

enough thermal energy. Figure 3.1 illustrates the band structure for all three materi-

als. The conductivity of semiconductors is temperature-dependent. AtT = 0 K, the

conduction band is empty, and the semiconductor acts as an insulator. Increasing

the temperature increases a valence electron's probability of gaining enough energy

to overcome the band gap and be excited into the conduction band.

Figure 3.1: Band Structure for Metals, Semiconductors and Insulators
Metals have no band gap, allowing the electrons to move freely between valence and
conductive band. In semiconductors the band gap is small enough so that some
electrons can be excited into the conductive band. Insulators have a large band gap
that electrons can not overcome. Figure adapted from [32].

The TRISTAN detector uses silicon as semiconductor material. The band gap of

silicon is rather low with Eg = 1:12 eV at room temperatureT = 300 K [33]. As a

result, many electron-hole pairs are created when energy is deposited in the material

which leads to a good energy resolution.
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3 THE TRISTAN DETECTOR

Figure 3.2: Band Structure for Doped Semiconductors
Left: Band structure of a n-type doped semiconductor. An additional energy level is
created close to the conduction band, and a free electron is donated to the conduction
band.
Right: Band structure of a p-type doped semiconductor. An additional energy level
is created close to the valence band, and a free hole is added to the valence band.
Figure taken from [32].

Additionally, the conductivity can be modi�ed by a process called doping as illus-

trated in Figure 3.2. Doping means placing small fractions of other materials into

the crystal structure of the semiconductor. This adds additional states in the for-

bidden energy region of the band gap between the valence and conduction band,

acting as stepping stones for electrons to overcome the barrier. There are two kinds

of doping: n-type and p-type doping. N-type doping adds additional energy levels

very close to the conduction band. In silicon (four valence electrons), this is most

commonly realized by doping with phosphorus (�ve valence electrons), which acts

as an electron donor. Since the phosphorus will only be bound with four of its �ve

valence electrons to the silicon, it donates its �fth valence electron. This �fth elec-

tron acts as a free charge carrier and requires much lower energy to be excited into

the conduction band than electrons that cause the intrinsic conductivity of silicon.

Complementary, p-type doping introduces energy levels very close to the valence

band. A typical p-type dopant is boron (three valence electrons), which acts as an

electron acceptor. Similar to the free electrons through n-type doping, it creates free

holes in the valence band. In both cases, the created free charge carriers increase

the conductivity of the semiconductor. [34]

The principle of doping can be exploited to produce a so-called p-n junction. This

e�ect was discovered in 1940 by Russell and is the underlying principle of semicon-

ductor detectors [35]. A p-n junction is obtained if a p-type material is brought

together with a n-type material. In the interface region, there are no free charge

carriers since the free electrons of the n-doped area will recombine with the free

holes of the p-doped area. Therefore, a so-called depletion zone is obtained. When

the surplus charge carriers move to the oppositely doped region to recombine, �xed-
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Figure 3.3: Reverse Bias P-N Junction
Picture 1) shows a n-doped and a p-doped semiconductor. The dopant atoms with
their remaining charge are depicted with small symbols and their free charge carriers
with the larger symbols. In picture 2), the two materials are brought together so that
the free electrons from the n-doped area recombine with the free holes of the p-doped
area. This creates a depletion zone which is illustrated in gray in picture 3). The
remaining charged dopant atoms build up a voltage called built-in voltage. Applying
an additional external current in the same direction as the built-in voltage further
increases the depletion zone, as shown in picture 4). Figure adapted from [32].

charged dopant atoms are left behind. This results in a voltage di�erence between

the two regions called the di�usion voltageUdi� . The more charge carriers recom-

bine, the greater the depletion zone. With this, alsoUdi� increases until the voltage

di�erence brings the recombination to a halt. The depleted volume can be further

increased by applying an additional external voltageUbias in the same direction as

Udi� . This is called a reverse bias p-n junction. Figure 3.3 illustrates the process of

creating a reverse bias p-n junction. The p-n junction acts as a diode since it allows

electric current in one direction and blocks it in the opposite direction.

