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Zusammenfassung

Der steigende Bedarf der Hochenergiephysik nach hherer Luminositat ist die Ursache
fur die standigen Bemiihungen die eingesetzten Beschleuniger sowie die Experimente
an die damit zunehmenden Anforderungen anzupassen. Das Upgrade-Programm der
Experimente und der Beschleuniger am CERN umfasst bereits mehrere Ausbaustufen
des Large Hadron Colliders (LHCs), die die Luminositat sowie den Energiebereich des
Beschleunigers erh6hen werden. Die Experimente am LHC arbeiten gleichzeitig daran,
die einzelnen Sub-Detektoren auf die steigenden Anforderungen in den kommenden
Jahren vorzubereiten. Speziell Tracking Detektoren miissen in Zukunft fiir in Hochen-
ergie Physik Experimenten bislang ungesehenen Fluenzen zurechtkommen. Mit dem
Anstieg der Fluenz nehmen ebenfalls Strahlenschaden zu, die die Lebensdauer der De-
tektoren durch abnehmende Leistungsfahigkeit begrenzt. Um diesen Effekt zu kom-
pensieren, werden fiir die kommenden Upgrade-Schritte neue und strahlenhartere De-
tektorkonzepte mit langeren Lebensdauern notwendig.

Diese Arbeit konzentriert sich darauf, die Einfliisse von Strahlenschaden auf verschie-
dene Pixel Sensor Technologien zu untersuchen. Die untersuchten Technologien sind
mogliche Kandidaten fiir den Einsatz im kommenden Updgrade des ATLAS Pixel De-
tektors sowie fiir Anwendungen im ATLAS Experiment unter HL-LHC Bedingungen.
Die betrachteten Sensoren umfassen verschiedene Designs basierend auf Silizium und
Diamant als Sensormaterial. Die untersuchten Silizium Designs beinhalten ein pla-
nar Pixel Design, das breits im ATLAS Experiment eingesetzt wird sowie ein 3D Pixel
Design, bei dem der Sensor iiber die gesamte Dicke von Elektroden durchzogen ist.
Das Diamant Design nutzt auf dem Sensor angebrachte Elektroden ahnlich den planar
Designs, wobei Diamant Sensoren aus single- und polykristallinem Material zur Ver-
figung stehen.

Um die Eigenschaften der Sensoren zu untersuchen, werden diese vor und nach Be-
strahlung durch Protonen oder Neutronen getestet und charakterisiert. Ein Teil dieser
Messungen untersucht das Zusammenspiel der Ausleseelektronik und der Sensoren,
um sicherzustellen, dass die Signale auch nach Bestrahlung zuverlassig ausgelesen
werden konnen. Weitere Tests konzentrieren sich auf die Eigenschaften der Sensoren
selbst, was zum einen das Strom-Spannungs-Verhalten sowie die Eigenschaften be-
ziiglich der Ladungssammlung umfasst. Hierzu stehen Messungen mit radioaktiven
Quellen sowie Teilchenstrahlen aus Pionen und Elektronen zur Verfiigung.
Abschlieflend werden die durchgefiihrten Entwicklungsschritte des fiir 2013/2014 ge-
plante IBL Upgrades des ATLAS Pixel Detektors zusammengefasst. Dies beinhaltet
unter anderem den Ablauf des Qualitatssicherungsverfahrens sowie die Herstellung
eines Prototypen der Strukturelemente fiir die neue Pixeldetektorlage. Mit diesem
Prototypen eines sogenanten Staves wurde daraufhin der komplette Stave Produktion-
sablauf getestet.



Abstract

The constant demand for higher luminosity in high energy physics is the reason for the
continuous effort to adapt the accelerators and the experiments. The upgrade program
for the experiments and the accelerators at CERN already includes several expansion
stages of the Large Hadron Collider (LHC) which will increase the luminosity and the
energy of the accelerator. Simultaneously the LHC experiments prepare the individual
sub-detectors for the increasing demands in the coming years. Especially the track-
ing detectors have to cope with fluence levels unprecedented for high energy physics
experiments. Correspondingly to the fluence increases the impact of the radiation
damage which reduces the life time of the detectors by decreasing the detector perfor-
mance and efficiency. To cope with this effect new and more radiation hard detector
concepts become necessary to extend the life time.

This work concentrates on the impact of radiation damage on the pixel sensor tech-
nologies to be used in the next upgrade of the ATLAS Pixel Detector as well as for
applications in the ATLAS Experiment at HL-LHC conditions. The sensors considered
in this work include various designs based on silicon and diamond as sensor mate-
rial. The investigated designs include a planar silicon pixel design currently used in
the ATLAS Experiment as well as a 3D pixel design which uses electrodes penetrating
the entire sensor material. The diamond designs implement electrodes similar to the
design used by the planar technology with diamond sensors made out of single- and
poly-crystalline material.

To investigate the sensor properties characterization tests are performed before and
after irradiation with protons or neutrons. The measurements are used to determine
the interaction between the read-out electronics and the sensors to ensure the signal
transfer after irradiation. Further tests focus on the sensor performance itself which
includes the analysis of the leakage current behavior and the charge collection prop-
erties. The sensor responds to the passing of a charged particle are measured with
radioactive sources and particle beams of electrons and pions.

To conclude the sensor research the accomplished development stages of the IBL up-
grade of the ATLAS pixel detector foreseen for 2013/2014 are summarized. This includes
among other things, the progress of the quality assurance process as well as the pro-
duction of a first stave prototype used to test the stave production process.
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Introduction

Since the first fabrication of a pn-junction the application of semi-conductor material became
indispensable in our daily live. Further developments related to semi-conductor devices ad-
vanced products and technologies in different ways. One of the research fields affected by
these new developments focuses on the application of electronic components in environ-
ments with ionizing radiation. Space or high altitude flights, nuclear reactors and particle
accelerators for high energy experiments or medical applications as X-ray detectors, tomog-
raphy and particle therapy for cancer treatment are only few of the domains which need to
cope with the effects of ionizing radiation.

Particle accelerators in high energy physic experiments or particle therapy centers need to
accelerate charged particles creating high energetic radiation. The different atomic interac-
tions taking place in a nuclear reactor create all kind of radiation creating an overall hostile
environment for electronic equipment. Long time space missions such as the ISS, missions
to distant planets but also satellites are exposed to cosmic radiation. Electronic components
start to deteriorate in these environments due to the radiation levels causing radiation dam-
age.

In all these cases the implemented systems need to be designed to withstand the effects of
high energetic particles on the material. Depending on the purpose of a system it might be
possible to protect the sensitive electronics by shielding it with lead or other dense materi-
als. In the case of radiation sensors it becomes unavoidable that the electronics gets close
to the radiation source. As the radiation damage in the material accumulates over time it
eventually causes a degradation or a failure of the component. Due to different restrictions it
is not always possible to simply replace damaged devices. Therefore it becomes unavoidable
to develop radiation hard devices to assure the operation over a long period of time after the
exposure of high levels of radiation. The development of these devices can be based on simu-
lations and on aging studies by artificial irradiation. With an increasing number of particles
a device is exposed to, it becomes more and more difficult to simulate the device properties.
Thus after a certain fluence level only the option to test artificially irradiated devices remains
to assure the operation.

The need for high event rates in High Energy Physics (HEP) experiments creates a constant
demand for high luminosity at high energies. Particle detectors as in the ATLAS Experiment
at the LHC are build to be operated for several years without having the opportunity to re-
place damaged electronics or sensors. Radiation hard sensors and electronics are the only
way to endure the desired operation periods [1]. To cope with the increase in radiation and




longer operation periods radiation hard technologies need to be enhanced or new technolo-
gies have to be developed [2, 3, 4]. Due to these restrictions unprecedented fluence levels are
expected by the LHC experiments in the coming years. As a result simulations can not be
used as basis to select a sensor technology to be implemented in a detector. Correspondingly
devices need to be artificially irradiated and tested to assure the proper operation up to the
expected fluence levels.

So far planar silicon was mainly used as material for pixel and strip sensors in HEP applica-
tions. This is partially related to the success of silicon in general microelectronic products
which accelerated the research in this field. Due to a long history with planar sensors lots
of know-how was accumulated concerning the properties of this sensor technology which
assures a high quality and reproducibility. An upcoming sensor technology known as 3D
sensors uses vertical electrodes penetrating the bulk material to form read-out cells with
short electrode distances which is correlated with high radiation hardness [5]. A further
material for radiation hard sensors is artificial diamond fabricated by means of a chemical
vapor deposition process [6]. Single- and poly-crystalline diamonds are already used for dif-
ferent applications in HEP and might be a possible option for the application as pixel sensors.

This work is focusing on the testing and the evaluation of radiation hard pixel sensor modules
for future applications in the ATLAS Experiment. Upcoming upgrades of the experiments in
2013 and 2022 are going to set new and unprecedented design fluences and doses for sen-
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sors and read-out chips. The first upgrade will increase the levels up to 5- 10" Neq CM™
250 Mrad while it is going to further increase to more than 10'° neq cm™2 and 500 Mrad dur-
ing the next upgrade step. Different designs of the three sensor technologies silicon planar,
silicon 3D and diamond planar before and after irradiation were tested to analyze their prop-
erties in terms of radiation hardness.

Chapter 1 gives an overview of CERN, the LHC, the ATLAS Experiment and the foreseen
upgrade steps of the ATLAS Experiment. These focus on the Insertable B-Layer (IBL) and
Diamond Beam Monitor (DBM) upgrade in 2013. A summary of the basic characteristics
of semiconductor particle detectors is given in Chapter 2 summarizing the interaction with
radiation and semiconductor principals. Chapter 3 describes the different parts and the fab-
rication of pixel detector modules used for the characterization before and after irradiation.
The obtained results of the module characterization including measurements with radioac-
tive sources and test beams are compared in Chapter 4. An overview of the first steps during
the IBL module production and tests with the first prototype stave are given in Chapter 5.
Chapter 6 summarizes the obtained results, compares the different sensor properties and
gives an outlook for future radiation hard sensor technologies.




1 LHC and the ATLAS Experiment at
CERN

The European Organization for Nuclear Research (CERN) in Geneva, Switzerland is a sci-
entific research laboratory dedicated to work on fundamental physics. It was founded the
29 September 1954 after the "Convention for the Establishment of a European Organization
for Nuclear Research" was ratified by the twelve founding member states: Belgium, Den-
mark, France, the Federal Republic of Germany, Greece, Italy, the Netherlands, Norway,
Sweden, Switzerland, the United Kingdom of Great Britain and Northern Ireland, and Yu-
goslavia [7].
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Figure 1.1: Map of the LHC at CERN crossing the franco-swiss border [8].

Since the start of the LHC in 2008 the public focus is directed towards the discoveries of the
experiments attached to the collider. The most known are the two general purpose detec-
tors ATLAS and CMS as well as the ALICE Experiment for heavy ion collision and the LHCb
Experiment dedicated to b-physics. One of the recent findings was the discovery of a Higgs
boson by the ATLAS and CMS collaborations [9, 10].




1 LHC and the ATLAS Experiment at CERN

1.1 Large Hadron Collider - LHC

The LHC is a hadron collider build in the underground tunnel of its predecessor the Large
Electron-Positron Collider at CERN. It has a circumference of about 27 km and is placed in a
depth of 45 m to 170 m underground close to the Jura mountains. The LHC tunnel shown in
Fig. 1.1 consists of eight straight parts and eight arcs and provides the necessary space for the
four experiments ALICE, ATLAS, CMS and LHCb as well as the acceleration stages [11]. The
first operation of the LHC started in September 2008 but was stopped after nine days due to
an incident at an electrical connection between two magnets. After the restart in November
2009 the first collisions were performed at the injection energy provided by the Super Proton
Synchrotron (SPS) which was then increased to reach the beam energy of 3.5 TeV in March
2010.

Proton bunches with an injection energy of 450 GeV are provided via two transfer tunnels
from the CERN accelerator complex. LHC can store up to 2808 bunches per proton beam
which are separated by a bunch crossing frequency of 40 MHz corresponding to 25 ns [11].
During the operation in 2010 and 2011 a beam energy of 3.5 TeV corresponding to collisions
with a center of mass energy of 7 TeV was obtained. After reworks performed during the win-
ter shut-down between 2011 and 2012 particles get accelerated up to 4 TeV creating collisions
with a center of mass energy of 8 TeV [12]. A long shut-down period between 2013 and 2014
is used to prepare the collider for the operation under design conditions with an energy of
7 TeV per beam in order to reach the center of mass energy of 14 TeV for proton-proton colli-
sions. To reach the design peak luminosity of 103* cm™2s™' during proton-proton operation
each bunch will hold up to 1.1- 10" particles [13]. To keep the two proton beams in place the
superconducting dipole magnets are operated at temperatures below 2 K to generate a peak
dipole field of 8.33T [11].

The existence of the Higgs boson as one of the missing particles in the standard model is
one of the main questions physicists expect to answer with the results obtained during the
operation of the LHC. In addition to other effects it is expected to observe new physics in
the TeV range including supersymmetry or evidence of extra space-time dimensions [14].
From November 2009 till the winter shut-down in 2011 a total integrated luminosity of
5.61fb~ " has been delivered with a beam energy of 3.5 TeV. Since the operation with 4 TeV
started in 2012 till the end of the same year additional 23.3fb~ ' have been delivered to the
ATLAS Experiment. With a rate of about 93.2% recorded the ATLAS Experiment an inte-
grated luminosity of 21.7fb™! and exceeded the expected 20 fb~! for 2012 [13].

In order to overcome energy and intensity limitations of the LHC it was decided to per-
form three long shut-down periods including a maintenance and an upgrade program. The
expected development of the integrated luminosity during the next years including the per-
formance change related to the upgrade steps is shown in Fig. 1.2. The first LHC shutdown
phase in 2013 will be used to upgrade the LHC for the operation at a center of mass en-




1.2 ATLAS Experiment

T E T T T 5
230 i inosi E
400 — = F ATLAS Online Luminosity 1 7 |
- [ 225 [ EDLHC Delivered +/s=8TeV 1 34 2.1
| o 3 E [CJATLAS Recorde . 5| L~5-10"cm™"s
o [ £20 [ Total Delivered: 23.3fb—
-~ 350 £ [ Total Recorded: 21.7fb "
oS5 F
> C 2 OOF 1 Phase 2
et [ & Bl o
5300 £o E
c E 5 F E
€250 St ‘ ‘ ; ]
=] - - 26/03 31/05 06/08 11/10 17/12
_'; - Day in 2012
3 200 /
- -
© C
r 21034 i —2c—1
8)0150__ L~2-3-10"cm™*s
- -
i= E L~1-2-10*cm 27!
100 ~5.10% cm 25!
soF-
r —
I 1 1 1 I 1 1 I 1 1 I 1 1 1 1 I 1 1

I 1 I
02010 2012 2014 2016 2018 2020 2022 2024
year

Figure 1.2: Expected development of the integrated luminosity and the luminosity over
the three long shut-down periods till 2024 [13]. The recorded total integrated luminosity
of the ATLAS Experiment in 2012 shown in the small plot is 21.7 fb~" [15].

ergy of 14 TeV which will be constant during the upcoming years. The design luminosity of
1-103* cm ™25 is expected to be reached in 2015 leading to a total integrated luminosity of
100 fb~ " until 2017. After the second shut-down in 2019 a luminosity increase of two to three
times the nominal value will lead to a peak luminosity of 2-103*cm™2s7't0 3-103* cm 25!
corresponding to additional 200 fb~! until 2021. To reach this goal several modifications will
be performed at the CERN accelerator complex including the connection of LINAC4 to the
Proton Synchrotron (PS) and the Booster in order to replace LINAC2. For a further lumi-
nosity increase the High Luminosity LHC (HL-LHC) upgrade has been foreseen for the third
shutdown around 2022. During this upgrade period LHC and the CERN accelerator com-
plex will be enabled to handle enough particles to reach a peak luminosity of more than
5-10%* cm—2s7 " and delivering about 250 fb~" per year. In total this will lead to an expected
integrated luminosity of 3000 fb~ ' in the twelve years of operation [13, 14].

1.2 ATLAS Experiment

The ATLAS Experiment (ATLAS) is one out of two general purpose experiments connected
to the LHC. It was build in an about 80 m deep cavern at point 1 of the LHC tunnel. The
experiment shown in Fig. 1.3(a) has a diameter of 25 m, a length of 44 m and an overall weight
of about 7000t. It consists of different components such as the Inner Detector shown in
Fig. 1.3(b) surrounded by the solenoid magnet, the Calorimeters, the Muon Spectrometer
with the toroidal magnets and the trigger and read-out system [16].
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(a) Cross section of the ATLAS Experiment [16] (b) Cross section of the Inner Detector [16]

Figure 1.3: The cross section of the ATLAS Experiment in Fig. 1.3(a) showing the Muon
Spectrometer, Calorimeters and the Inner Detector. The three sub-detectors Transition
Radiation Tracker, Semiconductor Tracker and Pixel Detector of the Inner Detector are
shown in Fig. 1.3(b).

1.2.1 Inner Detector

The Inner Detector is dedicated to the track and vertex reconstruction of charged particles
resulting from proton-proton interactions. Its diameter is about 230 cm with a length of 7m
housing three sub-detectors shown in Fig. 1.3(b). The Pixel Detector, the Semiconductor
Tracker (SCT) and the Transition Radiation Tracker (TRT) are designed to operate at LHC
luminosities of up to 103 cm™2s~!. Following the ATLAS design the Inner Detector cov-
ers an angular range relative to the beam axis corresponding to a pseudorapidity range of
In| < 2.5. To achieve the required momentum and vertex resolution high-precision measure-
ments with a fine granularity are necessary. This is provided by three pixel and eight strip
detector layers as well as up to 36 additional tracking points from the TRT. The implemented
configuration assures a robust pattern recognition and high precision in ¢ and z. A mag-
netic field of 2T parallel to the beam axis bends the path of charged particles to determine
the particles transversal momentum and charge. Continuous tracking in the TRT addition-
ally contributes to the momentum measurements of the particles and particle identification
for electrons [17, 18].

Pixel Detector

The three layers of the pixel detector shown in Fig. 1.4 provide high-precision and fine gran-
ularity measurements close to the interaction point. It consists of three barrel layers with a
nominal radius of 50.5 mm, 88.5 mm and 122.5 mm and three disks at each end of the pixel
package. The three layers are build out of 112 staves holding 1456 pixel modules while the
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48 endcap sectors hold additional 288 modules. These 1744 hybrid pixel modules with 46080
pixel read-out channels per module build together more than 80 million read-out channels.
Each pixel module consist of a 250 pm planar n-in-n silicon pixel sensor with an active area
of 16.4-60.8 mm? and 16 bump-bonded FE-I3 read-out chips. The nominal pixel size of 50 um
in ¢d-direction and 400 um in z fits the corresponding front-end pixel cell. The chips provide
amplification for each pixel and data storage until the arrival of the trigger decision [1].

Figure 1.4: Cross section of the ATLAS Pixel Detector package showing the three barrel
layers and three end-cap disks [16]

This detector configuration provides three high resolution space points for particles within
the pseudorapidity range of [n| < 2.5. In ¢-direction resolutions of about 12 um and vertex re-
constructions with z-resolutions of 100 um can be achieved. The components implemented
in the pixel detector correspond at a perpendicular incident angle to a radiation length of
about 2.7 % per pixel layer [1, 17, 19, 20].

A radiation hard design was chosen for the modules to withstand a radiation dose of up to
50 Mrad and fluences of up to 110" neq cm™2. The B-Layer as the innermost layer is ex-
pected to reach the dose of 50 Mrad after five years of operation. For the other two layers
this limit will be reached after more than ten years of LHC operation [1].

Semiconductor Tracker (SCT)

The SCT contributes eight additional space points to the momentum measurement and the
track reconstruction of the Inner Detector. It consists of four barrel layers at a radius of
300 mm, 373 mm, 447 mm and 520 mm and end caps with nine disks on both ends. Each of
the 2112 SCT barrel modules is build out of four 63.6 - 64.0 mm? p-in-n silicon sensors hold-
ing two times 768 read-out strips with a 80 pm pitch. Two units of two daisy-chained sensor
tiles building about 12 cm long strip sensors are glued back-to-back on a baseboard for cool-
ing and mechanical support. To enable measurements in z-direction a rotation of 40 mrad
between the modules is introduced during the gluing process. This sandwich design is also
implemented in a wedge shape detector design for the end-cap modules to handle the space
reduction at smaller radii. The read-out electronics of the barrel SCT modules is placed close
to the center of the module where wire-bonds establish the connection to the individual
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strips. In the experiment the strip modules in the barrel section are oriented parallel to the
beam direction while the end cap strips point inwards. The SCT provides a resolution of 17 um
in the T-¢ direction and 580 pm in z. Its contribution to the radiation length at 1 =0 cor-
responds to X/Xy = 2.16%. Modules were irradiated and tested at bias voltages up to 500 V
for the expected fluence of 2-10™ Neq cm™2 after 10 years of LHC operation [17, 19, 21, 22].

Transition Radiation Tracker (TRT)

The TRT design provides up to 36 additional track points for momentum measurements and
pattern recognition with a distance of 559 mm to 1070 mm to the beam. It consists of a barrel
part with 52544 axial and two end-caps with in total 245760 radial thin-walled proportional
drift tubes. A film coating technology is used to build straws with a 35 um thick multilayer
wall to obtain the required mechanical and electrical properties. Low ohmic gold-plated
tungsten wires with a diameter of 30 um are used as anodes in the center of the straw. A
gas mixture consisting of 70% Xe, 27% CO; and 3% O, was found to be an efficient transition
radiation absorber and drift gas. The operation in high occupancy environments, electron
identification due to the transition-radiation and an intrinsic radiation hardness are the ad-
vantages of the TRT. Drift time measurements provide the possibility to introduce a spacial
resolution of 120 um in the barrel and smaller than 100 um in the endcap [17, 19, 23]. A total
radiation dose of 10 Mrad at a fluence of 10" neq cm ™2 is expected in the TRT after 10 years
of LHC operation [24].

1.2.2 Calorimeters

The calorimeters are dedicated to measure the energies of particles and jets in the ATLAS
Experiment. The ATLAS calorimeter system is divided into the electromagnetic calorimeter
and the hadronic calorimeter. Both systems implement a sampling technology using active
detector and passive absorber material.

The electromagnetic calorimeter uses electromagnetic interactions to absorb and to measure
photon and electron energies. It consists of a barrel and two end-caps covering a pseudora-
pidity range of | < 3.2. The electrodes and the absorber material are formed in an accordion
design which provides full coverage in ¢ and fast signal extraction. The gaps between the
absorber are filled with liquid argon (LAr) representing the active material of the detector.
The lead absorber are glued to two stainless-steel sheets to increase the mechanical strength.
Read-out electrodes formed out of patterned copper layers are used to create a segmentation
inM. The signal in the read-out electrode is generated via capacitive coupling in the electrode
at an operation voltage of 2000V [16].

The hadronic calorimeter uses electromagnetic and nuclear interactions to measure the en-
ergies of hadrons which passed the electromagnetic calorimeter. It is divided in the tile
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calorimeter parallel to the beam axis covering the pseudorapidity range for [n| < 1.7, the LAr
hadronic end-cap calorimeter extending the pseudorapidity range from 1.5 < [n| < 3.2 and
the LAr forward calorimeter further increasing the range from 3.1 < [n| < 4.9.

Steel and scintillator are used as absorber and active material in the tile calorimeter. It is di-
vided in one barrel and two extended barrels surrounding the LAr hadronic end-cap calorime-
ter.

Both, the LAr hadronic end-cap calorimeter and the LAr hadronic end-cap calorimeter use
liquid argon as active material. In case of the LAr hadronic end-cap calorimeter copper plates
are implemented as absorber material using read-out electronics operated at 1800 V. The LAr
forward calorimeter has to handle high particle fluxes due to the short distance to the beam
pipe. As a result it implements smaller liquid argon gaps within the absorber material than
the other calorimeters. The front part of the calorimeter implements an electromagnetic
module with a copper absorber while the hadronic modules in the back use tungsten. The
operation voltage of the modules varies between 250 V and 500 V [16].

1.2.3 Muon Spectrometer

The Muon Spectrometer is dedicated to measure muon tracks bend by the toroidal mag-
netic field to determine the muon momentum and charge. In addition provides the Muon
Spectrometer a fast signal which is used as a Level-1 trigger in the ATLAS Experiment. Four
different detector technologies are used to measure the muon trajectory and momentum
with high precision. To reach a high accuracy the Muon Spectrometer spreads from a radius
of about 4.25 m to the outermost part of the experiment at a radius of 11 m. The four detec-
tor technologies are used for two measurement purposes. While the Monitored Drift Tubes
(MDT) and the Cathode Strip Chambers (CSC) are used for precision tracking the Resistive
Plate Chambers (RPC) and the Thin Gap Chambers (TGC) handle the bunch crossing iden-
tification and provide the trigger function. In the pseudorapidity range of | < 2.7 provide
the MDT and the CSC between 6 to 8 hits per track with a resolution of 100 um. The RPC in
the barrel or the TGC in the end cap region are the two detector parts providing a fast signal
for the ATLAS trigger system [16, 25].