A p-n junction can be used to detect particles. When incoming particles interact

within the depleted volume of the doped semiconductor, a charge cloud of electron-

hole pairs is created. In the picture of the band structure, valence electrons are

excited into the conduction band, leaving an equal number of holes in the valence

band. The created signal electrons drift against the electric �eld towards the n-

doped region, which now acts as the anode. Simultaneously, the holes drift in

the opposite direction towards the p-doped region, acting as the cathode. The

number of electron-hole pairsN created by the incoming particle equals the energy

of the incoming particleE divided by the average energy! required to generate one

electron-hole pair (N = E=! ). Hence, collecting the charge at either side (anode or

cathode) is a measure of the energy of the incoming particle. For silicon, the average

energy is! Si = 3:62 eV at room temperatureT = 300 K [33]. This average energy!
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is larger than the band gap because phonons are also generated in the process and

dissipated as thermal energy, which can not be measured. [34]

3.2. SDD Working Principle

The SDD is a special type of semiconductor detector based on the technique of

sidewards depletion by E. Gatti [36]. Instead of equally large anode and cathode

areas, SDDs have a very small anode relative to the sensitive volume. This leads to

an improved energy resolution compared to common diodes since the read-out ca-

pacitance is reduced signi�cantly. To maintain complete charge collection, p-doped

rings are implanted around the anode as illustrated in Figure 3.4. They create an

electric �eld with a strong component parallel to the surface. This is achieved by

applying decreasing negative potentials from the outside to the inside rings. Signal

electrons created anywhere in the depleted volume drift towards the anode in the

center where they are collected.

To take full advantage of the small anode capacitance, a n-channel Junction-gate

Field E�ect Transistor (JFET) has been integrated into the center of the anode

of the TRISTAN SDD [37]. This minimizes stray capacitances between the anode

and the subsequent ampli�cation circuit. The JFET needs to be shielded from the

silicon bulk to prevent the loss of signal charges. This is realized by a so-called

Inner Guard Ring (IGR) between the JFET and the anode, ensuring that the signal

electrons can only enter the JFET through the anode. The voltage applied to this

p-doped ring creates an electric �eld that shields the JFET and guides the electrons

to the anode.

The entrance window side is the opposite side of the anode where the p-doped Back

Contact (BC) is located that acts as the cathode. Further discussion of the entrance

window is provided in Section 3.4 and 4.2. The silicon bulk between the cathode

and anode is fully depleted by an applied reverse bias and serves as the sensitive

detection volume for ionizing radiation.

3.3. TRISTAN Detector Design

The TRISTAN Detector is a multi-pixel SDD array fabricated by the Max-Planck

Semiconductor Laboratory (HLL) from a silicon wafer with a thickness of 450µm [39].

Figure 3.5a shows a photograph of a TRISTAN detector module. The main part

of a module is the 38� 40 mm2 large detector chip hosting 166 hexagonally shaped

SDD pixels. The small pixel size of 3 mm minimizes charge-sharing e�ects and pixel

change after backscattering and backre
ection [40]. The TRISTAN detector system

will consist of 9 modules arranged in a 3� 3 grid as shown in Figure 3.5b. This
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Figure 3.4: Schematic View of an SDD
The small n-doped anode (green) in the center ensures low read-out capacity. P-
doped rings (red) around the anode create an electric �eld that guides signal elec-
trons toward the anode, ensuring high charge-collection e�ciency. The opposite
p-doped side is called back contact and acts as the cathode. An integrated Field Ef-
fect Transistor (FET) in the center of the anode pre-ampli�es the signal immediately
to further maximize energy resolution. The IGR (red ring between the integrated
FET and the anode) shields the FET from the silicon bulk. Figure taken from [38].

(a) Photograph of a TRISTAN Module (b) TRISTAN Detector System Render

Figure 3.5: Photograph of TRISTAN Module and Rendering of Detector
System
(a): Photograph of a TRISAN module. The detector chip in the front hosts 166
hexagonally shaped SDD pixels. It is glued onto a Cesic block connected to a copper
cooling structure. The copper structure also hosts the readout electronics on the
top and bottom surfaces. The SDDs are connected to the electronic readout boards
via rigid-
ex PCBs, allowing for 90� bending. The ASIC, called Ettore, ampli�es
the signal.
(b): Rendering of the TRISTAN detector system. Nine modules will be placed
nearly seamlessly next to each other in a 3� 3 grid. Figures taken from [39].
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leads to a detector system comprising over 1000 pixels, enabling it to handle the

high rates required for the sterile neutrino search. The detector chip is glued onto a

Cesic interposer, a special silicon ceramic composite with a similar heat expansion

coe�cient as the silicon chip. The Cesic interposer is connected to a copper support

structure hosting the readout electronics. The on-module electronics is mounted in

the plane perpendicular to the detector chip, allowing a nearly seamless arrange-

ment of the detectors next to each other. This minimizes the insensitive area of the

detector system. To reduce electronic noise, the copper structure is also used to

cool the detectors to temperatures around� 35� C. The SDD pixels are electrically

connected to the electronic readout boards via two rigid-
ex printed circuit boards

(PCBs). An application-speci�c integrated circuit (ASIC) called ETTORE ampli-

�es the signal [38]. A more detailed discussion of the electronic readout chain used

in the experimental setup of this thesis will be given in Section 5.

3.4. Detecting Electrons with TRISTAN

SDDs are typically used for X-ray measurements. However, the TRISTAN detector

will be installed in the KATRIN beamline for high-precision electron spectroscopy.

The energy deposition pro�le is di�erent for electrons than for photons. Figure 3.6

illustrates the absorption mechanisms for the two types of particles. The dominant

interaction for X-rays in the energy range of a few ten keV is the photoelectric e�ect.

Thereby, the photon is completely absorbed and deposits all its energy. Hence, the

energy deposition of photons in the detector material starts at the position of the

photoelectric e�ect. For photons with energies above 5 keV, this happens statisti-

cally well inside the detector active volume [41]. In contrast, electrons directly start

interacting with the detector material at the entrance window and continuously lose

energy along their path. This way, electrons do not penetrate as far into the mate-

rial as photons and deposit their energy much closer to the detector's surface.

The TRISTAN detector is passivated with a 10 nm thin silicon dioxide (SiO2) layer,

which is an insulator. Charge carriers created in this region can not reach the anode.

Additionally, the �nite depth of the p-doping leads to an electric �eld that can guide

the electrons away from the anode. As a result, the passivation layer and the �nite

depth of the p-doping lead to a around 100 nm thick layer with reduced Charge

Collection E�ciency (CCE), which is denoted as the entrance window region in the

following.

A successful model describing the CCE of a TRISTAN module was developed in [42]

and [43]. The CCE model re
ects the structure of the SDD: it starts with the oxide

layer at the surface with thicknesst and a constant signal formation probabilityp0.

Since no signal electrons generated in the oxide layer can be collected by the anode,
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Figure 3.6: X-ray and Electron Absorption Inside the Detector
X-rays are absorbed mainly via the photoelectric e�ect and deposit their energy
well inside the detector. In contrast, electrons begin interacting immediately when
they enter the detector, losing energy as they pass through the entrance window and
are absorbed near the surface of the detector. Furthermore, there is the possibility
of backscattering, where electrons deposit only a part of their energy in the active
volume before they scatter out of the detector. Figure adapted from [41].

this probability is set to zero (p0 = 0). Further into the material, charge collection

is active but reduced due to the p-doping. This area is modeled with a formation

probability starting from a value p1 gradually approaching a unitary value with an

exponential behavior with scale parameter� . Consequently, the CCE, depending

on the depth z, can be written as:

CCE(z; t; p0; p1; � ) =

8
<

:
p0; z < t

1 + ( p1 � 1) � exp
�

� z� t
�

	
; z > t

(3.1)

Figure 3.7 shows an exemplary representation of the CCE as a function of depth

based on a Monte Carlo simulation.

The response of the detector to electrons holds characteristic features that di�er

from the response to X-rays since electrons lose a signi�cant amount of their energy

within the entrance window region with reduced CCE. Figure 3.8 shows an exem-

plary mono-energetic 10 keV electron spectrum measured with a TRISTAN detector.

An 55Fe source with its two main peaksK � = 5:9 keV and K � = 6:5 keV is used to

calibrate the spectrum [44]. The most prominent features of the electron spectrum

are explained in the following.

Main Peak and Low-Energy Tail

Most of the electron's energy will be deposited in the sensitive area of the detector,

creating a main peak, here at 10 keV. However, electrons will always lose a fraction

of their energy in the entrance window region, where CCE is signi�cantly reduced.
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Figure 3.7: Modeled Charge Collection E�ciency
The CCE is a function of the depthz in the device. The parameters' values and
uncertainties are the best �t values obtained from a Monte Carlo simulation for a pre-
vious TRISTAN prototype detector module with 47 pixels. Figure taken from [41].