1.2.4 Trigger and Read-out system

To handle the enormous amount of data generated with a bunch crossing frequency of
40 MHz the trigger system of an experiment has to apply strong selection criteria to find
interesting collisions. The ATLAS Trigger System is separated in Level-1 and Level-2 trigger
which are followed by the event filter. Together the system is capable to reduce the trigger
frequency to a rate of about 400 Hz representing the data storage limits.

The Level-1 trigger uses information from the muon chambers, calorimeters and forward
detectors and is purely hardware based. Based on the data provided the Central Trigger Pro-
cessor (CTP) takes the trigger decision with a latency of less then 2.5 ps. This first trigger level
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reduces the rate of accepted events to 100 kHz. For the next level the data gets passed on to
the Read-Out System. Here the software based Level-2 trigger performs a fast reconstruc-
tion process on regions of interest to refine the trigger decision. With an average processing
time of 40 ms this trigger level reduces the event rate further to 3 kHz. The remaining events
are then assembled by the event builder into a full event data structure and analyzed by the
event filter. During this process the event rate drops down to about 200 Hz. With an average
event size of 1.5 MB the ATLAS Trigger system reduced the amount of data by about seven
orders of magnitude to 300 MBs ™! after the event filter [16, 26].

1.3 ATLAS upgrade

Following the upgrade efforts of the LHC the ATLAS Experiment is going to use the three
long shutdown periods for maintenance and upgrade purposes. While the commissioning
for Phase-0 in 2013-2014 is already taking place, letters of intend for Phase-1 and Phase-2
have been approved by the ATLAS Collaboration Board [27, 28].

Most relevant for the performance of the pixel detector is the development of the fluence
and the total ionizing dose (TID) as the LHC upgrade progresses. The values given in Tab. 1.1
show an increase of one order of magnitude for the fluence and a more then 15 times higher
TID from the ATLAS Pixel Detector to the ATLAS Inner Tracker (ITK) for the Phase-2 upgrade
step. As the values given for the ITK are based on simulations and do not include a safety
margin, higher design values will be defined.

‘ upgrade step fluence TID
ATLAS Pixel Detector 1-10" Neq cm 2 50 Mrad
ATLAS IBL Phase-0 5-10® neg cm™2 250 Mrad
ATLAS ITK Phase-2 1.4-10'° Neq cm 2 767 Mrad

Table 1.1: Development of the fluence and the TID for the different pixel detector up-
grade steps. For the ATLAS Pixel Detector and the IBL the design values are given [1, 29].
The values for the ITK correspond to maximum values based on simulations for the
ATLAS Phase-2 upgrade step [30].

1.3.1 Phase O - Insertable B-Layer Upgrade

During the first long shutdown several upgrade and maintenance points will be addressed in
the ATLAS Experiment. One of the major activities is the Insertable B-Layer (IBL) upgrade
with the intention to integrate a new innermost pixel layer in the Inner Detector. The chal-
lenge of the IBL is to develop a detector system radiation hard enough to be operated at a
five times higher fluence and TID than the original pixel detector. To assure the operation
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new and enhanced sensor designs are developed and tested. In addition a radiation hard
front-end chip is needed to handle higher data rates in the future. To create the necessary
space for this additional layer the present beam pipe will be replaced with a smaller one. The
temporary removal of the current Pixel Detector from the Inner Detector provides the oppor-
tunity to replace the existing Service Quarter Panels (SQP) with new Service Quarter Panels
(nSQP). An advancement to the diamond Beam Conditions Monitor (BCM) is the Diamond
Beam Monitor (DBM) made out of eight three-layer diamond beam telescopes connected to
the IBL read-out system.

Besides the upgrade efforts related to the IBL it is foreseen to perform a couple of additional
upgrade activities. The development of new evaporative cooling plants is ongoing for SCT,
Pixel Detector and IBL. The electronics of the calorimeters is following an additional upgrade
procedure. A new neutron shielding is going to be introduced in the Muon Spectrometer and
the outer part of the beam pipe made of stainless steal will be replaced with an aluminum
beam pipe to reduce the background in the Muon Spectrometer [31].

R 40 - IBL outer envelope

R 34.92 - pipe radius

R 33.45 - module radius

R 31 - IBL inner envelope

R 28.3 - beam pipe envelope
R 24.3 - beam pipe outer
R 23.5 - beam pipe inner

~ R425-IST inner

~ R 43-1ST outer

| Reference point _—

View from side C

Figure 1.5: Cross section of the IBL layout showing the stave orientation, the IST and
the dimensions of the new beam pipe [32].

The necessary space for the IBL shown in Fig 1.5 between the existing B-Layer and the beam
pipe will be created by reducing the radius of the beam pipe by 4 mm to an outer beam pipe
radius of 28.3mm. The tasks for the IBL include an improvement of the vertex resolution,
secondary vertex finding and b-tagging [29, 33]. At the same time it assures a continuous
operation of at least three pixel layers to maintain the performance at high pile-up expected
in the upcoming years.

The new layer consists of 14 staves surrounding the beam pipe, each tilted by 14° providing
full coverage in ¢-direction. A stave provides mechanical support and cooling for the IBL
sensor modules and holds cables for module read-out and powering.

11
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Boiling pipe, carbon-fiber-reinforced polymer (CFRP) skin and carbon foam are the three
main parts of the IBL stave. The titanium boiling pipe with a diameter of 1.5 mm embed-
ded in the carbon foam is part of the evaporative CO; cooling to reach temperatures below
—20°C on the sensor. Properties as a high thermal conductivity and the low radiation length
make carbon foam an ideal material providing uniform cooling combined with a low material
budget. The CFRP skin is glued to the back of the stave to increase its structural stiffness.
All 14 740 mm long staves are mounted on three mechanical support rings whereof the two
outer rings are connected to the IST while the third ring stays floating in the center inter-
connecting the stave centers to minimize deformation due to gravity.

In the mixed sensor scenario each stave is equipped with 12 planar Double Chip Modules
(DCMEs) consisting of one sensor tile equipped with two read-out chips in the center and four
3D Single Chip Modules (SCMs) consisting of one sensor tile with one read-out chip on both
ends. For this layout option 75 % and 25 % of the IBL modules are planar pixel and 3D pixel
modules respectively. As there is not enough space to shingle the modules an inactive gap
of about 205 pm is present between the modules.

The DBM is a spatially segmented detector to increase the possibilities of the ATLAS BCM
providing luminosity and beam spot monitoring. Four three-layer diamond pixel beam tele-
scopes on each side of the ATLAS Experiment will be attached horizontal and vertical to the
beam axis for bunch-by-bunch luminosity monitoring. The telescopes will be installed at a
distance of about 950 mm from the interaction point covering a pseudorapidity range be-
tween 3.0 <M < 3.4. The 24 telescope planes consist of poly-crystalline Chemical Vapor De-
position (CVD) diamond sensors single chip modules with a sensor size of about 21- 18 mm?.
With a charge collection distance of 200 um a most probable charge of 7200 e™ is expected.
The intrinsic radiation hardness and the low thermal resistance of diamond make the mate-
rial an ideal solution for the application in high radiation regions as the forward direction of
the ATLAS Experiment [33].

The purpose of the DBM is an improved bunch-by-bunch luminosity monitoring compared to
the BCM. The high segmentation of the pixel module and the fast signal read-out in diamond
sensors avoid the saturation of the material at high fluences. Three-layer telescopes enable
tracking providing the capability to distinguish collision tracks from beam halo tracks.

The read-out of the telescopes will be implemented in the IBL read-out where the twelve
modules on each side appear as one half stave. The modules will be operated at a threshold
of 1100 e with a maximum bias voltage of 1000 V.

1.3.2 Phase 1 Upgrade

During the second long shutdown the ATLAS Experiment is planing to prepare for an in-
creased peak luminosity of 2-10%* cm™2s™ " or higher. This luminosity increase and the cor-
responding increase of interactions per bunch crossing at the design energy of 14 TeV needs
to be handled by the detectors. The necessary upgrade efforts will mainly focus on the Muon
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Spectrometer and the Calorimeter as well as the trigger and read-out system. To handle the
luminosity increase after the upgrade a Fast Tracker (FTK) is proposed to provide fast track
reconstruction. As part of the trigger upgrade the FTK will implement hardware based track
finding and fitting algorithms to reduce the load on the ATLAS trigger system. The released
resources of the trigger system can then be allocated to more sophisticated selection algo-
rithms. The replacement of the muon small wheels at the beginning of the shutdown is
the main priority during the phase 1 upgrade. In parallel the front-end electronics of both
calorimeters will be upgraded to reduce high hit rates in the Level-1 trigger system [27, 34].

1.3.3 Phase 2 Upgrade

The dose and fluence collected in the Inner Detector by the time of the third long shutdown
will have reached the design specifications of the individual sub-detectors. To be prepared
for the high luminosity runs the ATLAS Collaboration is carrying out efforts to replace the
Inner Detector with a new tracker. This new tracker needs to cope with peak luminosities
of up to 5-10%* cm2s~ ! and will collect an integrated luminosity of about 3000fb~'. By
then the number of interactions per bunch crossing will be more then 140 interactions with
peak values exceeding 200 interactions. As a result the expected maximum fluence of the
inner most pixel layer will exceed the design fluence of the IBL more than twice while the
expected total ionizing dose will be more than three times higher. The increased fluence
and total ionizing dose make it necessary to further increase the radiation hardness of the
detector design. On the other hand a design based on the IBL detector design might be a
suitable possibility for the application in the outer pixel layers and in the end caps of the
pixel detector [28, 30].

The proposed layout of the future ITK implements a pixel and a silicon micro-strips sub-
detector. The pixel detector consists of at least four barrel layers and six end-cap disks on
each end. The two innermost pixel layer are mounted on a separate Inner Support Tube while
the outer layers and the disks are mounted on the Pixel Support Tube. The silicon micro-strip
detector is set up with five barrel layers and seven end-cap disks while the modules use a
similar layout to the current SCT layout with two back-to-back sensors. A short strip and
longer strip sensor design is going to be used in three and two of the layers respectively. The
ITK design provides a minimum of 14 hits with a pseudorapidity range of | < 2.5 [28, 30].
Several sensor technologies for the pixel detector are currently tested to assure the operation

up to fluences in the range of 10'° neq cm™2.

Possible candidate technologies are silicon
n-in-n and n-in-p planar, silicon n-in-p 3D, HV-CMOS and diamond sensors. For the micro-
strip detector a silicon n-in-p technology is proposed to provide good charge collection after

irradiation without the effects of type inversion [35, 36].
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2 Basic Characteristics of
Semiconductor Particle Detectors

Semiconductor detector follow the basic principle of ionization counters which count the
number of e/h-pairs produced by ionizing radiation. A bias voltage applied to both sides of
the detector forms an electric field to separate the generated charges. The movement of the
charge carriers induces a current pulse which is further processed in the attached read-out
electronics. To increase the resolution of this kind of detector different electrode types are
available to reach a high channel density.

The progress of silicon as semiconductor material in general purpose electronic products
paved the way for the application of semiconductor material as particle detectors. More reli-
able large scale production at reasonable cost advanced the development of silicon read-out
chips and different types of semiconductor sensor technologies. In the case of silicon as de-
tector material it became even possible to build the read-out electronic and the sensor on
the same wafer.

Advantages compared to predecessor technologies additionally accelerated the operation of
semiconductor sensors in HEP applications. The low e/h-pair production energy in semicon-
ductors results in an intrinsic high energy resolution enabling the implementation of thin
sensors with a short radiation length. High mobility of electrons and holes leads to a fast re-
sponds time which is an important property for the application in experiments with high hit
rates. The high spacial resolution related to the short range of knock-on electrons promotes
the fabrication of small strip and pixel read-out electrodes.

This chapter describes semiconductor principles necessary for the application of silicon and
diamond as radiation sensors. A comparison of different properties is given in Tab. 2.1 for the
two materials. Later the different interaction mechanisms and effects of radiation on semi-
conductor materials are discussed. The focus of the discussion is directed towards the charge
generation due to ionizing radiation and radiation damage in the semiconductor surface and
bulk material. At last the implementation of semiconductor detectors is presented including
signal amplification and noise effects related to the sensor and the read-out electronics.
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2.1 Semiconductor Principles

Semiconductor detectors for the application in HEP experiments are used for particle track-
ing in the center of the experiments. A further application is to determine the amount of
charge created by ionizing radiation in the sensor material. To avoid the recombination and
the corresponding loss of information an electric field is used to separate the electron/hole-
pairs (e/h-pairs). Depending on their charge the electrons and holes drift in opposite direc-
tions and induce a current pulse on top of the leakage current of the sensor. By integrating
the induced current signal it becomes possible to determine the deposited charge in the sen-
sor.

Sensor performance properties as the charge collection and the noise behavior strongly de-
pend on the applied sensor material. These materials can be divided into groups with a high
and a low specific intrinsic carrier concentration. While silicon is a representative of material
with a high intrinsic carrier concentration represents diamond materials with a low intrinsic
carrier concentration. Both sensor materials are under investigation for the application in
future HEP experiments.

The intrinsic carrier concentration in a semiconductor is affected by the temperature and
other material properties. This relation is defined by the Fermi-Dirac integral and can be
simplified for non-degenerate semiconductor by the Boltzmann statistic given in Eq. 2.1. In
non-degenerate semiconductor the number of thermally generated e/h-pairs dominates the
number of impurities in the material. In addition the energy difference between the Fermi
energy Er and the energy of the conduction or the valence band Ec and Ey needs to be
> 2 kT. These properties apply also to all intrinsic semiconductors which makes it possible
to calculate the free electron n and free hole p concentration for these materials.

EC_EF>

TL:NC-exp<— T

=N (-2 -

Here, Nc and Ny represent the effective density of states in the conduction and valence
band, k is the Boltzmann constant and T stands for the temperature [37]. For semiconductors
which comply with these conditions the intrinsic carrier concentration can be defined by
combining the mass action law n? =n-p and Eq. 2.1.

Ec—E
n = \/Nc~Nv-eXp<—%> (2.2)

Temperature increase in the semiconductor material leads to an exponential growth of ther-
mally generated e/h-pairs. In addition shows Eq. 2.2 that the intrinsic carrier concentration
also depends on the specific band gap energy of the applied material. This implies that
semiconductors with wide band gap energies have a by several orders of magnitude lower
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intrinsic carrier concentration than conventional semiconductor. In the case of silicon and
diamond as detector material the intrinsic carrier concentration is Ny (s 300 k) = 9.65 10°cm™3
and 1y(c 300k) = 1- 1072 cm3 respectively [38, 39].

The conductivity of a semiconductor given in Eq. 2.3 is related to the intrinsic carrier con-
centration of the semiconductor material [37]. A higher e/h-pairs concentration leads to a
higher conductivity, thus a higher current in the semiconductor. This current increase corre-
lates with a rise of shot noise created by the increased number of electrons and holes in the
material.

1
o=5=d (unn+ ppp) (2.3)

At room temperature the noise level of intrinsic semiconductors with a band gap energy in
the range of 1€V reaches up to the same order of magnitude as signals caused by ionizing
radiation. This is not the case for wide band gap semiconductors which have much less in-
trinsic charge carriers, thus less noise. Depending on the band gap energy of the material
different process steps need to be followed to fabricate a radiation sensor. For semiconduc-
tors with lower band gap energies it is necessary to build a pn-junction in the material while
wide band gap semiconductor are directly operational.

In the following the implementations necessary for sensor materials with low and wide band
gap energies are discussed. Radiation sensors made of silicon and diamond sensor material
are used as examples representing the two types of band gap energies.

2.1.1 Silicon as Radiation Sensor

Silicon with a low band gap energies of 1.12eV and a low creation energy for e/h-pairs of
3.6 eV shows the necessary requirements for the application as radiation sensor. Experience
from developments of silicon applications in general purpose electronics contributed to the
progress of several silicon sensor designs. Silicon doping techniques make it possible to build
pn-junctions and to implement fine structures necessary to form read-out cells.

The high carrier concentration in intrinsic semiconductors with band gap energies of about
1eV make them inoperable as radiation sensors without reducing the number of free charge
carriers. A possibility to reduce this number is to build a pn-junction in the semiconductor.
Impurity atoms with three or five valence electrons shown in Fig. 2.1 are introduced in the
lattice to build p- and n-doped regions. As a result a space charge region without charge
carriers forms at the junction between the two doped regions. This space charge region can
be further increased by applying an external reverse bias voltage.

Doping atoms with three valence electrons e.g. B, Al, Ga and In in Fig. 2.1(a) leave one lose
connection in the p-type semiconductor lattice. These acceptor form holes which represent
free positive charge carriers in the valence band. Corresponding to the trivalent impurities,
pentavalent doping atoms e.g. N, P, As and Sb in Fig. 2.1(b) introduce one additional electron
in the n-type semiconductor lattice. These donor provide free negative charge carriers which
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Figure 2.1: Doped silicon lattice forming p- and n-type semiconductors. P-type semi-
conductors in Fig. 2.1(a) uses acceptor elements from the Il main group while n-type
semiconductors in Fig. 2.1(b) use donor elements from the V main group [37].

can move in the conduction band. As a result of the doping the Fermi energy of p-doped
material shifts towards the valence band and accordingly towards the conduction band for
n-doped material.

For the formation of a pn-junction in the semiconductor, adjoin p- and n-doped regions
shown in Fig. 2.2 a) need to be fabricated in a common material. The two corresponding free
charge carrier close to the border of the junction diffuse across and leave fixed oppositely
charged carriers building a space charge region. The expansion of the space charge width
defined in Eq. 2.4 depends on the donor and acceptor concentration Np and N4 and the
dielectric constant € of the semiconductor material. To simplify the discussion the space
charge density in Fig. 2.2 b) can be approximated by two rectangular shaped space charge
regions [37].
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The resulting electric field in the space charge region shown in Fig. 2.2 ¢) can be determined
by integrating the space charge density. Due to the abrupt change in the space charge density
between the two zones, a maximum in the electric field E,,x occurs at the junction.

An integration over the electric field distribution gives the potential distribution in Fig. 2.2 d).
The built-in potential Wy; which is proportional to the area under the electric field shown in
Fig. 2.2 c) represents the potential difference between the borders of the space charge region
shown in Fig. 2.2 d). In equilibrium condition without external voltage it is required that the
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Figure 2.2: a) pn-junction, b) space charge distribution, c) electric field distribution,

d) potential distribution, e) energy band diagram [37]
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Fermi energy stays constant over the entire semiconductor. The shift of the Fermi energy
between the doped regions creates a potential barrier ¢ Wy; in the space charge region. This
barrier is described by the curvature of the energy bands in Fig. 2.2 ).

For junctions with one dominating doping concentration as it is the case for silicon sensors
used as particle detectors (n"-p or p*-n) Eq. 2.4 can be simplified to determine the total
depletion width Wp in Eq. 2.5. Here, N corresponds to the dominating doping concentration
given in Eq. 2.4 depending on the applied doping. In case of a n*-p doped junction the
donor concentration exceeds the acceptor concentration (Np > Npa). As a result only a
thin layer of the n-region is depleted while the depletion width in the p-region is orders of
magnitude wider (Wpn < Wpy). Accordingly leads this behavior to a total depletion width
corresponding to the depletion width in the p-region (Wp ~ Wp,).

(2 es¥y
Wp = aN (2.5)

By replacing Wy in Eq. 2.5 with Wy; — V},;,s it becomes possible to calculate the depletion
width in function of the applied bias voltage. A positive bias voltage on the p-implant up
to Wy reduces the depletion region and causes a strong current increase for higher values.
On the contrary a negative bias voltage on the p-implant increases the depletion width and
the electric field of the depletion region until the bulk material is fully depleted. The ideal
leakage current behavior of a silicon diode in Fig. 2.3 shows the leakage current behavior cor-
responding to a negative bias increase. For low bias voltages the volume current increases
up to the full depletion voltage followed by an additional surface current contribution. For
increasing voltages a plateau region is formed which ends with a steep current increase when
the breakdown voltage is reached [40].

|

current

surface
volume =" breakdown

voltage
vdepl max

Figure 2.3: Ideal reverse leakage current behavior of a silicon diode showing the different

depletion stages up to the breakdown voltage [40].

An effect of the earlier discussed temperature dependence of the charge carrier concentration
can be directly observed by performing leakage current measurements for different tempera-
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tures. The measured silicon bulk current at a certain temperature T can be scaled with Eq. 2.6
to a reference temperature Tg.

I(Tr) (TR’ Eq [1 1
T (T) e (_ﬁ [T_R_TD (26

Here, the band gap energy Eg4 corresponding to the specific band gap energy of silicon with

1.12eV and the Boltzmann constant ky, are used [41].

Due to the electric field in the space charge region the majority charge carriers get flushed
out of the depletion region. This behavior reduces the number of free charge carriers in
the space charge region to a value below the intrinsic charge carrier concentration. The
amount of the remaining charge carrier corresponds to the thermally stimulated minority
carrier concentration in the depletion region. Depending on the doping type the minority
carrier concentration can be calculated as pn = niz/ND and n, = niz/NA for n- and p-type
silicon respectively [42]. For current ATLAS Pixel Detector sensors with an effective doping
concentration of 1.7-10'>cm™3 in the n-doped bulk and an intrinsic carrier concentration
Ty(si300K) = 9-65° 10° cm ™3 the minority charge carrier concentration of the bulk is in the
order of 5.8-107 cm™3 [43, 44]. Due to the temperature dependence of the intrinsic carrier
concentration in silicon an about two orders of magnitude reduced minority charge carrier
concentration is obtained at a temperature of —20 °C [45]. This reduction of charge carriers
in the depletion region also reduces the conductivity thus lower current and less shot noise
in the sensor. Further enables this behavior the application of doped semiconductor mate-
rial with low band gap energies as radiation sensors which is not the case for the intrinsic
material.

To collect the maximum number of e/h-pairs generated by ionizing radiation it is desired to
build a depletion region expanding over the entire semiconductor material. This full deple-
tion configuration is typically achieved by using a low doped bulk material (1.7- 10" cm™3)
with highly doped (1-10'® cm™3) p- and n-doped regions as electrodes. A high specific resis-
tivity > 2kQ cmis typically used to reach the full depletion of the entire sensor material [44].
For high reverse bias voltages applied to this sensor configuration the width of the depletion
zone given in Eq. 2.5 extends over the whole low doped region but only penetrates the surface
of the highly doped regions. The high concentration of charge carriers in the under-depleted
regions keeps the ohmic characteristic of the semiconductor which is necessary to form the
contact between the read-out electrodes and the metallization.

Substrate and Electrode Types

Based on the applied type of bulk material and read-out electrode four combinations of sen-
sor types are available for the application as radiation detectors. These combinations imple-
ment highly n-doped or p-doped read-out electrodes in a n-doped or p-doped substrate.
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Highly n-doped read-out electrodes in n- and p-doped bulk material are the two sensor
types considered for high energy physics experiments with expected fluences higher than
3-10" neq cm™2. Both sensor types based on n-doped read-out electrodes use the electron
collection while the pn-junction is either formed around the read-out electrode or at the
back side of the sensor. To assure the proper operation of these sensors certain layout fea-
tures are required for both technologies. These features include the implementation of edge
terminations to avoid a short circuit between the front and back side of the sensor as well
as isolation structures between the read-out electrodes to avoid a short circuit between the
channels. After type inversion due to radiation damage the n-in-n design starts to behave
similar to the irradiated n-in-p design. As a result of this both sensor types show after irra-
diation an advantageous combination of the electric and the weighting field [46, 47]. Both
designs are discussed in this work as possible sensor designs for future tracking detectors.
The remaining two sensor types implement highly p-doped read-out electrodes show dif-
ferent characteristics which dismiss them as tracking detectors for the application in future
HEP experiments. The p-in-n design which is used as sensor design in environments with
low fluences shows after type inversion a shift of the depletion region to the back side of the
sensor. This corresponds to the behavior of the p-in-p design which can not be operated if
the sensor is under-depleted. The hole collection at the segmented side of these sensor types
is a further drawback after irradiation. This is due to the increased hole trapping probability
as well as the disadvantageous combination of the electric and the weighting field [46]. As
a result, both designs are not considered to be used in future tracking detectors [40].

An issue relevant for all combinations of sensor types is the surface damage in the silicon
oxide. This damage leads to an accumulation of positive charges in the surface layer which
change the electric field at the interface between the silicon oxide and the bulk material. De-
pending on the crystal orientation low oxide charge concentrations vary at about 10" cm™2
which increase after irradiation up to saturation values at about 3-10'>cm™2 [40]. Due to
the changes in the electric field electrons start to pile up in the layer between read-out chan-
nels which eventually shortens several channels. To counteract this effect the p-stop and
p-spray technique are used to form p-type implants between the channels to assure the
isolation. The p-stop technique uses an additional photolithographic step to form a highly
p-doped implant region between the read-out channels. The p-spray technique on the other
hand forms a p-doped implant over the entire wafer surface. As the entire region between
the read-out channels is p-doped a lower doping dose is typically applied using the p-spray
technique. A combination of both techniques is the moderated p-spray where the p-region
reaches the channels but additionally a higher doping concentration is build in the middle
of the channels. An additional positive effect of these isolation techniques is the breakdown
voltage increase after irradiation which is further explained in section 2.2.3 [48].
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n-in-n sensor type

In case of the n-in-n sensor technology the pn-junction is located on the back side electrode
of the sensor. The depletion zone in this configuration expands with increasing bias volt-
age towards the front side housing the read-out electrodes. This effect leaves the electrodes
short circuited until the depletion zone reaches the front side and establishes the isolation
between the implants. This property of n-in-n sensors makes it not possible to operate this
technology before irradiation in an under-depleted state. An important feature of this tech-
nology is the type inversion of the bulk material after irradiation. This effect is caused by
the accumulated radiation damage in the substrate further explained in section 2.2.3 which
changes the sensor properties to behave similar to an irradiated n-in-p sensor. These proper-
ties especially include the shift of the space charge region towards the front side. As a result
the space charge region extends after irradiation in direction of the sensor back side thus
makes it possible to operate the sensor in an under-depleted state. To avoid a short-circuit
across the pn-junction an edge termination consisting of several guard-rings surrounding
the back side contact becomes unavoidable for the implementation of a n-in-n sensor type.
Therefore a double sided production process needs to be applied [40, 49].

n-in-p sensor type

The space charge region in sensors using the n-in-p technology is formed around the read-out
electrodes and extends with increasing bias voltage in direction of the back side electrode.
An operation in an under-depleted state is possible as the read-out electrodes are intrinsi-
cally electrically isolated. This property is independent of the radiation damage as no type
inversion occurs in the bulk material. As the pn-junction is build around the read-out elec-
trodes it becomes possible to use a less costly single sided production process with less mask
steps. The reduction in production cost comes with the disadvantage that the bias voltage
reaches via the conductive edge the front side of the sensor housing the read-out channels.
Electric sparks shorting the sensor and the electronics would destroy the read-out chip and
need to be prevented. A common method to avoid this effect is to deposit a passivation layer
between the read-out chip and the sensor. Further is a structure consisting of several guard
rings implemented around the read-out electrodes. This multi-guard ring structure creates a
potential drop for each of the guard rings to assure the isolation between the contacts [50, 51].

Advances on silicon sensor designs constantly support the wide application of silicon sensors
in radiation detectors. The successful implementation of 3D-electrodes in the bulk material
makes it possible to decouple the electrode distance from the sensors thickness [5]. New
guard ring designs or the use of an active edge around the sensor are possibilities to reduce
the inactive detector area [52]. Additional points as the high production quality for reason-
able cost and good material properties endorse the application of silicon as active material
in radiation detectors.
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2.1.2 Diamond as Radiation Sensor

Diamond with its band gap energy of 5.47 eV comes with a low carrier concentration which
makes it possible to use it as an intrinsic semiconductor. This property enables the appli-
cation of diamond as radiation sensor with a homogeneous charge collection over the full
sensor thickness. Additional properties as a high thermal conductivity, low leakage current
and the high radiation hardness endorse its application in HEP experiments. Due to the lack
of a pn-junction it can be operated for both polarities to collect either electrons or holes on
the read-out side.

Artificial diamonds for industrial applications are generally fabricated by chemical vapor de-
position (CVD) processes [53]. The hot-filament CVD (HFCVD) and the microwave CVD
(MWCVD) process are two of the most common CVD processes for the fabrication of dia-
mond material. To avoid the formation of graphite during the HFCVD process atomic hydro-
gen needs to be produced in the deposition chamber. A gas mixture of 1vol-% methane (CH,)
and hydrogen (H;) is decomposed by the heated tungsten wire in proximity to the substrate.
A selective etch process introduced by the hydrogen runs at the same time as the deposition
and reduces the growth rate. Deposition chamber pressures of up to 10 kPa and substrate
temperatures between 700 °C and 1000 °C have been reported for this type of fabrication
process. In case of the MWCVD process the process gas is introduced into the deposition
chamber of the microwave-plasma reactor. When the microwave energy is introduced into
the chamber the gas heats up and starts the diamond growth process on the substrate [53].
Typical substrate materials for the CVD process are cubic boron nitride, silicon carbide, sili-
con, nickel, platinum, iridium and diamond. The lattice mismatch between the applied sub-
strate materials and single crystal diamonds lead to the formation of independent diamond
seed crystals on the substrate. Regions with a uniform crystal structure build around the
seeds and form a grain structure resulting in a poly-crystalline CVD (pcCVD) diamond. As
the growth of single grains is highly irregular, slower grains can get pushed back and even-
tually disappear in higher deposition layers. To profit from this property thicker material is
deposited on the substrate which is later thinned by a grinding process. By applying this
grinding process to the substrate side of the grown material only the part containing the
small grains is removed. For the formation of single-crystalline CVD (sCVD) diamonds the
application of diamond single crystal substrates was demonstrated in the past. Due to the
low availability of large-area single crystal diamond substrates it is only possible to produce
sCVD diamonds with a size of about 1cm?. A further possibility for the formation of sCVD
diamonds is the application of epitaxial iridium layers on SrTiO3 as substrates which is cur-
rently under investigation [54].

Sensor properties and quality strongly depends on the fabrication technique and the sub-
strate used during the growth process. The number of charge traps in the material is one
of the main quality criteria for diamond sensors. Dangling bonds around the grain borders
in pcCVD diamonds introduce additional trapping and recombination centers compared to
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sCVD diamonds. A further effect is the possible formation of space charges related to im-
purities as nitrogen in the sensor material. This might result in lateral fields which would
reduced the spacial resolution of the sensor [55]. Due to the absence of a grain structure in
sCVD diamonds no additional trapping effects are introduced in this material.

For the application of diamonds as radiation detector electrodes need to be formed on both
sides of the material to apply the bias voltage. Contrary to silicon and other doped semi-
conductors no electrode implantation is necessary for diamond sensors. Before the metal
deposition the diamond surface needs to be polished and cleaned to remove residues from
handling and the polishing process. Titanium-tungsten contact electrodes are build by a
sputtering process on the diamond. Depending on the type of read-out electrode a second
layer of gold or copper gets deposited as well. To cure surface damage created during the
electrode deposition an annealing step at about 450 °C is performed with the detector [56].

Diamond as radiation detector material is mainly endorsed by its high radiation hardness,
the small leakage current and the low capacitance. These properties related to the low noise
compared to silicon also result in an about 2.2 times smaller charge signal. Comparisons of
the Signal-to-Noise Ratio (SNR) for proton irradiated diamond and silicon sensors showed
a better performance of diamond sensors for very high radiation fluences [57]. Additional
properties as the high breakdown field and the good thermal conductivity support the appli-
cation of diamond as radiation sensor. Furthermore spreads the electric field uniform in the
diamond which corresponds to a scalable charge collection time in function of the applied
bias voltage [55]. Recent measurements on proton irradiated diamond sensors confirmed
the operation of this sensor material up to a fluence of 1.6+ 10'® neqg cm™2 [58].

property units silicon  diamond reference
band gap eV 1.12 5.48

density gcm3 2.33 3.52

thermal conductivity W em KT 1.48 >1800

relative permittivity 11.7 5.7

intrinsic carrier concentration cm™3 9.65-10° 1-107%  [38, 39]
e/h-pair creation energy eV 3.61 13.6 [59, 60]
carrier mobility electrons cm? Vs 1450 1714 [61]
carrier mobility holes cm? V= ls™! 505 2064 [61]
saturation velocity electrons cms™! 24.0-10°  9.9-10° [62]
saturation velocity holes cms! 7.5-10° 12.5-10° [62]

Table 2.1: Summary of material properties for silicon and diamond at 300 K [55, 56]
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2.2 Interaction of Radiation in Semiconductor Material

When particles or photons penetrate semiconductor devices a multiplicity of desired and
undesired interactions take place. The creation of e/h-pairs by ionizing radiation is one of
the non-destructive effects and necessary for the particle detection in radiation sensors. In
general the effects of ionizing radiation can be divided into interactions with photons and
with charged particles.

In both cases e/h-pairs are created when an electron absorbs enough energy to move from
the valence band to the conduction band. The necessary energy depends on the band gap
energy of the semiconductor material. While the deposited energy creates e/h-pairs by ion-
ization it also excites vibrations in the lattice by phonon emission. The energy dedicated to
the phonon emission is lost for the e/h-pair production thus on average more energy than
the band gap energy is necessary to create e/h-pairs. For silicon and diamond sensors pair-
creation energies of 3.61eV and 13.6 eV were determined respectively [59, 60].

Deterioration of the semiconductor due to radiation is considered as radiation damage in
the bulk material or the surface layer. These damages influence the properties of the semi-
conductor by increased leakage current, type inversion and increased trapping effects which
can be partially repaired by annealing.

2.2.1 Interaction of Photons with Matter

Photoelectric effect, Compton scattering and pair-production describe the three main inter-
actions between photons and matter. With increasing energy the cross section changes first
from the photoelectric effect to the Compton scattering and finally to the pair production
which is shown in Fig. 2.4 for carbon and silicon.

During the passage of a photon beam through matter an attenuation of the intensity can be
observed which is described by Eq. 2.7. The attenuation coefficient i depends on the specific
cross section, the density and the molecular weight of the traversed material o, p and A as
defined in Eq. 2.8 with the Avogadro constant Na.

[=Ie™ (2.7)
Na P
= % (Gphoto + Ocompton + Gpair) (2.8)

During the photoelectric effect the total energy hv > Epinding of an incident gamma-ray
gets absorbed by a bond electron. This electron subsequently leaves the atomic bond with
a kinetic energy Eyjn = hv — Epinding corresponding to the binding energy subtracted from
the incident energy of the gamma-ray. As the photon gets completely absorbed, a nucleus is
necessary to absorb the recoil momentum in order to satisfy the conservation of energy and
momentum. This is also the reason that the photoelectric effect does not appear at loose
electrons. Figure 2.4 shows that the photoelectric cross section depends on the energy of
the incident photon and the atomic number of the material. It implies that the cross section
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increases for higher atomic numbers and decreases for higher gamma-ray energies.

With increasing photon energies hv >> Epinding the Compton scattering outranges the pho-
toelectric effect. It describes an elastic scattering between a photon and a free electron which
absorbs a part of the deflected photons energy. The resulting photon and electron energy
is given in Eq. 2.9 and Eq. 2.10 respectively. The transformed energy depends only on the
photons scattering angle @ which defines the Compton edge at a maximal electron energy
EL o = =0 for @ = 180°.

mec2+2 hy

hv

E, = (2.9)
Y 1—#111‘;’62 (1—cos D)
h
E,=hv— - Y (2.10)
1+K\;2 (1—cos D)

The conversion of one photon in an electron-positron pair is described by the pair produc-
tion. A photon energy E+ > 2 m.c? is needed for the pair production which is the reason that
it only takes place at higher energies. In the case of the production of an electron-positron
pair a photon with an energy of more than 1.022 MeV is needed. For the conservation of
momentum the pair production can only take place in the proximity of another particle.
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Figure 2.4: Attenuation of photons in silicon and diamond sensor material. For both ma-
terials three energy ranges dominated by the photoelectric effect, Compton scattering
and pair production are visible [63].

Depending on the photon energy emitted by a radioactive source is a combination of the
Compton spectrum and photoelectric peak visible. The photo electric peak measured with
a semiconductor detector can be used for sensor and read-out calibration tests. The Comp-
ton scattering on the other hand is less useful for calibration purposes. Corresponding are
sources with energies reaching the Compton scattering dominated part of the cross section
less helpful as the photoelectric peak is less dominant.
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2.2.2 Interaction of Charged Particles with Matter

Scattering between high energetic charged particles and electrons in the atomic shell can
either excite or ionize an atom. In rare cases a strong energy transfer between the incident
particle and the electron takes place creating a -electron which behaves as a free charged
particle itself and traverses the detector.

. d_E _ KZZEL 1|n zmeCZBZ'YZTmax . Bz . d(By)
dx ApRZ|2 12 2

(2.11)

The energy loss of charged particles within an intermediate energy range of 0.1 < 3y < 1000
is described by the Bethe-Bloch formula in Eq. 2.11 [64]. The resulting stopping power for a
muon in copper in function of By is shown in Fig. 2.5.
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Figure 2.5: (—dE/dx) for positive muons in copper [64].

Minimum lonizing Particles (MIPs) have a minimum stopping power and deposit the low-
est energy in the sensor material. These MIPs or MIP like particles are commonly used to
characterize the sensor performance as low energy depositions are harder to detect. The
total stopping power of electrons and protons in silicon and diamond is given in Fig. 2.6 in
function of the particle energy. Noticeable is the MIP energy shift depending on the type of
particle.

The corresponding energy loss distributions can be described by a Landau-distribution. Here
the most probably value of the distribution represents the most probable energy loss. Look-
ing at the distributions for varying sensor thicknesses in Fig. 2.7 shows an increase of the
most probable value in function of the sensor thickness. Noticeable is that the mean energy
loss stays constant with the sensor thickness. Corresponding is the most probable value used
to describe the energy loss of a single particle [64].
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Figure 2.6: (—dE/dx) for electrons and protons in silicon and carbon [65].
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Figure 2.7: Normalized energy loss distributions of 500 MeV pions in 80 um, 160 pm,
320 um and 640 pm thick silicon [64]

2.2.3 Radiation Damage

The deterioration of semi-conductor detectors in HEP experiments is caused by radiation
damage in the surface layer or the bulk material. While the surface damage is mainly caused
by lonizing Energy Loss (IEL) in the passivation layer, non lonizing Energy Loss (NIEL) dom-
inates the bulk damage effects. Depending on the kind of radiation damage different effects
lead to property changes of the sensor material or the electronics. For hybrid pixel detectors
consisting of a sensors bump-bonded to a read-out chip as they are used in the Pixel Detector
of the ATLAS Experiment both effects need to be considered. In case of the read-out chip IEL
dominates the property changes as NIEL becomes more relevant for the sensor.
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Surface damage is typically related to electrons and holes created by ionizing radiation in
the silicon oxide layer. The high electron mobility in silicon dioxide enables the electrons to
leave the oxide where they get collected. The low hole mobility on the other hand prevents
the holes from leaving the oxide layer leading to an accumulation of positive oxide charges.
Those who reach the interface between the silicon dioxide and the silicon can build interface
traps and trap electrons. This behavior increases linearly with the total radiation dose of the
device. The distortion of the electric field caused by the fixed charges in the silicon dioxide
changes the capacitance and depletion behavior of the device.

In silicon sensors the accumulation of positive charges in the interface region can alter the
electric field resulting in conductive paths between read-out channels. Sensors using insu-
lation techniques as p-spray, p-stop or a combination of both show a breakdown voltage
increase after irradiation. In these cases the oxide charge increase creates a depletion zone
between the electrode and the isolation region and reduces its potential. As a result the
electric field profile between the high doped n-region and the isolation flattens out with a
lower peak field at the junction. Hence, the breakdown voltage shifts to higher values until
the peak field is high enough to trigger the avalanche [48]. This effect increases the lifetime
of the sensor as higher bias voltages are needed to extend the electric field over the sensor
thickness after irradiation.

Further radiation damage effects can be related to the rate of the delivered dose. The num-
ber of e/h-pairs created by ionizing radiation in the silicon substrate increases linear with
the radiation rate. The charge carriers separated by electric fields in the device introduce
an electrical current which can cause damage to the circuit if rates exceed 10°rads™' to
107 rads™ ' [66]. As dose rates this high do not appear in high energy physics experiments
this radiation damage can be dismissed. An effect similar to the high dose rate but less se-
vere is a Single Event Upset (SEU). During this events the current caused by the ionizing
radiation exceeds the internal currents of the circuit. This can lead to faulty operation by
altering memory cells or changing the logical state of the circuit [66].

Bulk damage in the sensor substrate is caused by an energy transfer of hadrons or high
energetic leptons to a lattice atom. The transferred energy can lead to displacement damage
by breaking the lattice bonds of an atom creating a Primary Knock-on Atom (PKA) corre-
sponding to point defects of interstitials and vacancies. The displaced PKA and the remain-
ing vacancy build a Frenkel defect which can migrate in the lattice where they build point
defects with doping atoms. For the creation of these recoil atoms the energy transferred by
the incident particle needs to exceed the displacement threshold of 25¢€V in silicon. While
the PKA migrates through the material it losses its energy by ionization or by displacing
additional atoms on its path. This characteristic leads to the formation of damage tracks
consisting of point defects through the silicon with shorter branches caused by secondary
recoil atoms. When the atom lost most of its energy an increase in displacement damage
takes place creating a disordered region also considered as a defect cluster.
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Depending on the electronic properties of the defect the influence on the device can be de-
scribed by additional donor and acceptor levels in the band gap. Defect parameters as the
cross section, the ionization energy, the defect concentration and the defect type can change
the electric field by introducing space charges, increase the trapping of electrons and holes
and increase the leakage current of the device[67].

For temperatures higher than 150 K the created interstitials and vacancies have a very high
mobility. This can lead to a self-healing effect when the Frenkel pairs recombine without
leaving any damage. The point and cluster defects caused by the remaining interstitials and
vacancies are the source for bulk damage deteriorating the material properties [41].

The non lonizing Energy Loss (NIEL) hypotheses introduced a scale factor to compare the
impact of radiation induced damage depending on the type of particle and the particle en-
ergy [68]. For this hypotheses a linear dependence between the induced displacement dam-
age and the transferred energy during the collision is assumed. Here, the effects of the spatial
distribution and the different annealing sequences are not considered for the changes related
to displacement damages. Based on this assumption and knowing the amount of deposited
energy the displacement damage cross section can be derived.

Depending on the radiation type and the related energy spectra a hardness factor « is de-
fined by using the displacement damage cross section. To compare the displacement damage
of different samples the hardness factor in Eq. 2.12 is used to scale the obtained fluences.
Typically the fluence is scaled to a neutron equivalent fluence (neq cm™?) defined by the dis-
placement damage caused by 1 MeV mono-energetic neutrons [41]. Hardness factors used to
scale the fluence are given in Sec. 3.6 while introducing the irradiation facilities used during
this work.

Deq = KD (2.12)

Point defects created by displacement damage can be related to interstitials or vacancies
in the sensor lattice. Vacancies in silicon can combine with acceptor and donor atoms but
also with impurities in the material. In addition become pairs of two or more vacancies also
possible. Mobility differences at low temperatures depending on the doping-type were dis-
covered for silicon self-interstitials. Corresponding to vacancies can interstitials also form
pairs with impurities and defects in the silicon. Following the Watkins replacement mech-
anism it is possible to replace impurities with silicon self-interstitials. This effect creates an
undamaged silicon lattice with an electrical active impurity interstitial. A further possibility
is the recombination with a vacancy reducing the radiation damage.

Depending on the energy state of the point defect new acceptor and donor energy levels get
introduced in the band gap region. Based on the distance to the valence and conduction
band defects are considered as shallow or deep level defects. These changes in the lattice
structure change the sensor material and result in a property shift of the detector.
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Defects in the band gap represent charge traps for electrons and holes. A charge carrier
caught in a trap stays trapped for an effective trapping time T.¢s before it is detrapped again.
The corresponding reduction in charge given in Eq. 2.13 causes a signal loss in the sensor if
the trapping time exceeds the shaping time of the read-out system. The observed charge loss
in the material increases with the number of defects thus the fluence. As the probability of
trapping increases for higher fluences the mean free path and the mean lifetime of electrons
and holes decreases.

Qen(t) = Qo exp(— 1) (2.13)

Teff eh
The introduction of new donor and acceptor states in the sensor bulk changes the effective
doping concentration in the material. The donor removal in n-type material and the intro-
duction of additional acceptor for low fluences reduces the effective doping concentration.
In this case the doping dependent depletion width given in Eq. 2.5 explains a reduced full
depletion voltage. For higher fluences the number of introduced acceptor states exceeds the
number of donor states forming a p-type material. After this type inversion of the sensor bulk
the depletion voltage increases again until it starts to rise in function of the fluence [41, 69].

New donor and acceptor states within the band gap region cause an increase of the leakage
current in the bulk material. Measurements showed a linear dependence between the mea-
sured leakage current and the collected fluence. The current related damage rate ocin Eq. 2.14
represents the influence of the annealing on the leakage current behavior [41, 70]. Here Al
represents the current variation at a bias voltage V corresponding to a certain fluence @q.

Al

x (2.14)

During the annealing interstitials or vacancies forming point defects become active after a
certain activation temperature is exceeded. These loose interstitials or vacancies migrate in
the lattice where they can form new point defects or recombine. The recombination changes
the effective doping concentration and with it the radiation damage effects. Depending on
the sensor type and the fluence a decrease of the leakage current can be observed. With a
lower number of defects the trapping is reduced causing a signal increase after annealing.
On a long time scale a reverse-annealing effect appears causing an increase of the depletion
voltage. The advancement of the reverse-annealing can be stopped for temperatures below
—10°C. To profit from the positive annealing effects the damaged sensors can be annealed
for several minutes up to a few hours at increased temperatures at 60 °C to 80 °C and later
stored at temperatures below —10 °C.
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2.3 Implementation and Properties of Semiconductor

Detectors

Semiconductor detector designs range from pad detectors with one read-out channel to strip
and pixel detectors with several hundred, thousand and more read-out channels. Indepen-
dent of the applied sensor design, material and technology the general functionality of all
read-out channels is based on the same principles.

lonizing particles passing through the detector create tracks of e/h-pairs in the active sensor
material. These charge carriers get separated by the electric field creating an instantaneous
current flow in the sensor. The resulting current pulse in the read-out channel corresponds
to the induced current i;,4 defined by Ramo’s theorem given in Eq. 2.15 [71].

g = -1q v - EQ (2.15)

Here, 1 is the number of charge carrier with the charge q and the velocity v moving in the
weighting field Eg. The weighting field corresponds to the field of the measurement elec-
trode set to unit potential in relation to all other electrodes set to ground level. Looking at
one electrode the weighting field represents the coupling of the electrode and the moving
charge. By integrating the induced current signal it becomes possible to calculate the de-
posited charge in the sensor.

Depending on the electrode layout the distribution of the weighting field changes in the sen-
sor. As it behaves linear in the sensor material for large electrodes it starts to concentrate
around smaller electrodes. This small pixel effect leads to an unequal distribution of the in-
troduced current which means that the collected charge is mainly caused by the movement
of charges close to the electrode. As the effect of charge trapping increases with irradia-
tion the influence of the small pixel effect becomes more apparent when it leads to reduced
charge collection.

For the later processing of the current pulse shapes from the sensor the pulses need to be
amplified. For this purpose voltage-, current- and charge-sensitive amplifiers are typically
used. As Charge-Sensitive Amplifiers (CSAs) are implemented in the pixel detector of the
ATLAS Experiment the amplification process is described for this type of amplifier.

The schematic in Fig. 2.8 shows the general setup of a CSA connected to one sensor cell.
It consists of an inverting voltage amplifier with a high input resistance and the feedback
capacitance C¢. The voltage gain A of this type of inverting amplifier creates an inverted
output signal Uyt = —A Uiy The feedback capacitance Cy and the sensor capacitance Cg
can be considered as a serial connection corresponding to the high input resistance of the
amplifier. Charge up of the sensor capacitance Cg can be avoided by using a sufficient high
feedback capacitance Cs also reducing signal loss [72].
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Figure 2.8: General layout of a CSA showing the equivalent circuit containing the sensor
including the capacitance Cg, the amplifier and the feedback capacitance C¢ [72].

In the case of pixel detectors CSAs are often used to preamplify the signal pulse. The output
signal is then processed by a signal shaper and a discriminator to digitize the signal. This
step becomes necessary to handle the huge amount of data generated during the operation
of an experiment. The zero suppression is one of the methods used to reduce the data rate.
This method uses the digitization of the signal to exclude all read-out channels with a signal
below a certain threshold.

To improve the signal acquisition with CSAs typically a calibration and a leakage current
compensation circuit are introduced at the input of the CSA. The calibration circuit consists
of a test capacitance Ct which is used to inject charge signals into the preamplifier. By vary-
ing the voltage used to charge the capacitance it becomes possible to determine the signal
responds of the amplification circuit in dependence of the injected charge. Data taken during
the operation of the detector is stored and later converted and calibrated into charge [72]. A
leakage current compensation at the input of the preamplifier becomes important when the
leakage current increases after irradiation. The circuit automatically compensates the DC
component of the leakage current at the amplifier input thus prevents interference with the
discharge of the feedback capacitance Cy [73].

As discussed earlier introduces radiation damage, defects in the crystal lattice varying the
charge collection properties of the material. Measurements on proton and neutron irradiated
silicon n-in-p detectors at a bias voltage of 800 V showed an about 50 % reduced charge col-
lection efficiency at a fluence of 3- 10" Neq cm—2 [74]. Similar results have been obtained for
diamond pixel detectors irradiated with protons to a fluence of about 1.1-10'® Neq cm 2 [58].
Correspondingly decreases the signal level to values close to the noise level of the detector.
As aresult is the SNR reduced which makes it harder to distinguish signal pulses correspond-
ing to hits in the sensor from noise hits. In case of an analogue read-out of the sensor both
pulses are read out which results in an overlay of noise and signal hits. For detectors using a
discriminator in the read-out chain all the signals which did not exceed the internal thresh-
old are filtered out. As a result it becomes increasingly important to operate the detectors
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with low threshold settings to avoid data loss. On the other hand makes it this decrease
more likely to read out noise signals. Thus, in order to compare different sensor materials
and designs the SNR becomes an important factor.