Figure 3.8: Detector Response to Electrons
Exemplary electron spectrum of 10 keV monoenergetic electrons measured with a
TRISTAN detector. For calibration, an 55Fe source was used in parallel. The main
peak at 10 keV is slightly shifted towards lower energies due to charge loss in the
entrance window region. This also leads to a prominent low-energy tail of the main
peak. When electrons ionize the silicon atoms, characteristic X-rays are created,
which can leave the detector forming the silicon escape peak next to the main peak.
Electrons scattering back from the detector surface lead to a large backscattering
tail in the spectrum. The energy threshold terminates the spectrum. Below this
energy, the detector can not distinguish between noise and physics events.
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In the spectrum, this leads to a slight shift of the main peak towards lower energies,

and the main peak becomes asymmetric with a pronounced low-energy tail. Since

the energy deposition pro�le depends on the electron's energy (higher energy elec-

trons penetrate further into the material), the entrance window e�ect decreases for

higher electron energies [31]. Irradiating the detector with ionizing radiation can

further enhance the reduction of the CCE in the entrance window region and will

be discussed in Section 4. The Full Width at Half Maximum (FWHM) of this main

peak will be used as the value for the energy resolution of the detector throughout

this thesis.

Silicon Escape Peak

Incoming electrons can ionize the silicon atoms, creating characteristic X-rays with

� Eesc = 1:74 keV. If those X-rays leave the detector, the detected energy of the

electron is reduced by �Eesc, which leads to a so-called silicon escape peak [31].

Backscattering Tail

The spectrum between the silicon escape peak and the detection threshold is domi-

nated by the backscattering tail. Primary and secondary electrons can scatter back

from the detector surface or escape the detector before complete energy deposition.

For a more detailed description refere to [45].
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4. Theory of Radiation Damage

The performance of electron measurements using SDDs is signi�cantly in
uenced by

the SDD's entrance window (cf. Section 3.4). In the technology used for the fabrica-

tion of TRISTAN SDDs, there are two possibilities to terminate silicon: aluminum

and SiO2. The advantage of aluminum is that it proves to be signi�cantly harder to

radiation than oxide entrance windows [46]. However, passivation with aluminum

can not be realized in as thin layers as oxide passivation allows. Therefore, an SiO2

entrance window was chosen for the TRISTAN detector. This decision presents the

challenge of addressing potential radiation damage induced by those very electrons

that the detector is designed to measure. Incoming electrons ionize atoms in the

SiO2 layer, leading to trapped charges in the SiO2-Si interface [46]. This damage

in
uences the charge collection of the SDD and is thereby critical for the energy

resolution of the TRISTAN detector. Therefore, electron-induced radiation damage

will be investigated in the scope of this thesis.

This chapter provides an overview of the damage expected from theoretical consid-

erations, serving as a basis for comparison with the experimental results obtained

in the scope of this thesis. It starts with an overview of possible interactions of elec-

trons in silicon in Section 4.1. In Section 4.2, the role of ionization within the SiO2
entrance window is discussed. Finally, in Section 4.4, possible recovery mechanisms

are described.

4.1. Interaction of Electrons in Silicon

In general, collisions of the incoming electrons with the electrons or with the nuclei

of the silicon atoms have to be considered. Both collisions can happen elastically,

which would cause no damage. Inelastic collision with the silicon nuclei would pro-

duce a primary knock-on atom (PKA). This is an atom that is displaced from its

lattice due to irradiation and would in
uence the detector performance drastically.

However, electrons measured within the sterile neutrino search with KATRIN will

have energies ranging from 0 to 40 keV1 at most while the threshold to produce a

PKA is 260 keV [47]. Therefore, no damage through PKAs is expected. The only

remaining interaction that could potentially cause damage is inelastic collision with

the electrons of the silicon atoms, i.e., ionization.

Ionization of the silicon atoms can happen in the silicon bulk of the SDD or in the

SiO2 entrance window. In the bulk, ionization is the underlying detection principle

1For the sterile neutrino search with KATRIN, a post acceleration of EPA = 20 keV is planned.
Therefore, the tritium endpoint E0 = 18:6 keV plus the post acceleration gives electron energies of
roughly 38:6 keV at most.
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of semiconductor detectors. The process is completely reversible due to the electrical

conductivity of silicon and does not produce any damage. Therefore, only ionization

within the SiO2 passivation layer and the SiO2/Si interface is of relevance.

4.2. Ionization within the SiO 2 Entrance Window

At the surface of the silicon wafer, the periodical crystal structure cannot be con-

tinued. Silicon atoms near the surface are only partly surrounded by neighboring

silicon atoms, leading to dangling bonds. Therefore, the surface is highly chemical

and electrical reactive and needs to be passivated. Silicon naturally grows a SiO2

passivation layer, saturating the dangling bonds with oxygen. When this naturally

ongoing process is performed in a controlled manner within a pure oxygen atmo-

sphere (so-called dry oxidation), an electrically and chemically stable and much more

homogeneous surface is created. The process takes place at 900� C to 1200� C [46].