Next to sensor modifications with the purpose to increase the signal a second approach is to
decrease the noise of the detector. Therefore it becomes necessary to identify the different
noise sources in a detector.

In the case of semiconductor detectors the dominating noise effects are related to baseline
fluctuations. This fluctuations can be related to different sources whereas the electronic
noise represents the fundamental limit. This noise effect can be described by fluctuations of
a current passing through an electronic circuit. The current in a circuit is specified by the
number of electrons n moving with a velocity v separated with a spacing distance s.

. nev
i=— (2.16)
s
The total differential of the current in Eq. 2.16 represents the current fluctuation and number
fluctuation in Eq. 2.17 which is linked to the electronic noise. Based on this equation can the

velocity and number fluctuation be distinguished as contributions to the electronic noise.

(di)? = (% (dv)>2+ (%V <dn>>2 2.17)
While velocity fluctuations are related to thermal motion thus considered as thermal noise,
number fluctuations can be ascribed to shot noise and low frequency 1/f-noise [72].
Thermal noise corresponds to velocity fluctuations due to thermal motion in an electric
conductor. As the power density spectrum of thermal noise is constant it is considered as
white noise. To describe the spectral noise density of thermal noise in Eq. 2.18 typically
the power in a resistance is used which corresponds to a temperature T and a resistance R
dependency [72].

d’vtzhermal — 4kTR

df
2.18
ditzhermal — 4kT ( )
df R

Noise depending on the fluctuation of the carrier flow which is limited e.g. by the potential
barrier in a reverse biased semiconductor diode is considered as shot noise. In case of a
semiconductor diode the probability of passing the potential barrier for one charged carrier is
independent of the other carriers which gives shot noise a constant power density spectrum.
The spectral current noise density of shot noise in Eq. 2.19 correlates with the average current
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I of electronic charges e [72].

.2
% = 2el (2.19)
The second noise source related to number fluctuation is the low frequency 1/f-noise
which is related to carrier trapping. In case of the release of trapped carriers after a time
constant T a nonuniform noise contribution is added to the noise spectrum. The spectral
voltage noise density of 1/f-noise is given in Eq. 2.20 with the 1/f noise coefficient K¢ and «
which varies between 0.5 and 2 [72, 56].

2
dvi _ 1

af Ff_oc (2.20)

The three discussed noise sources can be considered as the main noise contributions to semi-
conductor detectors. As one or more noise sources appear in different detector components
it becomes necessary to determine the individual noise contributions of each component in
order to analyze the overall noise behavior.

A further effect related to low SNR is an increase of the noise occupancy in the detector. This
effect becomes especially important in experiments which use a zero suppression to reduce
the amount to transmitted data. In case of an increased noise occupancy additional data
is generated by read-out channels which show continues hits due to electronic noise. As
uninterrupted operations of one pixel cell can increase the noise in neighboring pixel cells
a noise occupancy threshold is generally set to decide if a read-out channel needs to be
switched off. In the current ATLAS Pixel Detector this noise occupancy threshold is set to
5-107° meaning that pixel which show a higher ratio of hits to random trigger are excluded
from the data taking.
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Different pixel detector technologies are considered to be used in the upcoming ATLAS IBL
upgrade and later upgrade efforts of the ATLAS Experiment. These technologies include en-
hanced read-out chips as well as new silicon and diamond pixel sensor designs.

Hybrid pixel detector modules as they are used in the ATLAS Pixel Detector consist of three
parts: sensor, front-end chip and front-end - sensor interconnections. The front-end read-
out chip provides read-out channels for each pixel cell to amplify and digitalize the signal.
The interconnections between the front-end chip and the sensor are necessary to provide
the high density of electrical connections necessary for the communication between sensor
and amplifier. The sensor tiles represent the active material to ionizing radiation where the
e/h-pairs get separated to create the signal.

This chapter summarizes the different components used to build the pixel detector modules
investigated in this work. The applied techniques to form the interconnections the two front-
end chip designs and the different sensor designs are discussed. In addition an overview of
the two read-out systems as well as the techniques to perform measurements with radioac-
tive sources and in a Test-Beam (TB) environment are given. The different irradiation facili-
ties used to introduce radiation damage to the modules are also presented. Finally the C++
based Cluster Analysis tool developed to be used for the analysis of source measurements is
introduced.

3.1 Front-End - Sensor Interconnection

Bump-bond interconnections are used to form electrical connections between the pixel ma-
trix of the sensor and the front-end chip. For the fabrication of ATLAS Pixel Detector modules
bump-bonding processes using indium and solder are available. The indium process is used
by Alenia Marconi Systems which became SELEX Sistemi Integrati S.p.A. (SELEX)" in 2005.
The solder bump-bond process on the other hand is provided by the Fraunhofer-Institut fiir
Zuverlassigkeit und Mikrointegration (IZM)2. The layout of both types of interconnection

TSELEX Sistemi Integrati S.p.A. (Rome, Italy)
http://www.selex-si.com/

ZFraunhofer-Institut fiir Zuverlassigkeit und Mikrointegration (Berlin, Germany)
http://www.izm.fraunhofer.de/
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shown in Fig. 3.1 was adapted from the current module design to be also used for future
modules as the ones investigated for the IBL upgrade.

For the indium bump-bond process a photoresist layer is applied to the front-end chip and
the sensor wafer. A photolithography process follows to pattern the photoresist and to cre-
ate openings for the bump-pads. These openings are then used to deposit an under bump
metalization (UBM) on the exposed bump-pads. To clean the deposited UBM a plasma etch-
ing process is applied to the wafers before the indium is deposited on the front-end chip
and the sensor wafer. For the deposition an electron beam evaporates an indium target in
the chamber at a vacuum of about 107¢ Torr. After the removal of the photoresist about
8 um high indium cylinders remain on the bump-pads. The diced chips and the sensor are
then aligned, flipped and bump-bonded in an automated process. To form the bump-bonds
a thermocompression process heats the module for several minutes to 90 °C while a force
of 25N is applied. The distance between sensor and front-end chip is about 10 pm after the
connections are formed. To assure the quality of the connections an accurate alignment and
homogeneous distribution of the force is necessary for this process [75].

readout chip readout chip

bump pad bump pad

plating base plating base

passivation passivation
nitrizde
Sio

implant

nitride
sio?

implant

p-spray
sensor

p-spray
sensor

(a) indium bump bond connection (b) solder bump bond connection

Figure 3.1: The two bump bond connection techniques to establish the electrical contact
between the sensor and the read-out chip used to fabricate the modules characterized
in this work [75, 76].

The solder bump-bond process of the IBL pixel detector modules uses an eutectic tin silver
SnAg3.5 mixture for the bump-bond formation. For the electroplating process a 200 nm thick
adhesion layer of TiW and a 300 nm thick Cu plating base is sputtered on the sensor and the
electronics wafer. A photoresist deposited on the wafer provides openings on top of the
bump-pads for the electroplating process. Contacts to the plating base at the wafer edge are
used to apply the voltage during the electroplating to form the UBM layer. This layer con-
sists of a 5 um thick copper layer which is directly connected to the plating base. Contrary to
the indium process the bump-bond material is only deposited on the electronics wafers. The
electroplated solder mixture forms several um thick cylinders on top of the UBM. After the
electroplating process the photoresist, the plating base and the adhesion layer are removed.
Before the wafers are prepared for thinning and dicing the electronics wafer pass through a
reflow step at 250 °C to transform the cylindrical form into a ball-shaped bump. The diced
chips and sensors are then adjusted and flipped in a bonding machine followed by a second
reflow process. At a peak temperature of 250 °C the connections between the sensor and the
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read-out chip are formed. Self alignment due to surface tension in the solder material eases
the bump-bond formation. As part of the quality assurance process X-ray measurements are
performed at the end of the bump-bond process to identify modules with missing or bridged
bumps [75, 76, 29, 77].

The higher bump-bond density and the bigger chip size used for IBL modules made it neces-
sary to adjust the processes to the new requirements. While the solder bump-bond process
was chosen to be the baseline technology for IBL also tests on IBL modules using the indium
process were performed. Apart from the deposition process an additional glass carrier wafer
is bonded to the back side of the thinned IBL electronics wafer before dicing. The additional
material eases the handling of the chips and avoids thermal induced bowing during the re-
flow process. This was observed to be one reason for disconnected bumps at the edges of
FE-I3 chips which would increase for FE-14 chips due to the bigger size and reduced thick-
ness. The glass support is removed after the flip-chipping by breaking the adhesion layer by
exposing it to a laser beam [29].

3.2 Front-End Electronic Chips

The two front-end electronic chips designs FE-I13 and FE-14 have been available for the sensor
characterization performed in this work. The FE-13 chip is the front-end chip used for the
fabrication of ATLAS Pixel Detector modules. The chip features a 18- 160 pixel matrix with a
pixel size of 50 - 400 pm?. The FE-14 chip design was developed as radiation hard read-out chip
for the ATLAS IBL upgrade. While the FE-I4A a prototype version of the FE-14 was used for
the module characterization the improved FE-14B version is going to be used for the ATLAS
IBL upgrade. Specific properties of the FE-13 and FE-14 read-out chips are summarized in
Tab. 3.1.

Both front-end chip designs implemented similar analog pixel cell layouts shown in the block
diagram in Fig. 3.2 consisting of a 2-stage amplifier followed by a discriminator. For the dig-
ital part the FE-I3 design implements a column-drain architecture while the FE-14 chip uses
a 4-pixel digital region for hit storage and recording.

An analog injection circuit used for artificial charge injection in Fig. 3.2 is build in both pixel
designs using two capacitances. With the help of a pulse generator controlled by a digital
to analog converter (DAC) the capacitances are charged and used to inject specific charges
in the analog pixel cell. This charge injection offers the possibility to perform scans and
tunings to determine and to adjust the pixel threshold and feedback current. Furthermore
the implementation of calibration scans to convert the digital signal into the corresponding
charge becomes possible. Variations between the implemented injection capacities and the
calibration voltage compared to the design values are expected to be in the order of 15 % and
20 % for the current ATLAS front-end chip and the IBL front-end chip respectively [78].

For both designs the induced current signal reaches the input of the preamplifier through
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Figure 3.2: Block diagram of an analog front-end pixel layout with a 2-stage amplifier,
discriminator, injection circuit and bump-bond pad [72].

the bump-bond connection between the sensor pixel and the read-out channel. The feed-
back capacitance in the charge sensitive preamplifier described in Sec. 2.3 charges up and
creates a triangular pulse shape during its discharge. The width of this signal corresponds
due to the nearly linear discharge of the feedback capacitance to the injected charge. The
second stage amplifier provides additional signal amplification before the signal reaches the
discriminator. Here an output signal is created when the amplified signal exceeds the pixel
threshold. The output signal width is measured in units of time-over-threshold (ToT) and
coded in 25 ns units following the LHC bunch crossing frequency of 40 MHz. Next to the in-
jected charge also the threshold level and the feedback current slop shown in Fig. 3.3 affect
the length of the discriminator output signal. Both front-end chips feature the possibility
to adjust the output signal by controlling the threshold level and the feedback current slope
with dedicated DACs.

The pixel threshold is extracted from a S-curve fit corresponding to an error function given
in Fig. 3.4. This value represents the signal charge necessary to determine a hit signal with
a probability of 50 %. The charge range corresponding to the slope between 30 % and 70 %
is defined to be used for the approximation of the pixel noise representing the equivalent
noise charge (ENC). The ENC itself is the input signal necessary to reach a SNR =1 and
corresponds to the standard deviation of the error function [72]. In case of an untuned mod-
ule the threshold dispersion over all pixel can reach up to several hundred of electrons. A
threshold tuning implemented in the control software adjusts the individual pixel baseline to
obtain an uniform threshold level over the entire sensor. Another property correlated to the
threshold settings is the noise occupancy meaning the number of noise signals wrongfully
considered as hit signals. This noise occupancy decreases with increasing threshold settings
thus limits the minimum threshold of a sensor module. For irradiated samples showing a
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Figure 3.3: Relation between the signal after the preamplifier and the discriminator out-
put signals for the injected charge, the threshold and the feedback current [75].

reduced charge collection this minimum threshold level could exceed the deposited charge
which would result in an inefficient pixel [79].

Similar to the threshold tuning individual pixel DACs controlling the feedback current slope
are used to create an uniform response of the feedback current. This provides the possibility
to adjust the ToT response to the expected charge in the sensors. For both front-end chip
designs the ToT tuning is set by changing the corresponding DACs until an injected charge
corresponds to a specific ToT responds [79].
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Figure 3.4: ldeal step function including an error function used to determine the pixel
threshold and the pixel noise during a threshold scan [75].

After the tuning procedure a calibration scan is performed to obtain the calibration parame-
ters for the ToT to charge calibration. For this scan a range of several charges gets injected in
each pixel while the corresponding ToT response is measured. The result is an individual ToT
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to charge calibration graph which is later used to determine the charge values. Examples of
these calibration graphs for a FE-13 and a FE-14 chip are shown in Fig. 3.5(a) and Fig. 3.5(b)
respectively. The reason for the variation between the two read-out chips is the transition
from a 8-bit ToT resolution in the FE-I3 chip to a 4-bit resolution in the FE-14 chip. Different
offline calibration procedures have been implemented to cope with the variation of the ToT
range in the two read-out chips.
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Figure 3.5: Example of the calibration scan results of a FE-13 and a FE-14 read-out chip.
For the FE-13 chip in Fig. 3.5(a) the fit-function defined in Eq. 3.1is used to determine the
calibration parameters. In case of the FE-14 chip shown in Fig. 3.5(b) a plateau finding
algorithm is used to extract the ToT and charge values corresponding to each plateau.

In case of the FE-I3 chip the ToT to charge calibration is based on a fit-function to represent
the calibration scan. Depending on the read-out system two fit-functions both using three
calibration parameters A, B and C are used [80]. While Eq. 3.1 is used in the TurboDAQ? [80]
read-out system is Eq. 3.2 used in the current ATLAS Pixel Detector and in the USBPix* [79]
read-out system. In order to reduce the amount of parameters for the calibration in the
ATLAS Experiment a set of three values is extracted for each front-end chip. This becomes
possible due to the tuning procedure introducing uniform pixel behavior.

B
_ . BFQ
ToT=A 5 5 (3.2)

The 4-bit ToT resolution of the FE-14 read-out chip is the reason for the formation of the step
function shown in Fig. 3.5(b). Instead of using a fit-function to determine the calibration
parameters a look up table (LUT) containing 13 charge values with corresponding ToT values
for each pixel is used for the charge calibration. These values are determined by a plateau
finding algorithm and correspond to the center of each step shown in the calibration graph
in Fig. 3.5(b). A distribution of the determined charge for the available ToT values of a whole

3TurboDAQ: http://physik2.uni-goettingen.de/~jgrosse/TurboDAQ/
4USBPix: http://icwiki.physik.uni-bonn.de/twiki/bin/view/Systems/UsbPix
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front-end chip is shown in Fig. 3.6. To reduce the size of the LUT the mean charge value
of each distribution is used to convert the measured ToT value into a charge value. This
effectively reduces the LUT to 13 charge and 13 ToT values for each front-end chip.

% —————r———————

20

entries [arb. unit]

ﬁ’J_LI»Lﬂa o e I PR B = SRR
5 10 15 20 25 30

injected charge[ke™]

(=}
(=]

Figure 3.6: Charge distribution for the 13 ToT values in an entire FE-14 chip. A tuning
with a threshold of 1600 e~ and a gain of 8 ToT for 10 ke~ was used. Both tuning param-
eters are represented by the solid distribution in the plot. Furthermore, a concentration
around specific values for each ToT can be observed.

3.2.1 FE-I3

The FE-I3 read-out chip implements a 18- 160 pixel matrix with 40050 um? read-out cells
fitting the sensor pixel layout. Figure 3.7 shows the diagram of the analog read-out block cell
and its connection to the digital part. Double columns build out of two neighboring pixel
columns are connected to the same end of column region where the hit information is pro-
cessed. The 2880 pixel cells and the logic region on the bottom of the chip form an active
area of 7.2-10.8 mm?2. A 250 nm deep sub-micron CMOS process with six process layers is
used to fabricate about 3.5 M transistors.

The analog pixel block uses a charge sensitive folded cascode preamplifier with a 5 fF feed-
back capacitance. To reduce noise effects caused by high leakage currents through the sensor
a leakage current compensation circuit is integrated in the preamplifier stage of each read-
out pixel. The two transistors building the compensation circuit are able to cope with a pixel
leakage current of up to 100 nA. A global DAC connected to the preamplifier of each pixel
controls the global feedback current behavior. In addition the pixel DAC (FDAC) regulates
the feedback current slope of each pixel individually to obtain the triangular discharge. Fur-
thermore an injection circuit with a 8 fF and a 32 fF capacitance is connected in parallel to
the sensor pixel to the preamplifier input [81].
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The DC-coupled second amplifier stage uses a differential pair amplifier followed by the dis-
criminator. To control the threshold a global DAC (GDAC) controls the reference input of
the second stage. In addition the pixel DAC (TDAC) further adjusts the individual reference
input to reach an uniform threshold distribution in the read-out chip. To avoid efficiency
decrease but also noise increase a threshold of 4000 e~ is used in the experiment. The most
probable charge for a MIP exceeds this threshold more than twice even after irradiation.

To measure the ToT the discriminator output pulse triggers the storage of the time stamp for
the leading and trailing edge in a 8-bit SRAM cell. In parallel the discriminator output pulse
is used for the hitbus signal which is sent to the end of column logic. This signal triggers the
read-out of the hit information stored in the column. The column extractor unit starts the
read-out of the time stamps which are used to calculate the ToT later stored in the end of
column (EOC) buffer [3].

Feedback

||

Clow =8fF T T Crign = 32fF Discriminator] R L-
5 Bit
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Ext. Injection — —\_
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Figure 3.7: Analog front-end pixel layout of a FE-I3 pixel cell [81, 3].

In order to assure the Pixel Detector operation of several years a radiation hard design was
used for the FE-13 read-out chip. A total radiation dose of 50 Mrad corresponding to a fluence

2 was determined as the lifetime dose for FE-13 modules. Irradiation tests

of 1-10" Neg CM™
with FE-13 modules showed that the chip is still operational after radiation damage corre-
sponding to about 100 Mrad and 150 Mrad for a proton irradiation with 24 GeV and 25 MeV

respectively.

3.2.2 FE-14

The FE-14 front-end chip has been developed as radiation-hard pixel sensor read-out chip
for the application in the ATLAS IBL and future ATLAS Pixel Detector upgrades. During the
ATLAS IBL upgrade in 2013 the chip will be used for the read-out of the new B-layer. A sec-
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ond aim is to use the FE-14 chip in the outer pixel detector layers after the replacement of
the ATLAS Inner Detector during the phase-2 upgrade [82]. In order to be fully functional
during its application period the performance requirements of the chip geared towards the
expected luminosity increase following the LHC upgrade program. This included the oper-
ation at higher hit rates expected for a higher luminosity and a smaller distance from the
interaction point. Reduced pattern recognition and the operation close to the full capacity
of the read-out band-width are two of the main effects the new electronic chips have to han-
dle. To cover a bigger surface with pixel detector modules it will be important to reduce the
fabrication cost of the modules. By increasing the chip size the flip chipping cost will be
reduced as less modules would be necessary to cover the same area. To take this point into
account a larger chip size became a further requirement for the new design. In order to use
the new read-out chip in the present detector but also in future upgrades the chip had to
be compatible with the current and future read-out scheme [82, 83]. To comply with these
requirements a redesign of the present front-end chip FE-I3 layout was used as a starting
point for the development of the FE-14. Based on the expected luminosity in the HL-LHC
environment a minimum radiation tolerance of 250 Mrad for a fluence of 5-10" neq cm™2
was defined as basic specification for the FE-14 read-out chip. The higher radiation hardness
of the FE-14 was mainly achieved by applying the 130 nm CMOS process on a pixel design
similar to the one which was already used for the FE-13. The reduction of the gate oxide
thickness caused by the new process showed to be less effected by radiation damage than its
predecessor technology [84]. To increase the performance at higher hit rates the pixel size
was reduced to 250 - 50 um?. This reduction of the long pixel side reduces the probability of
shared clusters thus improves the pattern recognition properties. A further advantage is the
increased spacial resolution along the beam axis. The new read-out chip design features a
80 - 336 pixels matrix with 26880 read-out channels on a chip size of 20.0 - 19.0 mm? [29, 78].
The hit information transfer from the pixel to the EOC region via the double column used in
the FE-13 was identified to be the main inefficiency at high hit rates due to a bottleneck in the
column read-out band-width. To assure the operation at high hit rates a new read-out archi-
tecture using a 4-pixel digital region was developed for the FE-14 chip. A prototype version
of the FE-14 using the 4-pixel region the so-called FE-I4A became available at the beginning
of 2011 and was used for the sensor characterization in this work. The FE-I4B a debugged
version of the FE-I4A is going to be used for the production of the sensor modules which are
going to be used in the IBL upgrade [29].

The circuit diagram in Fig. 3.8 shows the analog read-out block of a FE-14 pixel cell. Each pixel
cell features a two-stage charge sensitive amplifier followed by a discrimination stage. The
DC-coupled preamplifier with a feedback capacitance of 17 fF creates the triangular shaped
feedback current signal. In order to adjust the ToT resolution the slope of the feedback cur-
rent can be regulated with a local 4-bit DAC set in the front-end configuration. The chip
design was build for a maximum input capacitance of 400 fF. An injection circuit with two
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capacitances Ciyj; and Ciyjo is available to inject specific charge values during the tuning
procedure. To increase the range of the injected charge the two capacitances can be used
either individually or in parallel. A leakage current compensation at the input of the pream-
plifier is able to handle a pixel leakage current of up to 100 nA. The second amplifier stage
is AC-coupled with a 52 fF capacitance to the preamplifier which provides a further signal
gain. The output signal of the second stage and the DAC controlled threshold are directly
compared in the following discriminator. The discriminator output signal is then feed to the
hitbus and the 4-pixel digital region [57].
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Figure 3.8: Analog front-end pixel circuit layout of a FE-14 pixel cell [78].

The 4-pixel digital region shown in Fig. 3.9 consists of 2-2 pixels sharing a common digital
block. This design was chosen to overcome FE-I3 inefficiencies at high hit rates. Each pixel
features a hit processing unit to handle the time-stamping and the calculation of the ToT. An
additional digital discriminator in each pixel can be used to distinguish small and large hits.
Large hits exceeding the digital threshold are used as seeds to assign the time information
while small hits which do not exceed the digital threshold use the timing information of one
of the neighboring pixel. The purpose of this procedure is to reduce time-walk effects by
associating small hits to large hits from an earlier bunch crossing. Furthermore if a hit is
detected in one of the four pixels a common latency counter is assigned to store the four ToT
values. The close proximity between the pixel and the hit processing increases the efficiency
at high luminosity. A reduction of the power dissipation comes with the new design as hits
get only transferred to the periphery after a trigger signal occurred [85, 83].

The FE-14A version of the FE-14 read-out chips was used for the sensor characterization dur-
ing the IBL upgrade and to test the new 4-pixel digital read-out logic. In addition were
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Figure 3.9: Digital 4-pixel region as it is implemented in a FE-14 read-out chip [78].

different pixel variations implemented in several double columns to test other feedback ca-
pacitors, low power discriminators and single event upset hard pixel memory cells. As the
FE-14A is not equipped with a circuit to measure the injection capacitance the design values
of Cinj1 = 1.9fF and C;,j; = 3.9fF were used during the module tuning [78].

In the FE-14B version only one pixel design was implemented in all double columns to provide
an uniform behavior during the operation of the IBL. Next to other changes this new pixel de-
sign uses only metal-to-metal feedback capacitors, low-power injection transistor switches
and DICE latches implementing an interleaved layout and a guard-ring. Calibration tests
measuring the hit rate of four x-ray sources in function of the threshold showed a mismatch
of the parallel calibration capacitance of about 1fF in the FE-I14A chip. To reduce possible
calibration uncertainties during the operation in IBL the FE-14B holds a circuit to measure
the injection capacitance. To cope with new DAQ requirements a slight redesign of the end
of chip logic became necessary which included amongst others an user-programmable event
size limit function, an event count reset and a possibility to suppress duplicated hits. The
chip also features a powering scheme using the internal powering nets as well as the possibil-
ity to use the two in-chip low drop out voltage regulators [86]. Furthermore is an additional
general purpose ADC and a temperature sensor included in the new design [78, 87].

As signal height decreases after irradiation it becomes more and more important to oper-
ate the detector modules at a low threshold. In this context the module noise as well as the
noise occupancy become relevant parameters to characterize the module performance. Tests
concerning this low threshold operation of the FE-14A read-out showed a noise and noise oc-
cupancy increase for decreasing threshold values. A threshold in the range of 1600e™ was
discovered to mark the minimum threshold for silicon sensors before the noise occupancy
increased together with the number of noisy pixel. In diamond modules due to the lower
noise properties a reduced threshold is expected. Further tests concerning the global thresh-
old and feedback current settings showed an additional connection between these values
and the electronic noise of the read-out chip. Noise increases were observed for decreasing
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threshold and increasing feedback current settings of the FE-14 chip [78, 77].

To estimate the noise behavior of FE-14 read-out chip modules a simplified noise model of
the FE-14 chip was used [57]. This simplified noise model focused on the main noise sources
discussed in Sec. 2.3 adjusted to the FE-14 read-out cell. The influence of the second amplifier
stage of the pixel cell was due to the low noise contribution neglected. As expected were
thermal-noise, shot-noise and 1/f-noise found to be the main noise sources in four regions
of the read-out pixel. The transistor channel at the preamplifier input is considered as a
combined source of thermal-noise and 1/f-noise while the leakage current of the sensor is
the main source of shot-noise in the pixel circuit. Furthermore appears thermal noise in the
transistors of the leakage current compensation and in the feedback loop. The different noise
contributions of the simplified model are summarized in Eq. 3.3 representing the equivalent
noise charge (ENC) of the pixel cell [57, 56]. For diamond modules a further simplified model
can be used as the leakage current contribution can be neglected. This simplified model is
used in Sec. 4.1.2 to determine temperature properties of the FE-14 chip.
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Here, the width W and the gate length L of the oxide capacitance Cyx of the MOSFET tran-
sistor on the preamplifier input and the 1/f-noise coefficient Kr are used to calculate the 1/f-
contribution to the ENC. The time constants T4 = C¢/gm, To = C¢/gqs.b and Tc = Cp/gm
contain the drain output conductance of the feedback transistor gq4s f, and the transconduc-
tance of the preamplifier input transistor gm,. The Boltzmann constant k = 1.38- 1023 JK ™!
and the elementary charge q = 1.602- 10~ C are the two constants of the equation. The
developed ENC model of the FE-14 read-out chips revealed a dependence between the mod-
ule noise and the four parameters leakage current i¢qx, preamplifier input capacitance Cp,
temperature T and the shaping time constant Ty, which is linked to the feedback current i.
To predict the influence of the preamplifier input capacitance on the noise behavior special
effort concentrated on the determination of its formation. The contribution of the sensors
capacitance C§5"*°" to the input capacitance was measured with a capacitance measurement
chip (PixCap) specifically designed for this measurement. The remaining parallel capaci-
tance of the input transistor itself was determined to be CIfansistor — 32 1fF [57, 56].
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Calculations based on the ENC model and simulations on the original FE-14 chip layout were
performed in function of leakage current, preamplifier input capacitance and shaping time
constant to understand the ENC behavior for different sensor technologies. In the end the
obtained results were used to determine the ENC in function of the irradiation fluence in
order to calculate the SNR depending on the fluence for different sensor material [56, 57].

property units FE-I3 FE-14
CMOS production process nm 250 130
chip size mm?  7.6-10.8 20.0-18.6
active fraction % 74 89
pixel array 18-160  80-336
read-out channels 2880 26880
pixel size pum? 50-400  50-250
DC leakage current tolerance nA 100 100
design radiation tolerance Mrad 100 250
analog current HA/pixel 16 10
digital current HA/pixel 10 <10
analog supply voltage \% 1.6 1.4
digital supply voltage \% 2.0 1.2
ToT resolution 8-bit 4-bit
output data rate Mbit/s 40 160

Table 3.1: Properties of FE-13 and FE-14 read-out chips [3, 81, 1, 88, 29, 78]

3.3 Pixel Sensor Technologies

Several pixel sensor technologies are available for the application in high energy physic ex-
periments. In the framework of this work three technologies have been investigated focusing
on their properties before and after irradiation to fluences expected after several years of LHC
operation. The tested technologies are planar silicon pixel sensor, 3D silicon pixel sensor and
diamond pixel sensor fitting the FE-13 and FE-14 read-out chip design. Planar pixel sensor and
3D pixel sensor are using silicon as sensor material while diamond pixel sensor use single-
and poly-crystalline diamond as active material.

3.3.1 Planar Pixel Sensors

Planar Pixel Sensor (PPS) use shallow pixel implants penetrating the front side of the sili-
con. The electric field spreads perpendicular to the sensor surface in the space charge re-
gion between the pixel implant and the common bias implant on the sensor back side. Two
technologies using n-doped implants as read-out electrodes are investigated as candidates
for future tracking detector applications. The n-in-n technology used in the current ATLAS
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3 Pixel Detector Modules for the ATLAS Upgrade

Pixel detector implements a n-doped bulk silicon while the n-in-p technology uses a p-bulk
material. Both design use a highly p-doped back side implant as a common bias contact. A
layout showing both technologies is given in Fig. 3.10 also including the electric field within
the sensor.

n™ pixel implant n pixel implant guard rings

I | E 1| I | I (OO0 0O0O00

IS

oo nonT
guard rings p™ back side bias contact p ™ back side bias contact

(a) n-in-n (b) n-in-p

Figure 3.10: Layout of the planar pixel sensor designs showing the distribution of the
electric field within and on the edge of the sensor. The n-in-n design in Fig. 3.10(a)
is using nT-doped pixel implants in n-doped bulk material with a p*-doped back side
implant. The guard rings are build on the back side of the sensor. In case of the n-in-p
design in Fig. 3.10(b) nT-doped pixel implants are build in a p-doped bulk material with
a p'-doped back side implant. The guard rings are build on the front side of the sensors.

High resistivity silicon wafers are used for the sensor fabrication to keep the full depletion
voltage of the sensor at a low value. The sensor capacitance of planar pixel sensors and with
it the noise of the device is due to the sensor design correlated to the sensor thickness.
Planar n-in-n and n-in-p pixel sensors were produced by CiS Forschungsinstitut fiir Mikrosen-
sorik und Photovoltaik GmbH (CiS)* and Hamamatsu Photonics K.K. (HPK)®. Modules on
FE-13 and FE-l4 read-out chips were tested in the framework of the Planar Pixel Sensors
collaboration[89]. Lists containing the planar pixel modules used in this work are given in
Tab. 3.2 and Tab. 3.3 for FE-13 and FE-14 read-out chips respectively. In case of irradiated
modules also the fluence in neq cm™2, the corresponding TID and the irradiation facility is
included. Four planar pixel sensor designs have been characterized in this work varying the
bulk material and the read-out chip. The n-in-n design on a FE-13 read-out chip produced by
CiS corresponds to the design of the current ATLAS pixel modules. The successor design fit
to the FE-14 read-out chip was fabricated in different thicknesses and used varying guard-
ring designs. The CiS production of n-in-p sensors is derived from the current ATLAS pixel
design and fits the FE-13 read-out chip. The FE-14 production of n-in-p sensors from HPK has
a thickness of 150 um and implements different biasing and isolation techniques.

SCiS Forschungsinstitut fiir Mikrosensorik und Photovoltaik GmbH (Erfurt, Germany)
http://www.cismst.org

®Hamamatsu Photonics K.K. (Hamamatsu, Japan)
http://www.hamamatsu.com
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1D thickness fluence TID facility

Planar n-in-n silicon FE-13 sensors from CiS

CiS-13-n-#1 250 pm — — _
CiS-13-n-#2 250 um — — _
CiS-13-n-#2-p-irrad ~ 250pm  1.6-10” negcm™2  81Mrad  CERN Set 1472

Planar n-in-p silicon FE-I3 sensors from CiS

CiS-13-p-#1 285um — — —
CiS-13-p-#2 285 um — — —
CiS-13-p-#3 285pum — — —
CiS-13-p-#4 285 pum — — —
CiS-13-p-#4-p-irrad ~ 285pm  3.1:10” neg cm™2 156 Mrad  CERN Set 1471
CiS-I3-p-#5 285 pum — — —
CiS-13-p-#5-p-irrad ~ 285um  2.8-10” negcm™ 2 141 Mrad CERN Set 1473
CiS-13-p-#6 285 um — — —
CiS-13-p-#6-p-irrad ~ 285pm  1.6-10” negcm™2  81Mrad  CERN Set 1472
CiS-I13-p-#7-p-irrad ~ 285um 1:10"° negg cm™2 145 Mrad KIT
CiS-I13-p-#8-p-irrad ~ 285um 1:10"° ngg em™? 145 Mrad KIT

Table 3.2: Table of planar silicon FE-I13 samples implementing the n-in-n and n-in-p sen-
sor technologies considered in this work. In case of an irradiated sensor the collected
fluence and the TID is given corresponding to the irradiation facility.

A commonality in all planar pixel sensor designs is the implementation of a biasing and a
guard ring structure. While the biasing structure is used to test the sensor properties before
the bump-bonding is the guard ring structure important to protect the sensor from a con-
ductive connection across the sensor edge.

The biasing structure in the planar pixel sensor design is build in the form of a bias grid
connecting all pixel with the bias ring surrounding the pixel region. This structure is used
for leakage current measurements before bump-bonding to survey the sensor quality. To
form the electrical contact between the bias grid and all pixel cells two methods are avail-
able to be implemented in planar pixel sensors. Punch through-dots build of an additional

nt

-implant in the p-spray close to the pixel implant create a connection between the bias
grid and the pixel when the depletion zone under the punch though dot reaches the pixel
implant. A second possibility is a poly-silicon bias resistance surrounding the pixel structure
to establish the same potential on the pixel as on the bias grid. The three sensor designs
fabricated by CiS implement the punch though option by placing one punch through dot
per pixel. A part of the HPK production also uses a punch through option while the other
part implements the poly-silicon bias resistance in order to investigate and to compare the
properties of both techniques. Both punch though and bias resistance makes it possible to
perform leakage current measurements on the bare sensor thus to find damaged devices be-

fore bump-bonding [43, 90, 91, 92].

51



3 Pixel Detector Modules for the ATLAS Upgrade

Guard ring structures are necessary to avoid a short circuit between the back side con-
tact and the read-out electrodes on the front side. As shown in Fig. 3.10 are the guard rings
typically fabricated on the sensor side holding the pn-junction. In case of the n-in-n design
this causes additional production steps as the wafer back side needs to be processed as well.
For the n-in-p designs the guard rings are fabricated around the active pixel region resulting
in a less complex single sided process. This design introduces on the other hand the risk of
sparks between the conductive sensor edge and the read-out chip which would damage or
even destroy the electronics chip.

ID thickness design fluence TID facility
CiS n-in-n FE-14
CiS-14-n-#01 250 pm cons. — — —
CiS-14-n-#02 200 pm SE — — —
CiS-14-n-#03 200 pm SE — — —
CiS-14-n-#04 200 pm SE — — —
CiS-14-n-#05 200 pm SE — — —
CiS-14-n-#06 200 um SE — — —
CiS-l14-n-#07 200 pm SE — — —
CiS-14-n-#08-n-irrad 250 pm cons. 5-10" negg cm™? 543 Mrad JSI
CiS-14-n-#09-n-irrad 250 um cons. 5-10° ngg cm™2?  5.43 Mrad JSI
CiS-14-n-#10-n-irrad 200 pm SE 5-10" neg cm™?  5.43 Mrad JSI
CiS-14-n-#11-p-irrad 200 pm SE 5.1:10"° nggecm™2 257 Mrad  CERN Set 1533
CiS-14-n-#12-p-irrad 200 pm SE 5.1-10" negem™2 257 Mrad  CERN Set 1533
CiS-14-n-#13-p-irrad 150 pm SE 5.1:10"” nggecm™2 257 Mrad  CERN Set 1533
CiS-14-n-#14-p-irrad 200 pm cons. 510" negg cm™2 725 Mrad KIT

HPK n-in-n FE-I3

HPK-14-p-#1 150pum  poly-silicon — — —

HPK-14-p-#2-p-irrad ~ 150pm  poly-silicon  2:10"” neg cm™2 290 Mrad KIT
HPK-14-p-#3-p-irrad ~ 150pm  poly-silicon  2-10" negecm™2 290 Mrad KIT
HPK-14-p-#4-p-irrad 150 um PT 210" negg em™2 290 Mrad KIT

Table 3.3: Table of planar silicon FE-14 samples implementing the n-in-n and n-in-p sen-
sor technologies considered in this work. The conservative (cons.) and the slim-edge
(SE) design are supported in the n-in-n sensor technology while n-in-p sensor feature a
poly-silicon and a punch through (PT) biasing structure. In case of an irradiated sensor
the collected fluence and the TID is given corresponding to the irradiation facility.

Planar n-in-n pixel sensors

The FE-I3 pixel layout of a planar n-in-n sensor shown in Fig. 3.11 is fabricated on 250 um
thick silicon wafers. The figure shows four pixel rows and two columns. While the inner pixel
have a pixel size of 400 - 50 um? overlap the pixels on the short edge the front-end pixel ma-
trix corresponding to a pixel size of 600 - 50 um?. The entire pixel matrix is surrounded by the
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3.3 Pixel Sensor Technologies

bias ring connected to the bias grid and the attached punch through dots. The metalization
on the back side is surrounded by a 600 pm wide multi-guard ring structure consisting of 16
guard rings and additional 500 um safety margin to the dicing edge [49].

oo

oo

Figure 3.11: Pixel layout of a planar n-in-n pixels sensor adapted to the FE-I3 pixel ma-
trix. The clipping shows four rows and two columns whereof the left column is an edge
column and the right one corresponds to a center column. The bias grid shown between
the two columns connects the punch through dots of the pixel with the bias ring which
is visible on the left edge. The bump pads are placed at the opposing side of the pixel.
As the edge column overlaps the front end pixel matrix the bump pad of this column
needed to be shifted more to the center of the pixel [77].

To increase the active area for future planar pixel sensors tests and simulations with reduced
safety margin and reduced number of guard rings have been performed [50, 51, 49]. Based
on the achieved results two advanced designs featuring a pixel size of 250 -50 pm? and 13
guard rings have been developed to fit to the FE-14 read-out chip. The so-called ’conserva-
tive’ design corresponds to the FE-13 design with pixel implants overlapping the back side
metalization. The surrounding guard rings and the reduced safety margin leave a roughly
450 um wide inactive area at the pixel edge. This inactive area consists of a 90 um safety
margin while the remaining 360 um are covered by the 13 guard rings. To reduce the inactive
area a ’slim edge’ design shown in Fig. 3.12 was proposed extending the length of the edge
pixel to a pixel size of 50050 um?. As a result the edge pixels overlap the guard ring struc-
ture increasing the active area of the sensor. Depending on the applied bias voltage the space
charge region reaches about 200 pm in the area which would be inactive in the conservative
design [90]. Both designs have been produced and tested on 150 um, 200 pm and 250 pm
thick wafer. The Planar Pixel Collaboration proposed the slim edge design implemented on
200 pm wafer as candidate for the production of the IBL upgrade. During the wafer prob-
ing of the IBL production a depletion voltage in the range of 50 V was measured. To assure
the full depletion of the sensor a safety margin of 30 V was introduced corresponding to an
operation voltage of 80V for unirradiated modules [93].

Planar n-in-p pixel sensors

A planar n-in-p pixel sensor designed by the Max-Planck-Institut fiir Physik’ and the Max-
Planck-Institut Halbleiterlabor® adapted the sensor layout of FE-I3 n-in-n sensors for a p-
bulk material. The sensors were fabricated at CiS following the same procedure used for

’Max-Planck-Institut fiir Physik (Miinchen, Germany)
http://www.mpp.mpg.de

8Max-Planck-Institut Halbleiterlabor (Miinchen, Germany)
http://hll.mpg.de
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Figure 3.12: Pixel layout of the planar n-in-n slim edge sensor design proposed for the
IBL upgrade. The overlapping region of the edge pixel and the guard ring region of the
design reduces the inactive edge down to 200 um. The punch through dots of the edge
pixel and the neighboring pixel in the next column is also visible [77].

FE-I13 n-in-n sensors. The layout of one pixel cell in Fig. 3.13 shows the pixel implant with the
bump contact as well as the punch-through dot including the connection to the bias grid. The
285 um thick sensors implement the 400 - 50 um? pixel size of the FE-I3 read-out chip as well
as the extended edge pixel size with 600 - 50 um? and the ganged and inter-ganged pixel at the
top part of the sensor. For this sensor design the guard ring structure got placed on the pixel
side reducing the number of process steps. Different multi-guard ring structures using 8, 15
and 19 guard rings surround the pixel region with an additional safety margin. The inactive
edge of 1040 um for 19 guard-ring got reduced to 610 um for 8 and 15 guard rings. While
the safety margin for the 15 guard ring design was reduced by about 60 pm leaving about
550 um for the guard-ring structure the inactive edge was kept constant for the 8 guard-ring
design leaving a wider safety margin. As the fully metalized high p-doped back side is in
contact with the conductive sensor edge it becomes possible that the high voltage potential
reaches the front side of the sensor. A passivation layer on the read-out chip protects the
modules from sparks crossing the gap between the grounded chip and the biased sensor
edge. This 3um thick passivation layer of benzocyclobutene (BCB) increases the dielectric
strength which prevents the chip from destruction. Punch through dots similar to the n-in-n
design are used for leakage current measurements before bump-bonding. Bump-bonding
and the deposition of the passivation layer has been performed by 1ZM [94, 95, 96, 97, 98].

Figure 3.13: Layout of a n-in-p pixel cell with a pixel size of 400 - 50 pm? fit to the FE-I3
read-out chip. The bump contact on the right side provides the contact between sensor
pixel and the front-end pixel cell. The punch through dot on the left side is connected
to the bias grid to perform leakage current measurements on the wafer level as well as
after dicing [98].

A further planar n-in-p pixel sensor design fitting the FE-14 pixel matrix was fabricated by
HPK. The sensors have been produced on 320 um thick 6 inch-wafer. To reach the sensor
thickness of 150 um the pixel side was produced first before the back side was thinned and
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further processed. To test different bias and isolation techniques the sensors implement
punch through dots and poly-silicon resistance as bias structure as well as a p-spray, common
and individual p-stop to isolate the pixel. The punch through dots shown in Fig. 3.14 are
placed at the pixel corner connecting four pixel at a time. To further decrease the number
of punch through dots it would be also possible to alternate between the corners. The poly-
silicon bias resist shown in Fig. 3.14 surrounds the pixel region to form a long trace. The
contact between the punch through dots and the poly-silicon resistance is provided by the
bias grid which is connected to the bias ring surrounding the pixel matrix. The common and
individual p-stop as well as the p-spray are used to isolate the pixel cells from each other.
While the two p-stop techniques use a mask step to deposit a p-implant between the pixel
cells the wafer for the p-spray technique already implement an overall p-implantation at
the surface. Leakage current measurements on the wafer level showed a stable operation
up to 1000 V with a leakage current in the range of 200 nA. After dicing an inactive area of
450 pm to the end of the short pixel edge was left while an area of 1175 pm was left to the
long pixel edge. Next to the bias ring one guard ring was implemented in the inactive area.
The modules have been bump-bonded at IZM using the solder bump-bonding technique. In
order to avoid sparks between the conductive sensor edge and the front-end chip which were
observed at a bias voltage at about 500V a silicone adhesive encapsulation was applied to
the modules. The encapsulation covered the sensor edge close to the wire-bonds as it was
seen on test structures that sparks appear mainly on this edge [91, 92].

punch through dot R —

() ]| fJ-r rfL : R
b 1 A isolation scheme ]
e ‘\/ e _ bias rail

common p-stop individual p- stop -spray

poly silicon resistor

Figure 3.14: The layout of the planar n-in-p pixel sensor fabricated for the FE-14 read-out
chip features two biasing techniques and three isolation techniques. For the biasing the
design features a poly-silicon bias resistance surrounding each pixel or a punch through
dot at the corner between four pixel. To isolate the pixel cells from each other a p-spray
as well as a common and an individual p-stop got implemented [91].
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3.3.2 3D Pixel Sensors

A 3D sensor design using conductive columns as electrodes penetrating the bulk material
was proposed in 1995 to decouple the electrode distance from the sensor thickness [5]. For
the column formation a Deep Reactive lon Etching (DRIE) process is used while the columns
in the silicon wafer are later filled with doped poly-crystalline silicon to form the electrodes.
During the development different designs have been tested and enhanced resulting in a sin-
gle sided and a double sided process.

guard fence n" read-out electrodes
= | [ \

p-bulk

p™" bias electrode

Figure 3.15: Layout of a 3D silicon sensors produced with a double sided process. The
n*-doped electrodes penetrating from the pixel side of the sensor are used as read-out
electrodes. The p-doped columns are in contact with the back side metalization to bias
the sensor. The two columns to the sensors edge are part of the slim-edge design and
build a guard-fence structure to reduce the leakage current contribution of the conduc-
tive sensor edge.

The single sided process uses a support wafer to fabricate the electrodes entirely from one
wafer side [99]. The double sided process on the other hand forms the electrodes from both
sides which causes additional alignment efforts. The layout of a 3D sensor produced with a
double sided process in Fig. 3.15 shows the different electrodes penetrating the sensor ma-
terial and the electric field in the sensor. The column overlap which is related to the depth
of the column can vary in the double sided process.

The slim-edge approach shown in Fig. 3.15 which can be implemented in a double sided
process uses several rows of ohmic columns surrounding the pixel matrix. This fence like
structure prevents the depletion region to spread to the conductive sensor edge thus reduces
its leakage current contribution [100]. A further possibility is the formation of an active-
edge extending the sensitive sensor area. Here the etching process would be used to form a
trench which would be later filled with doped poly-crystalline silicon. To hold the individual
sensors in place a support wafer is necessary which favors a single sided process. As a result
the electric field in the sensor could spread up to the sensor edge reducing the inactive area
to only few micro meters [101, 102].

Silicon 3D pixel sensors characterized in this work were fabricated by Fondazione Bruno
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ID thickness design fluence TID Facility
FBK FE-I3
FBK-13-2E-#1 200 pm 2E400 — — —

FBK-13-2E-#1-p-irrad 200pm  2E400 1.6-10"negcm™2  81Mrad  CERN Set 1472
FBK-13-4E-#2 200pm  4E400 — — -
FBK-13-4E-#2-p-irrad 200pm  4E400 1.6-10°negcm™?  81Mrad  CERN Set 1472

FBK-13-2E-#3-p-irrad 200pm  2E400 110 neqgem™2 145 Mrad KIT
FBK-13-3E-#4-p-irrad 200pm  3E400 110 neqgecm™? 145 Mrad KIT
FBK-13-4E-#5-p-irrad 200pm  4E400  1-10" negem 2 145 Mrad KIT
FBK FE-14
FBK-14-2E-#1 230pm  2E250 — — —
FBK-14-2E-#2-p-irrad 230pum  2E250 210 neqgem ™2 290 Mrad KIT
FBK-14-2E-#3-p-irrad 230pm  2E250  5-10"negecm 2 725 Mrad KIT
FBK-14-2E-#4-p-irrad 230pm 2250 2-10®neqgem™? 290 Mrad KIT
CNM FE-14
CNM-14-2E-#1 230pm  2E250 — — —
CNM-14-2E-#2 230pm  2E250 — — —
CNM-14-2E-#3 230pm  2E250
CNM-14-2E-#4-p-irrad ~ 230pm  2E250  5-10"° negcm 2 725 Mrad KIT
CNM-14-2E-#5-n-irrad ~ 230pm  2E250  5:10" neqcm™2  5.43 Mrad JSI
CNM-14-2E-#6-n-irrad ~ 230pm  2E250  5-10" negcm 2 5.43 Mrad JSI

Table 3.4: Table of 3D silicon sensors for the FE-I3 and FE-I4 read-out chip layout con-
sidered in this work. In case of an irradiated sensor the collected fluence and the TID is
given corresponding to the irradiation facility.

Kessler (FBK)? and Centro Nacional de Microelectrénica - Instituto de Microelectrénica de
Barcelona (CNM)'? using a double sided production process. The columns were build in
p-doped wafer using n*-doped read-out electrodes in p-bulk corresponding to the n-in-p
technology. Due to the low operation voltage necessary to reach full depletion no additional
steps are necessary to avoid sparks between the sensor edge and the read-out chip. A sum-
mary of the modules used in this work is given in Tab. 3.4 showing the sensor thickness and
column configuration. For irradiated modules also the fluence, the corresponding TID and
the irradiation facility are given. Depending on the front-end chip and the producer three
different 3D sensor designs are characterized in this work. The naming of the modules cor-
responds to the number of junction columns per pixel and the pixel length. The 2E400, 3E400
and 4E400 sensor designs from FBK matching the FE-I3 read-out chip feature two, three and
four read-out columns per pixel. The two 2E250 sensor designs from FBK and CNM for the

Fondazione Bruno Kessler (Trento, Italy)
http://www.fbk.eu/

Centro Nacional de Microelectrénica - Instituto de Microelectrénica de Barcelona (Barcelona, Spain)
http://www.imb-cnm.csic.es/
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IBL upgrade fit the FE-14 read-out chip while using two read-out electrodes per pixel.