The obtained interface between the silicon and the SiO2 consists of the last monocrys-

talline silicon layer followed by a monolayer of incompletely oxidized silicon SiOx ,

a distorted SiO2-transition layer and a subsequent distortion-free SiO2 layer. Due

to this imperfect interface and potential impurities in the oxide, various defects

arise that can act as traps for electrons and holes. Figure 4.1 shows the bonding

conditions at the interface with possible defects. The two main defects relevant

for radiation damage investigations are oxygen vacancies leading to positive oxide

charges and silicon valences called interface states creating interface trapped charges

(cf. defect (3) and (1) in Figure 4.1 respectively) [46].

4.2.1. Positive Oxide Charges

In the oxidation process, several precursors for positive oxide charges are created,

like oxygen vacancies. Oxygen vacancies are weak Si-Si bonds missing an oxygen

atom [48]. They appear in a distance up to 3 nm from the Si/SiO2 interface [46].

Since SiO2 is an insulator, not all electron-hole pairs created in this material will

recombine, but some can get separated. Electrons prove to be rather mobile in SiO2

and escape into the silicon bulk quickly within a typical time of around 100 ps [49]. In

contrast, holes have low e�ective mobility and travel through the oxide in a time span

in the order of seconds via a complicated stochastic trap-hopping process [46, 50].

Therefore, they have enough time to get trapped by breaking up the weak Si-Si

bonds of oxygen vacancies [48]. These trapped oxide charges are not mobile and are

located near the interface to silicon. They lead to a net positive charge in
uencing

the electric �eld distribution of the SDD and thereby impact the CCE. A saturation

of the oxide charge buildup has been experimentally observed by [51] and [52] and

is explained by a limited number of traps in the oxide.
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Figure 4.1: Bonding Conditions at Si/SiO 2 Interface
The crystalline silicon is followed by a monolayer of incompletely oxidized silicon
SiOx and the subsequent silicon dioxide layer. In the transition layer, several de-
fects can occur: (1) silicon valences, (2) oxygen valences, (3) oxygen vacancies, (4)
stretched Si-O bonds, (5) hydrogen-saturated valences, (6) hydroxyl groups, and (7)
hydrogen-saturated oxygen vacancies. The most important defects regarding radia-
tion damage investigations are silicon valences and oxygen vacancies. Figure taken
from [46].

4.2.2. Charged Interface States

Unsaturated silicon atoms at the interface form electrically active defects. These

defects act as centers of recombination for electrons and holes, resulting in charged

interface states. Hydrogen annealing at 500� C is used in the fabrication process of

the SDD to neutralize a high fraction of those charged interface states. The hydrogen

atoms react with the dangling bonds of the silicon, deactivating the interface states.

However, irradiating the material with ionizing radiation can break the weak Si-H

bond, forming unsaturated silicon atoms again. These irradiation-induced interface

states act as generation and recombination centers and potentially cause both an

increase of leakage current and the loss of signal electrons [46].

4.3. X-rays and Radiation Damage

The damaging e�ect occurs not only for irradiation with electrons but could be

created by any type of ionizing irradiation, e.g. X-rays. However, since X-rays pen-

etrate further into the material and deposit less energy within the entrance window

compared to electrons, the damage caused by X-rays is signi�cantly smaller. For

the same reasons, X-rays are additionally less a�ected by already-caused radiation

damage of the type described above. Therefore, a potential decrease in energy res-

olution is only expected for electrons and not for X-rays in the scope of this thesis.

An increased leakage current, however, would in
uence the detector performance in

general, independent of the type of radiation.
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4.4. Recovery Mechanisms

For the sterile neutrino search with KATRIN it is crucial to understand the detec-

tor response with high precision. This requires accounting not only for potential

degradation of the detector's performance due to radiation damage but also for any

recovery during measurement pauses. Positive oxide charges generated by electron

radiation on the oxide structures may gradually heal over time. Two main processes

contribute to this recovery: thermal healing and healing through tunneling. In the

thermal healing process, thermally created electrons can recombine with the trapped

holes. However, this process is signi�cant only at temperatures above 100� C and is,

therefore, not expected and not realizable within the TRISTAN detector applica-

tion. Consequently, only healing through tunneling is of concern. In this mechanism,

electrons from the silicon bulk tunnel into the oxide and recombine with the trapped

holes. Pahlke demonstrated in [46] that this process follows a logarithmic time de-

pendence. Additionally, charged interface states can be neutralized by hydrogen

re-saturation. However, since this reaction requires temperatures exceeding 400� C,

it is also not applicable to the TRISTAN detector [46].
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