FE-13 3D pixel sensors

The Double Side Double Type (DDTC) 3D sensor design was proposed in 2008 by FBK and
fabricated in two batches on 4inch wafers [103]. The pixel layout in Fig. 3.16 shows the
schematics of the three types of 3D-DDTC sensors featuring two, three and four columns
per pixel. The DRIE process of the two batches was performed by lon Beam Services (IBS)"
and FBK. The column geometry in Fig. 3.16 represents the partial column overlap of the first
production batch. Here the total overlap in the 200 um thick wafer is about 90 pm to 100 pm.
This corresponds to a column depth of 100 um to 110 pm and 180 pum to 190 um for the junc-
tion and the ohmic column respectively. The column diameter is about 10 pm. To establish
the pixel isolation p-spray and p-stop implants are used. The sensors of both batches were
bump-bonded at SELEX to FE-13 read-out chips using the indium bump technique. An early
breakdown has been observed in sensors from the second batch which was attributed to a
contamination during the sensor production [104, 105]. Due to this effect only modules from
the first production batch are discussed.
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Figure 3.16: Pixel layout of the 3D DDTC sensor design showing the two, three and four
read-out column per pixel configuration. The column geometry shows the penetration
depth of the junction and ohmic column resulting in a column overlap of 90 pm to 100 pm
in the 200 um thick sensor. The implemented pixel isolation is based on a combination
of p-stop and p-spray [106].

Depending on the sensor type the electrode distance changes from 103pum to 71.2um and
56 um from two to three and four read-out electrodes [106]. To compare the FE-I3 design
with the FE-14 design it ought to be noted that the electrode distance of the 3E400-type
corresponds roughly to the 2E250-type sensor design matching the FE-14 read-out chip.

FE-14 3D pixel sensors
The two 2E250 n-in-p 3D pixel sensor designs in Fig. 3.17 fabricated by FBK and CNM for the

Mlon Beam Services, (Peynier, France)
http://www.ion-beam-services.com/
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IBL upgrade are following the same design principles. Both designs are fabricated on 230 pm
thick high resistivity wafers and implement two read-out columns per pixel. The slim-edge
design in Fig. 3.18(b) surrounding the pixel matrix results in an inactive area of about 200 pm
on the short pixel side housing the guard fence structure. Both sensor types were solder
bump-bonded to FE-14 read-out chips at IZM.

metal contact silicon oxide metal contact
p-spray 4 — p-stop —
isolation n™ column isolation
5+ column n™ column
p-spray p" column o
isolation

(a) FBK 3D sensor design (b) CNM 3D sensor design

Figure 3.17: Sensor layout of the ’full-3D’ design in Fig. 3.17(a) fabricated by FBK and
the ’partially through 3D’ design in Fig. 3.17(b) fabricated by CNM. Both designs feature
the 2E250 pixel layout but feature a different column depth and a different inter pixel
isolation technique [77].

The production technique applied by FBK results in a ’full-3D’ column configuration shown
in Fig. 3.17(a) with columns traversing the entire wafer thus forming a column overlap corre-
sponding to the sensor thickness. For the isolation between the pixel cells FBK implements
a p-spray which needs to be applied on both sides of the wafer as the read-out columns
penetrate the entire wafer. The guard fence structure in Fig. 3.18(a) used by FBK consist de-
pending on the sensor edge of more than three rows of ohmic columns surrounding the pixel
matrix. In order to perform leakage current measurements on the wafer level FBK deposits
temporary metal lines on each column to short all pixel. The measurement is then performed
for each column individually and later summed up to determine the sensor leakage current.
After the measurement the temporary metal is removed to have the sensor ready for the
module fabrication [107].

The CNM design on the other hand implements the ’partially through 3D’ design shown
in Fig. 3.17(b). Here the columns penetrate the bulk material and stop a few micro meter
before the opposite side is reached. The column overlap in this design is less than the wafer
thickness but still more than 200 um. A p-stop surrounding the n*-doped columns is used
on the front side of the sensor to establish the inter pixel isolation. The pixel matrix of the
3D sensor design fabricated by CNM in Fig. 3.18(b) is surrounded by one n"-doped 3D guard
ring followed by the ohmic guard fence structure. As the sensor design does not include a
bias structure the only possibility to perform a leakage current measurements on the wafer
level is the 3D guard ring surrounding the pixel area [107].
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Figure 3.18: Layout of the 3D sensors fabricated by FBK and CNM. The pixel matrix of
the FBK design in Fig. 3.18(a) is surrounded by the guard fence structure. Pads of the
temporary metal for leakage current measurements are also visible. The pixel matrix
of the CNM design in Fig. 3.18(b) is surrounded by one guard ring. The pad connected
to the guard ring is used for leakage current measurements. The guard ring itself is
surrounded by the guard fence structure [108]

3.3.3 Diamond Pixel Sensors

The pixel structure in diamond pixel sensors is not defined by implants in the material but
by its metalization. Depositing the metalization on the surface of the sensor material thus
makes it possible to fabricate a sensor with a planar field configuration. The pixel layout in
Fig. 3.19 shows the metalization of two pixel columns including the pads used for the forma-
tion of the bump connection. In this case the electric field spreads perpendicular through the
material until it reaches the back side of the sensor. Depending on the application single-
and poly-crystalline diamonds can be used as sensor material.

Figure 3.19: Pixel metalization on the surface of a diamond detector. The bump-pads on
the pixel edge are used to connect the sensor to the read-out electronic chip [55].

The diamond structures in Tab. 3.5 use a surface metalization fitting the FE-13 and FE-14 read-
out chip. The table also shows the crystal structure of the material and the thickness. In case
of irradiated material also the obtained fluence and the irradiation facility are given. The di-
amond materials used to produce the FE-I13 modules is single-crystal diamond. Poly-crystal
diamond material is used for the fabrication of the FE-I4 modules as this is the proposed
material for the DBM.
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The single-crystalline diamonds used for the fabrication of the FE-I3 diamond modules are
produced by Diamond Detectors Ltd. (DDL)'?. The seed crystal used to build the diamond
material had a size of 4.7-4.7 mm? thus smaller than the FE-I3 read-out chip. In total the
sensor material covers an area corresponding to 85 columns and 11 rows of the read-out chip.
Measurements of the sensor thickness of the three modules showed a variation between
513pum and 570 um. The pixel metalization was placed on the growth side of the diamond
consisting of diamond material with less lattice defects than the back side. Pixel and back
side metalization were deposited at IZM which also took care of the bump-bonding to the
front-end chip. To avoid a connection between the back side and the conductive edge an
unmetalized region surrounding the edge was formed.

ID crystal structure thickness fluence facility
FE-13 DDL
single-13-#1 single 560 pm — —
single-13-#2 single 513 um — —
single-13-#2-p-irrad single 513um  1.08- 10" neqg cm™2  PSI Set 1412
single-13-#3 single 570 pm — —
single-13-#3-p-irrad single 570um  1.08-10™ neqg cm™2  PSI Set 1412
FE-14 DDL
poly-14-#1 poly 750 pm — —
poly-14-#2 poly 750 pm —- —
poly-14-#3 poly 750 pm — —
poly-14-#4 poly 500 pm —- —

Table 3.5: Table of single and poly crystal diamond sensors for the FE-13 and FE-14 read-
out chip layout considered in this work. In case of the irradiated sensor the collected
fluence is given corresponding to the hardness factor of silicon for the irradiation facility.

The poly-crystal diamond modules are build from diamond wafers fabricated by DDL. The
sensor tiles cut out of these wafers cover the entire read-out chip. The metalization and the
bump-bonding was performed at IZM. The first module batch containing modules with a
thickness of 750 pm had the back side metalization deposited up to the sensor edge. Due to
that the modules could not be operated at bias voltages higher than 300 V. The metalization
of the following batch does not reach the sensor edge but shows strong variations on the
edge of the metalization. In addition to the metalization limited a defect in the PCB design
the maximum bias voltage of the modules.

2Djamond Detectors Ltd. (Dorset, United Kingdom)
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3.4 Read-out system

For the module characterization of FE-I3 and FE-14 modules the TurboDAQ and the USBPix
read-out system have been available. The TurboDAQ system was developed for the testing
and the commissioning of FE-13 modules for the ATLAS Pixel Detector thus only supports the
read-out of FE-13 modules. The USBPix read-out system on the other hand was developed as
laboratory test system supporting the read-out of the FE-13 and the FE-14 chip. Both systems
provide the possibility to perform scans and tuning steps to configure the DAC values of the
module. Furthermore they support the input of a trigger signal which makes it possible to
use the system for the read-out during source scans and test-beam measurements with an
external trigger system.

3.4.1 TurboDAQ

The TurboDAQ software was implemented during the ATLAS Pixel Detector production phase
to characterize pixel modules. The communication between the computer and the pixel mod-
ule is established via a PC-to-VME interface connected to a set of custom made printed cir-
cuit boards (PCBs).

The setup consists of a VME-crate to houses the VME controller board and the Turbo Pixel
Low Level (TPLL) board. The controller board establishes the connection between the com-
puter and the VME system and controls the VME bus. The TPLL board handles parts of the
data taking and takes care of the communication with the Turbo Pixel Control Card (TPCC).
This includes the generation of the clock signal, the trigger input and the data handling with
encoding and histogramming. The TPCC provides the communication between the system
and up to four single chip modules [80]. For the testing of single chip modules no additional
hardware is necessary. In the case of full ATLAS pixel modules an additional Module Adapter
Card (MAC) is connected in between the TPCC and the module. This technique is also used
for test-beam measurements to operate several modules at the same time.

3.4.2 USBPix

The USBPix system was developed as a general purpose read-out system by the SiLAB group
in Bonn. It consists of a multipurpose input-output (Multi-1O) board for the communication
with the computer and an adapter board for the connection to the sensor board.

The Multi-10 board enables the communication with the computer and provides sufficient in-
put/output channels for different sensor adapter cards. It features a micro controller with an
USB2.0 interface, a programmable Xilinx Spartan3 FPGA and a 2 MB SRAM memory block.
The operational voltage for the system can be alternatively provided via the USB connection
or an external power supply. In both cases DC/DC-converters are used to adjust the input
voltage to the operation voltage of the read-out chip. An Ethernet connector as well as six
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LEMO connectors on the board are available for the communication with external trigger
systems [79].

The micro controller provides the communication between the computer and the system. In
particular it establishes the communication to the FPGA and offers an interface to the Serial
Peripheral Interface (SP1) and the Inter-Integrated Circuit (I1°C) bus. The firmware for the
micro controller is loaded during the power-up of an EEPROM which is connected to the
IC bus. A clock generator connected to the 12C bus and the FPGA provides a clock signal
between 80 kHz and 150 MHz. The FPGA chip is programmed to provide the necessary func-
tions for the communication between the Multi-1O board and the connected adapter card.
This includes the front-end configuration, the charge injection and the supply of a level 1
trigger signal. A SRAM cell is connected directly to the FPGA to increase the available mem-
ory. Raw data coming from the sample can be either stored directly in the SRAM or gets
filled in a histogram which than gets stored in the SRAM.

The FE-13 adapter card establishes the communication between the read-out system and the
FE-13 front-end chip. A set of three LVDS drivers and receivers provide the necessary com-
munication lines to and from the front-end chip. The connector for the analog and digital
powering of the samples is also mounted on the adapter card. Furthermore provides the
adapter card a connector for a flat ribbon cable for single chip modules and a type0 connec-
tor for the communication with entire ATLAS pixel modules [79].

For the communication with the FE-14 chip the FE-14 adapter card is used with the Multi-10
board. The adapter card features four power regulators to generate the digital and analog
voltages necessary for the operation of the front-end chip. The input voltage is provided
via a connector on the board. A LVDS chip and five CMOS level shifter chips provide the
communication lines for input/output and shift the supply voltage for the front-end chip.
The communication to the front-end chip can be established via a flat ribbon or an Ethernet
cable. In case of the flat ribbon cable the analog and digital voltage is distributed via the
cable. For the Ethernet communication an additional board to board powering or a direct
powering of the front-end chip is necessary.

A C++ based software package was developed to operate the USBPix system. This package
included the implementation of a DLL to provide an interface between the computer and
the read-out system. The corresponding library USBPixdll offers all necessary functions to
implement the communication between the read-out system and different software tools.
One of these tools is STControl which is also used for the control of the ATLAS Pixel Detector.
For the application in the experiment it implements the PixLib library which is necessary for
the communication to the Pixel Detector read-out. Both software tools have been adjusted
to handle the functions provided by the USBPixdll in order to perform scans with the USBPix
read-out system [79].
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3.5 Source and Test-Beam measurements

In order to determine the performance of a sensor technology the module responds to pho-
tons and charged particles needs to be measured. Typically these measurements are per-
formed with radioactive sources or with accelerated particles from a test-beam. In case of
the radioactive sources a variety of sources can be used emitting different particles at dif-
ferent energies. This kind of measurement is normally performed in the environment of a
laboratory which is equipped with the radioactive source. Test-beam measurements on the
other hand rely on an acceleration facility which provides access to a beam line.
Measurements done in the context of this work were performed with radioactive photon and
electron sources as well as with test-beams of pions and positrons. In general photon source
measurements are used to determine the sensor calibration while charged particles simulate
the sensor performance in responds to a MIP.

3.5.1 Photon and Electron Source measurements

The measurements with photon and electron sources have been performed with the available
sources at CERN. A summary of the sources available during this work is given in Tab. A.1
also providing the source ID, the isotope, the activity and the emitted radiation.

Photon Source measurements

The interaction between photons and the active sensor material depends on the energy of
the photon. As described in Sec. 2.2.1 shifts the main interaction from photoelectric effect
to Compton scattering and pair production with increasing photon energies. The photon

roentgen fluorescent | energy [keV]
target K Kp

Copper (Cu) 8.04  8.91
Rubidium (Rb) 13.37  14.97
Molybdenum (Mo) | 17.44  19.63

Silver (Ag) 2210 24.99
Barium (Ba) 32.06  36.55
Terbium (Tb) 44.23  50.65

Table 3.6: Energies emitted by the different roentgen fluorescent targets of the X-ray
sources.

sources available during this work are a Cd-109, a Am-241 and a X-ray source containing
an Am-241 core with different roentgen fluorescent targets. The energy range of the X-ray
source shown in Tab. 3.6 can be adjusted between 8.04 keV and 50.65 keV while the energy
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of the Cd-109 and the Am-241 source is 22 keV and 59.5 keV respectively. The spectra corre-
sponding to the different sources are shown in Fig. A.1(a) and in Fig. A.1(b). Based on the
provided photon energies the expected interactions in the sensor are the photoelectric effect
and Compton scattering. For energies at the lower end of the range a dominating contribu-
tion of interactions related to the photoelectric effect is expected.

For sensor measurements with photon sources the contribution of the photoelectric effect
can be used to confirm the sensor calibration. This is possible as the photon energy is well
known and because of the deposition of the entire energy during the photoelectric effect.
Of course this behavior is only correct for unirradiated and fully depleted sensors assuming
that no charge trapping takes place.

To perform the measurement the source is placed on top of the module with a solid angle
wide enough to irradiate the entire sensor. The internal hit-bus of the front-end chip is used
to trigger the read-out. Depending on the pixel size and the position where the interaction
takes place the cluster size changes between single and double hit cluster. For low thresh-
old settings also cluster with three pixel can be observed. The Cluster Analysis software
described in Sec. 3.7 provides the possibility to cluster the hits and plot the obtained spectra.

Electron Source measurements

Common practice to perform source measurements with charged particles in a laboratory
environment is the application of a Sr-90 electron source. The decay process from Sr-90 to
Y-90 and Zr-90 emits beta-particles with energies in the range of 546 keV and 2.3 MeV re-
spectively. As shown in Sec. 2.2.2 this energy is already in the MIP range of electrons in

source
source housing

_— collimator

sensor module
m—

scintillator and photomultiplier

Figure 3.20: Measurement setup for source measurements with electron sources. The
electron beam is collimated with a 1 mm bras collimator to create ’beam-like’ condition.
A scintillator connected to a PMT is placed under the sensor to create a trigger signal.

silicon and diamond material. The layout in Fig. 3.20 illustrates the measurement setup ded-
icated to perform electron source measurements. By collimating the beta particles ’beam
like’ condition can be created corresponding to an approximately uniform incident angle for

65



3 Pixel Detector Modules for the ATLAS Upgrade

all electrons penetrating the device. The used bras collimator has a thickness of 10 mm with
a Tmm wide hole. Based on the geometry the electrons pass the sensor placed about 15 mm
under the collimator with an angle between 84° and 90°. The electrons with an energy high
enough to penetrate the entire module and to reach the scintillator placed under the device
cause a signal at the output of the PMT. This signal is used as an external trigger signal in
order to read-out the module hit information generated by the electron. The expected charge
distribution for this measurement corresponds as described in Sec. 2.2.2 to a Landau distri-
bution. The angular distribution related to the collimator causes a smearing in the measured
spectrum which can be described by a convolution of a Gaussian and a Landau distribution.
The peak of the Landau distribution is considered as the most probable charge loss in the
material. Due to charge sharing in the sensor a clustering process becomes necessary to
obtain the deposited charge. As for the photon source measurements this function is also
integrated in the Cluster Analysis program described in Sec. 3.7.

The trigger signal generated either by the hit-bus or the external trigger is due to the radioac-
tive decay of the source caused by a stochastic process. The internal clock of the read-out
system on the other hand is set to 40 MHz. As the two signals are not correlated it is not
possible to determine at what time within the 25 ns bunch-crossing window the particle hit
the sensor. As a consequence the signals arriving late in a bunch-crossing window might be
attributed to the next window.

3.5.2 Pion and Positron Test-Beam measurements

Test-beam measurements with accelerated particles provide the possibility to perform sen-
sor characterization under similar conditions as in a HEP experiment. The application of a
beam telescope makes it possible to determine the particle track through the device under
test with a resolution of several micro meter. This information is necessary to determine the
spatial resolution of the device and to see the effects of radiation damage within the pixel
structure at a high precision.

The test-beam measurements considered in this work are related to several test-beam peri-
ods which took place between 2010 and 2012 at the DESY Il as well as at the CERN SPS Hé6
and H8 beam-lines. The beam provided by the DESY test-beam facility consists of positrons
within the energy range of 4 GeV to 6 GeV. To avoid multiple scattering related to the low
energy not more than two devices were tested at the same time. The CERN SPS test beam
facility on the other hand provides high energetic pions whereof beam energies of 120 GeV
or 180 GeV were chosen. Due to the high momentum of the particles several devices can be
measured at the same time neglecting the effects of multiple scattering.

In order to reach a high spatial resolution within the device under test the EUDET telescope'®
was used to track the particles passing through the devices [109]. The six telescope planes

1EUDET Joint Research Activity "DESY Testbeam and Pixel Telescope" http://www.eudet.org/e13/e21/
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whereof three are mounted on each side of the DUTs are equipped with Mimosa26 pixel
sensors. These sensors come with an active sensor area of 21.2-10.6 mm? holding rectan-
gular pixel with a length of 18.4um. For the sensor read-out a rolling-shutter technique is
used which needs 112 ps to read the sensor data [110]. The DUTs are mounted in a cooling
box to perform measurements on irradiated devices which are placed between or behind the
two telescope arms. While different designs of cooling boxes and techniques were applied
at the beginning the most practical option was provided by implementing a dry ice cooling.
To apply this technique the cooling box was divided into two compartments whereof one
was used to mount the DUTs and the other one provided space for the dry ice slices. Cop-
per strips connected to the back side of the DUTs are guided to the second compartment
to provide a thermal contact to the dry ice. As the cooling box compartments are indepen-
dently accessible it is possible to refill the dry ice without accessing the Device Under Test
(DUT) compartment. To avoid short circuits due to condensation either dry air or nitrogen
was used to flush the box during the cooling and heating phase. The over pressure due to
evaporated carbon dioxide prevents humidity from entering the box thus avoiding conden-
sation during the measurement. To track the temperature during the ongoing measurement
several PT1000 resistance temperature detectors are mounted on the inside of the box and
on the DUTs. Depending on the position of the DUT the estimated spacial resolution of the
telescope varies between 2 um and up to 10 um for DUTs between the telescope arms and be-
hind them respectively. The trigger signal for the read-out systems is provided by two 2 cm?
scintillators in coincidence mounted at the front and the back of the telescope. Adapted
versions of the two read-out systems described in Sec. 3.4 are used to configure and to com-
municate with the DUTs. Due to the different read-out methods used for the telescope and
the DUTs it is possible to miss the hit information in the sensors. To cope with this effect it
was decided to consider only telescope tracks for the analysis which also show at least one
hit in one of the DUTs. To maximize the number of considered tracks an unirradiated sensor
module was always added to the DUTs as an efficiency close to 100 % is expected in this kind
of device [111, 112].

The data obtained by the telescope and the DUT is stored together after a preliminary anal-
ysis procedure was applied to the telescope data. The following reconstruction process con-
tains several exclusion criteria which are necessary to associate DUT hits with the corre-
sponding telescope tracks. The reconstructed data files containing the hit information of
the DUT and the associated telescope tracks are then analyzed by different analysis algo-
rithms to determine the detector properties. In general these algorithms included analysis
procedures to determine the cluster size distribution, the residuals, the charge collection, the
charge sharing probability and the hit efficiency of the DUT.
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3.6 Module Irradiation

To determine the sensor characteristics after irradiation sensor modules are irradiated with
protons, pions and neutrons. Irradiated modules used in this work have been irradiated dur-
ing different irradiation campaigns at the Jozef Stefan Institute (JSI) in Ljubljana/Slovenia,
the Karlsruher Institut fiir Technologie (KIT) in Karlsruhe/Germany, the Paul Scherrer Insti-
tut (PSI) in Villigen/Switzerland and in the CERN PS irradiation facility. The target fluence
chosen for the different campaigns was adjusted to the properties of the front-end chip and
the future applications. In case of FE-I3 modules which are designed to withstand a total ion-
izing dose of 50 Mrad measurements were possible up to the dose range between 100 Mrad
and 150 Mrad depending on the particle energy. For FE-14 module the IBL design fluence of
5-10" neq cm™? at the end of lifetime was used to test the module performance. The rela-
tion between the target fluence and the collected dose given in Tab. 3.7 summarizes the total
ionizing dose for the different irradiation facilities for fluences typically used in this work.

NIEL fluence TID [Mrad]
[neqcm™2] | KIT CERNPS JSI
1-10" 145 50 1.1
2-10" 290 101 2.2
5-10" 725 252 5.4

Table 3.7: Total ionizing dose for irradiation campaigns at KIT, CERN PS and JSI for
fluences used for the characterization of ATLAS Pixel sensor modules [113, 114, 115].

To reduce annealing after irradiation the samples are stored and transported at sub-zero
temperatures. Modules irradiated in Geneva, Ljubljana and Villigen are taken off the printed
circuit board to avoid activation of the electronic components. During the gluing and wire-
bonding procedure necessary for the following sensors characterization the samples stayed
for several hours at room temperature. The FE-14 samples used for the IBL sensor character-
ization are annealed for 120 min at 60 °C to cure the glue and to reach a similar annealing
state.

The TIGRA Mark Il research reactor of the JSI in Ljubljana/Slovenia is used for neutron
irradiation with thermal, epithermal and fast neutrons. For the irradiation the samples
are placed in plastic bags which are lowered in one of the seven about 5 m deep irradiation
channels leading into the reactor core. Depending on the selected column the energy ratio
changes between thermal (< 0.625eV), epithermal (0.625 eV-0.1 MeV) and fast (> 0.1MeV)
neutrons. In order to normalize the obtained fluence to mono-energetic 1MeV neutrons
the hardness factor Kjs; = 0.75neqneutrons™' is applied to Eq. 2.14. As there is no cooling
available during the irradiation and due to the heat in the reactor core annealing can not be
avoided during the irradiation [113].
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A low energy proton irradiation is provided by the Irradiation Center of the KIT in Karl-
sruhe/Germany. During the irradiation the samples are placed in an insulated box mounted
on a xy-table which moves the samples in Tmm spaced rows through the beam. The beam
generated by a compact cyclotron has a diameter between 4 mm and 8 mm with a beam en-
ergy in the cyclotron of about 25 MeV. The energy of the protons after extraction is about
23 MeV with a corresponding hardness factor kgt = 2.0 neq protons—'. The proton current of

2ina 10-10 mm? in about

about 1.5 pA makes it possible to reach a fluence of 1- 10" neq cm™
15 min. An aluminum shielding plate with openings for the sensors covers the printed circuit
board to protect the electronic components from activation. The box with the mounted de-
vices is cooled to —40 °C during the irradiation procedure to avoid heating of the sample and
annealing. As the samples are already mounted on the PCB no additional thermal cycling

for gluing and wire-bonding is necessary before the sensor characterization [114].

facility set number year  error reached fluence normalized fluence
CERN 1472 2010 +£7.8% 2.58-10'"° protonscm™?  1.6-10" neq cm ™2
CERN 1473 2010 +£7.7% 4.48-10'"° protonscm™>  2.8-10" neq cm ™2
CERN 1471 2010 £7.6% 4.99-10'" protonsecm™?  3.1-10" neq cm ™2
CERN 1533 2011 £7.0% 8.16-10" protonscm™2  5.1-10"° neq cm ™2
PSI 1412 2010 £20.0%  9.81-10"pionscm™2  1.08- 10" neq cm™?2

Table 3.8: Fluences reached in the different proton and pion irradiation campaigns per-
formed in 2010 and 2011 at CERN and PSI. The normalized values are calculated with
respect to the corresponding silicon hardness factors [115].

The high energy proton irradiation of the PS Irradiation Facility in the CERN East Hall
provides a proton beam with an energy of 24 GeV. The two beam-lines "Irrad1" and "Irrad3"
are both connected to the PS ring which accelerates the protons. "lrrad1" is equipped with
a scanning beam which makes it possible to perform uniform irradiations on samples which
are bigger than the actual beam spot. A vortex tube cooler is attached to the irradiation table
to cool the samples to avoid annealing during the irradiation. The full width half maximum
(FWHM) of about 10 mm in "lrrad3" is not enough to perform uniform irradiations on FE-13
and FE-14 samples. To avoid a partial irradiation the samples can be tilted to a low angle
until they are completely in the beam line. By applying this method on FE-I13 modules it
also becomes possible in "lIrrad3" to obtain an uniform irradiation. Due to the larger size of
FE-14 modules it is only possible to irradiate a stripe of about 10 mm. As there is no cooling
available in "Irrad3" the samples experience a certain degree of annealing during the irradia-
tion. The high energy of the beam makes it possible to irradiate several samples at the same
time by placing the samples behind each other. For the normalization the hardness factor

1

KCERN = 0.62neq protons™ ' is used. The results shown in Tab. 3.8 summarize the different

irradiation campaigns corresponding to samples irradiated for this work [115].
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The pion irradiation is carried out in the PiE1-beam line of the PSl in Villigen/Switzerland.
As during the proton irradiation at the PS Irradiation Facility the samples can be stacked
behind each other to irradiate several modules at the same time. During the pion irradiation
campaign two diamond samples but no silicon samples have been irradiated. The beam en-
ergy of about 300 MeV corresponds to a hardness factor for silicon of Kps; = 1.11negq pions™ .
Due to the lack of an corresponding hardness factor for diamond the silicon hardness factor
will be applied. This is done while keeping in mind that the expected hardness factor for di-
amond is smaller than for silicon thus reducing the collected fluence. The values in Tab. 3.8

summarize the obtained irradiation results based on the silicon hardness factors.

3.7 Cluster Analysis

The Cluster Analysis software developed as part of this work provides data handling, cluster
finding, analysis and plotting of source measurement data. The data analysis process with
Cluster Analysis consists of two steps. During the conversion step the data is clustered and
stored in a cluster file holding all the hit information. For the analysis step the clustered data
is converted into charge, plotted and used to extract different values.

To handle the different read-out systems and chips dedicated functions are included to con-
vert the raw files in a common cluster file which in addition reduces the file size. Independent
of the read-out system and the front-end chip all raw data files consist of a number of trig-
ger windows corresponding to the number of trigger send to the read-out system during the
scan. Each of these trigger windows contains between 1 and 16 consecutive bunch crossings
holding the hit-data. Depending on the position in the trigger window a hit gets allocated
to a specific bunch crossing with a time resolution of 25 ns. In addition the hit-data contains
the row and the column as well as the measured charge in ToT.

During the data conversion each trigger window is read in separately and clustered. The
algorithm extracts the information for each hit in the trigger window and forms cluster de-
pending on the geometrical and temporal relation. For the cluster formation a cluster seed
hit is compared to the remaining hits and added to the cluster if they occurred within a vari-
able time or geometrical distance. Default values for the row, column and time distance used
in this work have been chosen to be 2 rows, 1 column and 3 bunch crossings. Using these
default settings for the clustering only adds hit pixel which are direct neighbors on the short
pixel side or at least next to a neighbor on the long pixel side. These settings also provide the
possibility to merge cluster even though one neighbor on the long pixel side is masked or due
to a missing bump-bond connection not connected to the read-out channel. The read-out of
up to 16 consecutive bunch crossings provides the possibility to merge hit pixel not only in
relation to the geometrical distance but also to the hit time in bunch crossings. Due to this
feature hit pixel with low charge which shifted due to time-walk to a later bunch crossing
can be combined with a seed pixel from an earlier bunch crossing. A second reason for the
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implementation of this feature is the work with radioactive sources. Here the trigger appears
random compared to the 25 ns clock cycle of the read-out electronics widening the time dis-
tribution of the hits. In case of remaining unclustered hits a second seed pixel is chosen to
form a further cluster corresponding to the same trigger window. The obtained clusters are
stored in the cluster file based on the root-file format containing the data in form of a root-
tree'.

For the analysis the clustered data is extracted from the root-file and a ToT to charge cali-
bration as described in Sec. 3.2 is used to determine the corresponding charge of each pixel.
To reduce noise effects only trigger windows with one cluster are used for the analysis. All
other trigger windows containing more than one cluster after the available cuts have been
applied are rejected for the analysis. The pixel showing the highest charge in each cluster
is considered as seed pixel to fill the hitmap and the row and column histogram. The pixel
corresponding to the earliest bunch crossing is used to determine the timing of the clus-
ter. A Level-1 distribution showing the 16 bunch crossings in a trigger window is filled with
the cluster timing. The total cluster charge and ToT is used to fill the charge and ToT his-
togram. Depending on the applied radiation source either a Gaussian or a Landau function
convoluted with a Gaussian (LanGau) fit is applied to the distribution [116]. While the mean
charge available from the Gaussian fit is the relevant value for photon-sources the most prob-
able charge can be extracted from the LanGau fit for charged particles. To differentiate the
effects of the cluster size on the collected charge dedicated histograms are filled for clusters
with one, two and three pixel while the general histograms are filled with all cluster sizes.
To understand the distribution of the different cluster sizes a cluster size histogram is filled
at the end of the analysis.

Different cuts can be applied for the analysis to dismiss certain kind of clusters. To concen-
trate the analysis on a specific region minimum and maximum rows and columns can be set.
Similar to the spacial cut a timing cut can be used to consider only clusters within a bunch
crossing range. To reduce noise effects pixel with a high occupancy can be also excluded from
the analysis. The ToT range can be used to identify regions with high and low ToT appearance.

Noise occupancy scan

For noise occupancy scans the obtained raw-data files can also be read in with the Clus-
ter Analysis program to determine the mean noise occupancy of a module. Here either a
randomized external trigger with low threshold settings to trigger on noise in the PMT or a
trigger signal form a pulse-generator can be used.

At first the program determines the number of hits in each pixel as well as the number of
triggers send and the number of level-1 triggers read out. Based on the noise occupancy

ROOT - A Data Analysis Framework: http://root.cern.ch
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threshold described in Sec. 2.3 and Eq. 3.4 it is determined if a pixel is considered as a noisy
or a good pixel. By building the sum of all hits in the good pixels of the module shown in
Eq. 3.5 the mean noise occupancy of the module is determined.

# pixel hits —5 L
: ' > 5-107° = noisy pixel (3.4)
# trigger - # LVL1
Ypixel hit
mean NOcc = pixe” nits (3.5)

# trigger - # LVL1 - # good pixel

As it is not possible to distinguish noise hits from a muon hit a mean noise occupancy con-
tribution from muons needs to be taken into account for the measurements. Assuming a

2min~" a rate of about 50- 10~ hitspixel "' BC™' caused by muons can

muon rate of Tcm™
be attributed to the measured hit rate. Depending on the number of triggers used for the
measurement the sensitivity of the measurement has to be taken into account as well. As
the number of triggers used for the measurements in this work corresponds to a sensitivity

of about 11072 hitspixel 'BC™! it becomes possible to neglect the muon contribution.
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The performance of pixel detector modules in the future ATLAS Pixel Detector will be crucial
for the operation and the performance of the Inner Detector within the experiment. Espe-
cially the impact of radiation damage on the modules needs to be understood to assure the
high tracking efficiency of the system. For the proper operation of the pixel modules in the
experiment extensive measurements need to be performed in order to get to know the prop-
erties of the individual components as well as the properties of the pixel module as a whole.
The characterization of pixel modules in this work focuses on measurements related to the
performance of the two front-end chip designs and the analysis of silicon and diamond based
sensor technologies. Measurements concerning the front-end chips provide insight into the
noise, threshold and temperature properties of the read-out electronics. The sensor analysis
aims to determine the properties of the different sensor technologies. This analysis also in-
cludes the sensor responds to ionizing radiation before and after irradiation. Looking at the
interaction between the chip and the applied sensor technology the obtained results will be
useful to determine the operation condition and limitations in future experiments.

In order to achieve reproducible condition all measurements were performed in a climate
chamber providing temperature control combined with a desiccant dryer to avoid conden-
sation on the samples. At the beginning of this work a minimum operation temperature of
—20 °C was feasible while a second cooling system with a minimum temperature of —50 °C
was added later. If not otherwise marked are the given temperatures the set temperatures
of the climate chamber. This temperature does not necessarily represent the actual temper-
ature of the device under test.

4.1 Front-end performance

The front-end performance is strongly related to the noise contribution of the front-end chip
and its relation to different operation parameters. Especially the operation threshold of fu-
ture pixel modules becomes more important with longer detector lifetimes when the col-
lected charge decreases after radiation damage. The operation temperature of —20 °C fore-
seen for the IBL is a further parameter influencing the noise contribution of the read-out
chip.

Prior to the front-end characterization a sequence of tests and scans needs to be performed
to assure the proper operation of the module. These scans usually including a test of the
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analog and the digital part of the chip. Non-working pixel can be identified with these tests
giving a first impression on the bump-bonding quality and possible front-end damage in the
analog or digital part. During the measurements the sensor is biased providing the opportu-
nity to perform a leakage current scan which is also used to identify sensor defects evident
from high leakage currents or early breakdown voltages. After the communication is estab-
lished and the sensor is biased the module is ready for the front-end characterization. This
includes front-end tunings to different threshold and feedback current settings in order to
adjust the ToT gain.

To compare the results of the front-end characterization the injection signal of the chip needs
to be calibrated. As described in Sec. 3.2 both injection circuits consist of two injection ca-
pacitances and the calibration voltage. In case of the FE-I3 read-out chip both injection
capacitances and the slope of the calibration voltage are measured. Due to the missing test
capacitances in the FE-14A chip it is not possible to determine individual values for each chip.
Therefore only the offset and the slope of the calibration voltage is measured while the injec-
tion capacitances are set to the design values. Despite of the calibration are errors expected
to be in the order of 15 % and 20 % for the FE-I3 and FE-14 chip respectively.

4.1.1 Tuning analysis

During the front-end tuning process all pixel get set to a uniform threshold and a ToT value
corresponding to a specific charge. The tuning procedures used by the two available read-out
systems TurboDAQ and USBPix follow the algorithms described in Sec. 3.4.1 and Sec. 3.4.2
respectively.

Tuning of FE-I3 chips

Typically the threshold dispersion of an untuned FE-13 module is in the range of about 400 e™.
After the tuning process this value is reduced to 60 e~ and 20 e~ shown in Fig. 4.1(a) for the
TurboDAQ system and in Fig. 4.1(b) for the USBPix system. The corresponding noise distribu-
tions for both systems in Fig. 4.1(c) and Fig. 4.1(d) show dispersions below 10 e™. Concerning
the dispersion of the ToT value, a reduction from 5 ToT to 2 ToT is typical for both systems.
Tunings performed with the TurboDAQ system show an about 150 e higher threshold than
the target threshold. The threshold distribution of a bare FE-13 chip tuned with the TurboDAQ
system to a threshold of 3200e™ in Fig. 4.1(a) illustrates this effect. This behavior is related
to the threshold tuning algorithm implemented in the TurboDAQ system. The different im-
plementation of the tuning process in the USBPix system prevents the appearance of this
threshold offset. As shown in Fig. 4.1(b) for the same bare FE-I3 chip tuned with the USBPix
system this algorithm leads to better agreement between the target and measured threshold
value.

By comparing the noise results obtained for both systems shown in Fig. 4.1(c) and Fig. 4.1(d)
a differences in the order of 30 e™ can be observed. A similar behavior has been observed
during the production of the ATLAS Pixel Detector where two systems using the TurboDAQ
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Figure 4.1: Threshold and noise distributions of a bare FE-I3 read-out chip tuned to a
threshold of 3200 e~ using the TurboDAQ and the USBPix system. The threshold distri-
bution in Fig. 4.1(a) shows a threshold offset of about 150 e ™. This effect is not present
for the tuning in Fig. 4.1(b) performed with the USBPix read-out system. The observed
threshold offset is related to the tuning algorithm implemented in the TurboDAQ sys-
tems. Fig. 4.1(c) and Fig. 4.1(d) show the corresponding noise distribution for the two
read-out systems.
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and the USBPix algorithm were used. As measurements show that this noise offset is not re-
lated to common mode noise [117] the origin can only be explained by intrinsic properties of
the system. To avoid systematic errors introduced by the system it was decided to compare
only results obtained with the same software as well as the same scan parameters [80].

To better understand the correlation between the target threshold and the measured thresh-
old a set of tunings to different target threshold values was performed for both systems.
Modules using different sensor technologies were part of the study to determine variations
between the technologies. In addition a bare front-end chip was also included to distinguish
effects related to the sensor.
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Figure 4.2: Measured threshold and noise depending on the target threshold value for
FE-I13 modules tuned with the TurboDAQ system. The measured threshold in Fig. 4.2(a)
shows an offset of about 150e™ for target threshold values higher than 2500e~. For
target threshold values higher than 2500 e~ the mean noise in Fig. 4.2(b) stays constant
while a noise increase can be observed for lower threshold values. Measurements on a
bare FE-13 chip show a noise contribution of about 125¢e™.

Tuning results of FE-13 modules tuned with the TurboDAQ system shown in Fig. 4.2 illus-
trate the measured threshold and module noise depending on the target threshold. For the
bare FE-I3 chip and the diamond sample tunings with a minimum target threshold of 1700 e™
where feasible while a target threshold of 2000 e~ was the minimum threshold obtained with
the 3D sample. Increased noise values for low threshold settings in Fig. 4.2(b) related to non-
linear properties of the front-end electronics make it impossible to reach lower threshold
values. The measured threshold offset of about 150 e~ shown in Fig. 4.2(a) stays stable for
target threshold values higher than 2500 e™. In this region the fitting algorithm implemented
in the tuning procedure overestimates the threshold settings. For lower target threshold val-
ues this overestimation is due to the non-linear behavior of the chip reduced even causing
an underestimation for low values.

The corresponding measurements of the threshold and the module noise of FE-I3 modules
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Figure 4.3: Measured threshold and mean noise depending on the target threshold value
for FE-13 modules tuned with the USBPix system. The measured threshold in Fig. 4.3(a)
shows a good correlation to the target threshold value. For threshold values higher
than 2500 e~ the mean noise in Fig. 4.3(b) stays constant while a noise increase can be
observed for lower threshold values. Measurements on a bare FE-13 chip show a noise
contribution of about 100e™.

tuned with the USBPix system are shown in Fig. 4.3. Due to the lower noise in the USBPix
system about 300 e~ lower threshold values than with the TurboDAQ system can be reached.
The noise measurements in Fig. 4.3(b) also show increased noise for threshold values below
2500 e~ while a constant noise is measured above. Contrary to the results obtained with the
TurboDAQ system show the results in Fig. 4.3(a) a good correlation between the measured
threshold and the target threshold.

For the noise analysis it is assumed that the total noise of a sensor module consists of the
noise of the front-end chip and the sensor noise. The results obtained in Fig. 4.2(b) and
Fig. 4.3(b) show that the module noise of FE-13 modules is constant for threshold values ex-
ceeding 2500e™. For lower threshold values the non-linear behavior of the front-end chip
increases the sensor noise and with it the total noise. Based on the measurements taken
with the bare FE-I3 module and provided that the threshold is higher than 2500e™ a front-
end noise of 125e~ and 100 e~ is assumed for the FE-13 modules tuned with TurboDAQ and
USBPix respectively.

Rough values of the sensor contribution to the module noise can be derived from the results
shown in Fig. 4.2(b) and Fig. 4.3(b). The single crystal CVD diamond sensors show a sensor
noise contribution of about 25 e~ while the planar and 3D silicon pixel sensor designs show a
sensor noise contribution of about 100e™ and 115e™ respectively. Comparing the results for
the different sensor technologies and looking at the noise contributions discussed in Sec. 2.3
shows that the front-end and sensor noise contribution can not be considered as independent
entities. Thermal noise in Eq. 2.18 and low frequency 1/f-noise in Eq. 2.20 are both linked to
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the transistors used in the amplifier or more specific to the voltage fluctuation on the ampli-
fiers input. While the feedback capacitance in the amplifier is an intrinsic value of the circuit
is the sensor capacitance related to the sensor technology and material [80]. A further vari-
able to the thermal noise is the temperature set to 20 °C during the measurements. The shot
noise in Eq. 2.19 as remaining noise contribution is related to the temperature dependent
leakage current of the sensor thus also linked to the sensor technology and material.

While the temperature was set to the same value for all measurements show the leakage
current and the sensor capacitance variations related to the sensor material and sensor tech-
nology. For the two silicon sensor technologies the noise offset of the 3D design can only be
explained by the variation of the sensor capacitance as the leakage current of both designs
is comparable at about 100 nA. The short column distance of the measured 4E design further
increases the impact of the sensor capacitance compared to a 2E or 3E design [118]. Compar-
ing the diamond and silicon designs shows that the sensor capacitance as well as the leakage
current of diamond sensors are both at least one order of magnitude lower than in silicon.
Based on the measurement and the discussed noise sources is the noise contribution in di-
amond sensors due to the lower sensor capacitance and the lower leakage current reduced
compared to silicon sensors. Concerning the operation of the different sensor technologies
this offers the possibility to operate diamond modules at lower threshold settings than sil-
icon modules. Due to the similar noise behavior in both silicon technologies also similar
operation setting need to be chosen.

Tuning of FE-14 chips
As for untuned FE-I3 modules is the threshold dispersion of an untuned FE-14 module in the
range of about 400 e™. The tuning with the USBPix system shown in Fig. 4.4(a) reduces this
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Figure 4.4: Threshold and noise distributions for a bare FE-14 read-out chip tuned with
USBPix to a threshold of 3200 e™. The threshold distribution in Fig. 4.4(a) shows a good
correlation with the target threshold value. Fig. 4.4(b) shows the corresponding noise
distribution for the bare FE-14 module.
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value to a dispersion below 30 e™. The measured threshold obtained with the USBPix system
tuning algorithm for FE-14 modules varies only by a few electrons from the target value. The
different design used in the FE-14 chip compared to the FE-13 chip leads to reduced noise be-
havior shown in Fig. 4.4(b). Similar to the measurements performed with the FE-13 modules
several samples were tuned to different threshold values to understand the threshold and
noise behavior depending on the target threshold. As TurboDAQ is not capable to commu-
nicate with FE-14 modules no comparisons between systems is possible.

A bare FE-14 module as well as modules using diamond and silicon sensors shown in Fig. 4.5
have been tested in the target threshold range from 500 e™ up to 3200 e™. Due to the differ-
ent charge collection in diamond and silicon sensors a different feedback current gain was
used to tune the modules. The silicon sensor modules and the bare FE-14 module were set
to a gain of 8 ToT for 10 ke~ while the diamond module was tuned to 8 ToT for 5ke™. It
needs to be remarked that several iterations of the tuning procedure have been necessary to
reach threshold values below 1000 e™. The minimum threshold tuning of the silicon sample
at 1000 e~ already showed an increase of untuned pixel correlated to the noise increase. The
bare FE-14 chip was only tested to a threshold value of 1000 e~ which can not be considered
as the minimum threshold value for FE-14 modules. Independent of the sensor technology
show the measured threshold values in Fig. 4.5(a) a strong correlation with the target thresh-

old value.
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Figure 4.5: Measured threshold and noise depending on the target threshold value for
FE-14 modules tuned with the USBPix system. The measured threshold in Fig. 4.3(a)
shows a strong correlation with the target threshold value. A noise decrease is visible
in Fig. 4.5(b) for increasing target threshold values. The feedback current gain of the
bare module and the silicon modules was tuned to 8 ToT for 10 ke™ while the diamond
sample was tuned to 8 ToT for 5 ke ™.

The noise distribution in Fig. 4.5(b) shows a noise decrease with increasing target thresh-
old. Results obtained with the bare FE-14 module indicate that the increased noise for lower
threshold settings is related to the noise from the front-end chip. Additional noise measure-
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ments focusing on the feedback current gain and the threshold settings of FE-14 chips found
that the front-end noise contribution is connected to both settings [77]. Similar to the FE-I3
sensors show the planar sample a smaller noise offset than the 3D sample. In numbers this
offset corresponds to about 35e™ and 70 e~ for the planar and the 3D samples respectively.
Noticeable is the high uniformity between the four planar sensors especially knowing that
the samples were produced in two different batches. The noise contribution of the poly crys-
tal diamond shows due to the variation of the feedback current gain similar values as the
bare front-end chip. For the same operation conditions an increased noise contribution in
the diamond module would be expected.

As for the FE-13 modules the noise contribution of the silicon sensors is expected to be caused
by the sensors capacitance. Contrary to earlier measurements an about four time higher
leakage current is present in the 3D module. This current offset causes an additional shot
noise contribution to the noise in the 3D module. The more than 50 times lower leakage
current in the diamond module explains that the shot noise contribution can be neglected.
In addition is the diamond sensor capacitance due to a lower permittivity and a wider sensor
width reduced compared to the silicon modules. As a result the thermal noise and the low
frequency 1/f-noise are also reduced in diamond modules.

Tuning of FE-14 chips after irradiation

To understand the impact of radiation damage on the front-end chip similar measurements
as before irradiation have been performed with irradiated silicon planar and 3D sensor mod-
ules. The results shown in Fig. 4.6 were performed with the USBPix read-out system at a
temperature of —20 °C and —30 °C for 3D and planar samples respectively. Due to the lower
temperature settings necessary to control the increased leakage current after irradiation it
is not possible to compare the results from before and after irradiation. As expected show
the threshold measurements of the irradiated samples the same strong correlation with the
target threshold as unirradiated samples.

Due to radiation damage the parameters influencing the noise properties of sensor modules
sensor capacitance, leakage current and temperature are extended by the fluence increasing
the leakage current and radiation dose. Bare FE-I4 chips irradiated with 800 MeV protons
to radiation doses of about 6 Mrad, 75 Mrad and 200 Mrad showed a noise increase on the
order of 15 % to 25 % [84].

In case of irradiated planar modules in Fig. 4.6(a) three combinations of fluence and radia-
tion dose are displayed. Here, the modules irradiated with high energy protons to a fluence

2 corresponding to a dose of about 252 Mrad show the highest noise. Neu-

of 5-10" Neq CM™
tron irradiated samples reaching the same fluence but a low radiation dose of about 5 Mrad
on the other hand show the lowest noise. Planar n-in-p samples irradiated with low energy
protons to a fluence of 2- 10" neq cm™2 collected a radiation dose of 290 Mrad show noise
values within the same range. The leakage current increase after irradiation of more than

two orders of magnitude despite the applied cooling corresponds to a shot noise increase in

80



4.1 Front-end performance

™ 300 T T T T T ] ™ 300 T T T T T ]

o, N ] o, N ]

Y 250 [ = g 20 E

2 E ] 2 E T b

< C ] < C ]

§ 200 - - § 200 - L~ 1 ]

O C ] o o T T T ]

= u ] £ u —_— ]

150 | - 150 | - -

: . F[2-10™ neq cm™2 .

100 H5-10" neq cm ™2 B 100 [-s- FBK-14-2E-#2-p-irrad .

| CiS-14-n-#11-p-irrad . 5 E

50 (| CiS-l14-n-#12-p-irrad| |2- 10" neq cm ™2 & 50 |3 10"% neq cm™2 ) E

t|-*— CiS-14-n-#09-n-irrad| |- - HPK-14-p-#3-p-irrad|{ |~ FBK-14-2E-#3-p-irrad 7

F |- CiS-14-n-#10-n-irrad| |-*= HPK-14-p-#4-p-irrad|] F |-~ CNM-14-2E-#5-n-irrad ]

0 o T T T 0 /T T e b b bl
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500

target threshold [e™] target threshold [e™]

(a) irradiated planar FE-14 modules (b) irradiated 3D FE-14 modules

Figure 4.6: Noise behavior depending on the target threshold value for irradiated planar
and 3D FE-14 modules. Measurements on planar modules in Fig. 4.6(a) have been per-
formed at a temperature of —30 °C while the corresponding 3D module measurements
in Fig. 4.6(b) have been performed at —20 °C.

all modules. This effect alone does not explain the noise of the 2- 10" neq cm™? irradiated
n-in-p modules with an about five times smaller leakage current than the irradiated n-in-n
modules. A possible explanation for this behavior is the varying noise contribution caused
by the collected radiation dose. Compared to the proton irradiated n-in-n samples collected
the n-in-p samples an about 15 % higher radiation dose causing the increased noise in these
samples. In addition are the n-in-p samples 50 pm thinner which increases the sensor capac-
itance.

Results of irradiated 3D samples in Fig. 4.6(b) on the other hand also show a shot noise in-
crease correlated with the higher leakage current. A with low energy protons to a fluence
of 2:10'° neq cm~? irradiated module shows an about three times lower leakage current and
also the lowest noise. The two samples irradiated with protons and neutrons to a fluence
of 5- 10" neq cm™2 show despite the varying radiation dose of about 725 Mrad similar noise
behavior. This noise behavior can be also related to the sensor layout as the samples are
based on different 3D designs.

Tuning impact on operation and performance

The obtained results for FE-13 and FE-14 modules show that the tuning algorithm in the
ATLAS Experiment leads to a strong correlation between target and measured threshold.
Even though that a noise increase is visible for low target threshold settings with both chips
show the FE-14 chips a higher robustness. This robustness of FE-14 modules is still present
after irradiation. For the operation in the experiment even irradiated pixel modules can be
operated at lower threshold settings preserving the detector sensitivity after radiation dam-
age reduced the charge collection in the sensors. Concerning the noise contribution a shift
from the sensor capacitance before irradiation to the leakage current after irradiation as
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dominating factor becomes visible. Before irradiation silicon modules can be operated at
room temperature showing noise values below 250e™ and 160e™ using typical operation
settings for FE-13 and FE-14 chips respectively. Diamond modules on the other hand show
reduced noise contribution compared to silicon. After irradiation the noise contribution in
FE-14 modules increases up to about 210 e™. This behavior depends on the cooling to control
the leakage current as well as the fluence and radiation dose. For a stable operation be-
fore and after irradiation the modules need to be temperature controlled to avoid increased
leakage current associated with shot noise. In addition show the obtained results that the
communication as well as tuning properties of the FE-14 chip are not affected after exceeding
the design radiation dose up to three times. This feature promotes the application of the chip
also for future experiments exceeding the expected radiation dose of the IBL.

4.1.2 Temperature dependence of the ENC in the FE-14

The ENC model discussed in Sec. 3.2.2 shows the noise dependency on the leakage current
Yeak, the preamplifier input capacitance Cp, the shaping time constant T, and the temper-
ature T. Measurements and simulations based on the model have been used to understand
the influence of the leakage current, the preamplifier input capacitance and the shaping time
constant on the noise [56, 57]. The temperature which especially after irradiation strongly
influences the sensor leakage current was however not part of the analysis. In order to inves-
tigate the temperature properties of the front-end chip an unirradiated poly-crystal diamond
module was used to avoid noise contributions related to leakage current and sensor capaci-
tance.

For diamond modules the discussed ENC model in Eq. 3.3 can be reduced to the influence
of the thermal noise of the feedback transistor, the thermal noise and the 1/f-noise of the
preamplifier. This reduction is possible by assuming that the noise sources related to the
leakage current can be neglected due to the low leakage current in diamonds. Simulations
focusing on the leakage current showed that the contribution of the thermal noise of the
feedback transistor and the 1/f-noise of the preamplifier can be also neglected for low leak-
age current values [56, 57]. For these simplifications of the ENC in Eq. 3.3 represents the
thermal noise of the preamplifier ENCipermal given in Eq. 4.1 the main noise contribution of
the module. Following these assumptions makes it possible to analyze the influence of the
temperature on the thermal noise in the FE-14 read-out chip independent of the other noise
contributions.

(C%:nsor_F C%ansistor)z kT 1 T2
ENC _ B L 4.1
thermal \/ qz 29m T + 2Tg ( )

Noise measurements in Fig. 4.7 show the module noise in function of the threshold and the
temperature for an about 750 um thick diamond module at a bias voltage of 300 V. As earlier
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discussed shows the diamond module in Fig. 4.7(a) the threshold noise correlation known
from other FE-14 modules (see Fig. 4.5(b)). The noise temperature behavior in Fig. 4.7(b)
shows a linear behavior in function of the temperature tested in the range from —20°C to
20 °C. For the target threshold of 500 e~ the sensor noise approaches the tuning limitations
causing a wide noise deviation amongst the pixel. The reason for this noise increase is the
threshold dependent transconductance of the preamplifier gr, in Eq. 4.1 also affecting the
time constants T4 and T [56].
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Figure 4.7: Noise measurements of an unirradiated 750 nm thick poly-crystal CVD dia-
mond FE-14 module at a bias voltage of 300 V in function of the target threshold and the
temperature at a current gain of 8 ToT and an injected charge of 5 ke™. Measurements
in Fig. 4.7(a) show the typical noise distribution in function of the target threshold. The
noise distribution in Fig. 4.7(b) shows the temperature dependence for different target
threshold values. In addition the ENC based on the model in Eq. 4.1 for a threshold of
2000 e is also included in the plot.

To calculate the thermal noise contribution in dependence of the temperature the input ca-
pacitance Cp in Eq. 3.3 was substituted by the contribution of the diamond sensors capac-
itance Cgamond and the transistor capacitance C%a”SiStor to obtain Eq. 4.1. As the diamond
sensors capacitance of the tested diamond sensor are not available it was decided to use
the sensors capacitance of a 450 um diamond module. Results for a dedicated PixCap chip
to measure the sensor capacitance determined a diamond sensor capacitance for a 450 um
sensor of 35fF [56]. Due to the thickness variation a lower sensor capacitance is expected
in the measured module corresponding to a lower ENC for the module. The diamond ca-
pacitance in parallel to the transistor capacitance C%a”SiStor = 32.1fF results in a total input
capacitance of Cp = 67.1fF which is used for the analysis. The remaining time constants
Tq = 0.075ns, T, = 21.25ns and T, = 0.15ns as well as the transconductance of the pream-
plifier gm = 225uS have been extracted from the simulation based on a threshold tuning to
2000 e~ [56].
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The results obtained based on the simplified ENC model in Eq. 4.1 for a threshold setting of
2000 e~ in Fig. 4.7(b) show an overestimation of the calculated noise. This overestimation can
be explained by the higher sensor capacitance used for the calculations. Independent of the
offset show the calculated noise and the measurement noise at a target threshold of 2000 e™
a similar noise gradient. Further can neglected noise effects and temperature variations due
to self heating of the module also influence the measured noise causing a variation between
the measured and calculated value.

The obtained results confirm that it is advantageous to operate FE-I4 modules at lower tem-
peratures to reduce the thermal noise contribution of the module. For the operation of ir-
radiated silicon modules this property comes as an intrinsic feature of FE-14 modules as it
is also necessary to cool the irradiated sensor. In the case of irradiated diamond modules
which do not require cooling after irradiation front-end cooling might become a possibility
to reach a better signal to noise ratio at the end of lifetime.

4.2 Sensor analysis

The sensor analysis focuses on the sensor responds to ionizing radiation but also includes
the analysis of sensor properties related to the operation in the experiment. These sensor
properties become due to the interaction of the sensor and the front-end chip relevant for
the module operation. The leakage current in function of the bias voltage as a sensor prop-
erty also passes through the front-end chip thus effects noise and noise occupancy behavior
of the module. Concerning the sensor responds to ionizing radiation measurements with
radioactive photon and electron sources as well as test beam measurements with charged
particles are performed. Scans with photon sources are commonly used to test the front-end
calibration and the interconnections between the front-end and the sensor. Measurements
with electron sources are a possibility to create ’beam-like’ conditions useful to determine
the charge collection in the sensor. The application of a beam telescope during test-beam
measurements makes it possible to track the path of a particle through the device under
test. This test allows further analysis on the charge collection and efficiency within the pixel
region as well as an evaluation of the edge efficiency and the spacial resolution of the sensor.
Finally the obtained results are used to analyze the charge collection properties and sensor
efficiency for different conditions.

4.2.1 Leakage current analysis

Leakage current measurements are a common method used for the sensor characterization
of silicon devices. During the testing of individual modules results can be used to determine
the full depletion voltage and the breakdown voltage. Acceptance tests of sensors also in-
clude leakage current measurements to determine the production yield based on electrical
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specifications.
Defects introduced due to radiation damage change the leakage current characteristics in
sensor materials described in Sec. 2.2.3. Therefore leakage current measurements on irradi-

ated samples are also used to determine the operation values but also to estimate the damage
factor in the material.

Planar Pixel Sensors on FE-I3
Leakage current measurements before and after irradiation of planar FE-I3 pixel sensors
based on the n-in-n and n-in-p design are summarized in Fig. 4.8.
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Figure 4.8: Leakage current measurements on planar FE-I3 n-in-n and n-in-p modules
before and after irradiation. Measurements before irradiation in Fig 4.8(a) show the
current increase for voltages below full depletion and the plateau region. The current
increase after irradiation in Fig. 4.8(b) scales with the collected fluence. All measure-
ments were performed at 20 °C and —20 °C before and after irradiation respectively.

While the full depletion voltage of the n-in-p design was determined to be in the range of
about 60V the operation voltage was set to be 150V [94]. Measurements on unirradiated
modules in Fig. 4.8(a) show leakage currents below 0.8 1A at the operation voltage. These
results are slightly higher than results obtained during the electrical characterization before
bump-bonding [94, 96]. This increase is explained by mechanical stress on the sensor dur-
ing the bump-bonding process but also temperature variations can cause this behavior. The
breakdown voltage for n-in-p samples implementing the 15 and 19 guard-ring design exceeds
for most sensors 400V [95]. Measurements with up to 3.1-10™ Neq cm™2 proton irradiated
modules in Fig. 4.8(b) show the expected leakage current increase after irradiation. Thermal
runaway of the leakage current due to insufficient cooling in the climate chamber made it
impossible to reach the full depletion voltage after irradiation. Despite of the insufficient
cooling the expected leakage current increase depending on the collected fluence is clearly
visible. Additional measurements at lower temperatures and scaled with Eq. 2.6 to —20°C
confirm the obtained results [95, 97]. In addition a breakdown voltage shift exceeding 1000 V
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was observed for fluences higher than 5-10'° Neq cm 2 [97].

For quality testing and assurance of the ATLAS Pixel Detector the operation voltage Vo,
of planar n-in-n sensor modules was set to 150V to exceed the depletion voltage. During
the testing of the ATLAS pixel modules the condition I(Vop)/I(Vop —50V) < 2.0 was intro-
duced to identify slow breakdown effects around the operation voltage [4]. Both unirradiated
n-in-n modules in Fig. 4.8(a) behave accordingly to this condition. In addition do they show
an enlarged plateau region with a leakage current below 0.2 pA up to 350 V. The with high
energetic proton irradiated n-in-n sample in Fig. 4.8(b) shows the expected leakage current
related to radiation damage. Due to the insufficient cooling it was not possible to reach sta-
ble conditions for voltages exceeding 400 V. Charge collection measurements on irradiated
samples using the same design showed that voltages exceeding 600V are necessary for the
operation after irradiation [119].

Handling during and after irradiation made it impossible to obtain the same annealing time
for the individual planar n-in-n and n-in-p samples. Nevertheless correspond the calculated
damage factors to the expected range of 2-107"7 Acm~"to 5-10""7 Acm™,

3D Pixel Sensors on FE-I3

Leakage current measurements of FE-I3 3D-DDTC samples implementing 2E, 3E and 4E
columns show that the breakdown voltage for most samples is around 70 V with a full deple-
tion voltage of about 12V [118]. These results are confirmed by the measurements shown in
Fig. 4.9(a) for unirradiated 2E and 4E sensor modules from the same batch. It is noticeable
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Figure 4.9: Leakage current measurements on 3D FE-13 modules before and after irradia-
tion. Measurements before irradiation in Fig. 4.9(b) show low leakage current below 1pA
up to the breakdown voltage for a 2E and a 4E module. Two sets of samples irradiated
at KIT and CERN PS at a temperature of —20 °C are shown in Fig. 4.9(b).

that the leakage current of the 4E sample forms a wide plateau region while a steady current
increase takes place in the 2E sample. Due to this effect a duplication of the leakage current
in the 2E sample compared to the 4E sample can be observed at an operation voltage of 30 V.
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4.2 Sensor analysis

To further investigate on this effect measurements were performed in the temperature range
between —20 °C and 20 °C. The results of both samples in Fig. 4.10(a) and Fig. 4.11(a) show
the expected leakage current decrease for lower temperatures. After scaling the measure-
ments with Eq. 2.6 to 20 °C a noticeable current variation becomes present for the 2E module
in Fig. 4.10(b) while the 4E module in Fig. 4.11(b) shows an uniform current. As only the bulk
current contribution is scaled by Eq. 2.6 the results suggest that a non-negligible surface cur-
rent is part of the measured leakage current. Nevertheless were both modules operational
and later irradiated with high energetic protons. Leakage current results for sensor modules
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Figure 4.10: Leakage current measurements of FBK-13-2E-#1 in the temperature range
between —20 °C and 20 °C. The leakage current decrease for low temperatures is shown
in Fig. 4.10(a). After scaling the leakage current to 20 °C a surface current contribution
becomes visible in Fig. 4.10(b).

irradiated in two irradiation campaigns measured at a temperature of —20 °C are summa-
rized in Fig. 4.9(b). The two sets of proton irradiated samples show the expected leakage
current increase and breakdown voltage shift to higher values [106]. In case of the 2E and
3E devices this breakdown shift let to voltages exceeding 100 V. For the two 4E-sensors the
shift is less strong. The three 1-10" neq cm™? irradiated samples show an uniform leak-
age current behavior. This effect is less noticeable for the two 1.6-10'° neq cm ™ irradiated
sample. This behavior can be explained by annealing effects caused by be missing cooling
during the irradiation at the CERN PS. To confirm the behavior of the samples additional
measurements in the temperature range between —20 °C and —5 °C have been performed.
The measurements of the 1-10'° neq cm™? irradiated samples show that the uniform behav-
ior is independent of the temperature and that no surface current contribution is visible after
irradiation (Fig. A.3). In case of the two 1.6-10" Neq cm™2 irradiated samples confirms the
scaling to —20 °C that the radiation damage increases the bulk current but not the surface
current contribution (Fig. A.2). This is especially relevant for module FBK-13-2E-#1 which
showed before irradiation in Fig. 4.10(b) an increased surface current. A further result of the
more than tenfold increase of the leakage current after irradiation is that the surface current
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Figure 4.11: Leakage current measurements of FBK-I3-4E-#2 in the temperature range
of —20°C and 20°C. The leakage current decrease for low temperatures is shown in
Fig.4.11(a). After scaling the leakage current to 20 °C an uniform current becomes visible
in Fig. 4.11(b) indicating only a bulk current contribution.

contribution observed before irradiation vanishes.

Leakage current measurements on FE-14 modules

Measurements on FE-14 modules have been carried out with powered and non-powered
front-end chips. The purpose of this measurement procedure was to understand the tem-
perature increase in the sensor due to the power dissipation in the FE-14 chip. The measure-
ments have been performed in a climate chamber with a constant air temperature. Assum-
ing that the sensor temperature in case of a non-powered front-end chip is equal to the air
temperature makes it possible to determine the temperature increase for powered front-end
chips. For this the measured leakage current on powered modules was scaled with Eq. 2.6
in steps of 1°C to compare the scaled values with the measurements of the non-powered
module (Anx. A). To compensate for the increased power dissipation of irradiated sensors
the determination of the temperature offset was based on low bias voltages.

Planar Pixel Sensors on FE-14

In case of the unirradiated planar modules in Fig. 4.12(a) and Fig. 4.12(c) temperature offsets
between 5 °C and 9 °C have been measured at an air temperature of 20 °C. Apart from differ-
ent chip configurations which can influence the power dissipation in the chip also different
PCB layouts have been used which explains the wide temperature range.

The leakage current measurements agree with the results obtained during the quality con-
trol of the planar n-in-n sensors [93]. The three 200 um thick as well as the 250 um thick
sensors in Fig. 4.12(a) show a stable plateau region with a leakage current below 1pA. The
breakdown voltage around 300V or higher is more than double the operation voltage of the
samples. Measurements on an unirradiated powered n-in-p sample in Fig. 4.12(c) shows a

88



4.2 Sensor analysis

leakage current below 0.4 1A at a bias voltage of 1000 V. The leakage current of 0.2 uA mea-
sured in the non-powered case confirms the results obtained during the wafer probing [91].
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Figure 4.12: Leakage current measurements on planar n-in-n and n-in-p sensors on FE-14
chips before and after irradiation with powered and non-powered front-end chip. Mea-
surements before irradiation in Fig. 4.12(a) and Fig. 4.12(c) performed at 20 °C show
leakage currents below 1pA. In case of the unirradiated n-in-p module a bias voltage
of 1000V was reached. After irradiation the samples were cooled to —30°C to avoid
effects of thermal runaway. Irradiated n-in-n modules in Fig. 4.12(b) were biased up to
1000 V. For n-in-p modules in Fig. 4.12(d) a powered biasing of up to 1000V is possible
with leakage currents below 100 pA.

After irradiation both sensor designs show a temperature offset between 5 °C and 7 °C to the
air temperature of —30°C.

All 5-10" neq cm™2 irradiated n-in-n modules in Fig. 4.12(b) have been biased up to the op-
eration voltage of 1000 V. The power dissipation in the front-end chip and in the sensor itself
increases the temperature of the sensor. This heating brings the sensor close to the point
of thermal runaway when the cooling is not sufficient enough and an uncontrolled leakage
current increase takes over. The breakdown voltage of all 5- 10" neq cm ™2 irradiated samples
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moved beyond 1000 V allowing the operation at the foreseen operation voltage of the IBL.

The three 2-10'° neq cm™? irradiated n-in-p modules in Fig. 4.12(d) show a leakage current
of about 40 pA and 90 pA at a bias voltage of 1000V for non-powered and powered front-
end chips respectively. The expected breakdown voltage shift to higher values could not be
observed as the breakdown voltage already exceeded 1000V before irradiation. The mea-
surements confirm that the biasing of the sensor is after an irradiation of 2- 10" neq cm™2
still possible [91,92]. The low leakage current variation of around 10 pA in the samples shows
that the varying bias and isolation structures implemented in the three n-in-p sensor designs

do not effect the leakage current properties after irradiation.

3D Pixel Sensors on FE-14

During the leakage current measurements of unirradiated FE-14 3D modules from FBK and
CNM a temperature offset of about 4 °C to the air temperature of 20 °C has been determined
for a powered front-end chip.

An unirradiated FBK module from the IBL pre-production in Fig. 4.13(a) shows a leakage
current below 1pA up to the breakdown voltage of 40 V. Similar results have been obtained
during the wafer probing of sensor tiles from the same production batch [77].

Due to the guard fence leakage current measurement technique applied at CNM it is not
possible to compare the results from the wafer probing before flip-chipping with the results
of bump-bonded modules. Measurements on two unirradiated modules in Fig. 4.13(c) show
a leakage current below 2 pA at the operation voltage of 10 V. In addition provides the break-
down voltage at about 70 V a wide safety range for the operation. The measured currents are
below results obtained for sensors from the same batch which is explained by temperature
variations during the measurements [77].

Similar to the unirradiated case show the irradiated 3D modules with powered front-end
chip a temperature offset of 4°C to 5°C at an air temperature of —20 °C.

The irradiated 3D module FBK-14-2E-#4-p-irrad in Fig. 4.13(b) was part of a FBK production
prior to the IBL pre-production. Earlier measurements on devices from this production re-
vealed a high leakage current behavior combined with a low breakdown voltage. Mechanical
stress during the production is considered as reason for the high leakage current while the
low breakdown voltage is attributed to the high p-spray concentration [100]. The observed
device properties did not change after irradiation. Especially the breakdown voltage stayed
at a low value of about 20V to 30V which made it impossible to operate the device at full
depletion.

The two FBK 3D modules FBK-14-2E-#2-p-irrad and FBK-14-2E-#3-p-irrad from the IBL pre-
production also shown in Fig. 4.13(b) performed according to the expectations. For both
proton irradiated samples a leakage current increase and breakdown voltage shift is visible
which is in agreement with the obtained fluence. With a breakdown voltage between 70 V
and 80V leans the 2- 10" Neq cm2 irradiated samples towards a operation voltage around
60 V. Due to the voltage drop on the resistance in series to the sensor this operation voltage
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Figure 4.13: Leakage current measurements on 3D sensors on FE-14 chips before and
after irradiation with powered and unpowered front-end chip. Measurements before
irradiation in Fig. 4.13(a) and Fig. 4.13(c) performed at 20 °C show at 10V a leakage cur-
rent below 0.1 pA and 2 pA respectively. Irradiated FBK and CNM modules in Fig. 4.13(b)
and Fig. 4.13(d) show the expected current increase and breakdown shift.

corresponds to about 50 V on the sensor. The breakdown voltage shift of the 5- 10" neq cm™2
irradiated samples lead to a value exceeding 160 V. To assure a stable operation and to reach
a sensor voltage of 120 V an operation voltage of 150 V has been considered [77].

Neutron irradiated CNM modules in Fig. 4.13(d) show the expected leakage current increase
and breakdown shift at a fluence of 5- 10'® neq cm™2. To compensate the voltage drop on the
serial resistance an operation voltage between 190V and 200V has been chosen [120]. Due
to the serial resistance and corresponding to the measured leakage current the actual sensor
bias is about 160 V.

Diamond Pixel Sensors on FE-14
During long biasing periods of diamond sensors other experiments observed erratic currents.
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Measurements of these currents which increase erratically for a certain period by an order
of magnitude have shown to be correlated with the direction of electric fields [121]. This
behavior is going to be investigated with DBM samples as the results could affect the orien-

tation of the DBM.

To investigate the current stability of a diamond module a long term stability test was in-

cluded in the leakage current measurements shown in Fig. 4.14. To avoid temperature effects

the measurements were performed at 20 °C. The leakage current in Fig. 4.14(a) shows a stable
plateau region at about 10 nA. During the long term stability test in Fig. 4.14(b) the samples
was biased at 500V for about 120 min. During the bias increase current peaks in the range

of 1nA can be observed which could be reduced by using smaller voltage steps. After reach-
ing the bias voltage of 500 V a stable current between 10 nA and 9 nA is observed during the

tested time of about 120 min.
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Figure 4.14: Leakage current measurements up to 500V on an unirradiated diamond
FE-14 module. At bias voltages higher than 100V a plateau region with a leakage current
of about 10 nA can be observed in Fig. 4.14(a). A long term measurement for about
120 min in Fig. 4.14(b) shows a stable leakage current over the measurement period.

Leakage current impact on operation and performance

The performed leakage current measurements on modules implementing the three consid-
ered sensor technologies confirmed the sensor type specific expectations. For planar modules
additional effort concerning the cooling becomes necessary to assure the operation after irra-
diation. Especially the power dissipation of the front-end chip needs to be taken into account
as the additional heat increases the sensor temperature by several degrees. Due to the lower
operation voltages applied at irradiated 3D sensors a more tolerant cooling system can be
implemented. On the other hand are 3D sensors due to the lower operation voltage more
sensitive to the voltage drop at the serial resistance. For the operation in the experiment
a compared to the single chip boards reduced serial resistance could be used to avoid high
voltage drops. The tested diamond module shows a good reliability during the stability test.
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4.2 Sensor analysis

Despite of the more than one order of magnitude lower leakage current in diamond sensors
it might become necessary to introduce a cooling system to compensate the temperature
increase introduced by the front-end chip.

4.2.2 Noise analysis

Noise contributions related to the front-end chip discussed in Sec. 4.1.1 were performed at
the operation voltage of the connected sensor. To further understand the noise contribution
related to the sensor, measurements are also performed at different bias voltages. Sensor
parameters as leakage current, depletion width and sensor capacitance change with the ap-
plied bias voltage thus change the noise behavior. Intrinsic sensor properties as the sensor
technology, the material and the electrode design are further parameters which affect the
noise contribution of the sensor. An example is the formation of the bias voltage dependent
depletion zone in silicon sensors changing the sensor capacitance. Due to the missing deple-
tion zone in diamond sensors is this effect only relevant for silicon sensors.

After irradiation the effective doping concentration increases due to the introduced radia-
tion damage in the material. As a result the full depletion voltage shifts to higher values
and the sensor capacitance gradient is reduced. As a result is the variation of the sensor ca-
pacitance after irradiation reduced which corresponds to an approximately constant sensor
capacitance [122]. With an approximately constant sensor capacitance in function of the
bias voltage also the noise contribution related to the sensor capacitance stays constant. On
the other hand increases the leakage current of the sensor with the fluence also increasing
the to the leakage current linked shot noise contribution.

As the measurements are performed on a sensor module includes the measured noise also
the front-end noise contribution discussed in Sec. 4.1.1. In the case of irradiated FE-14 mod-
ules an additional noise of 15 % to 25 % from the chip is expected for radiation doses up to
200 Mrad [84].

For the operation in the experiment the noise before and after irradiation becomes also rel-
evant as the introduced radiation damage changes sensor properties. Here, the shift from
the sensor capacitance dominated noise before irradiation towards the leakage current dom-
inated noise after irradiation becomes most relevant.

Planar Pixel Sensors on FE-I3

Results of planar n-in-n and n-in-p sensors on FE-I3 read-out chips before irradiation in
Fig. 4.15(a) confirm the expected dependence between sensor capacitance and noise. Both
technologies show the expected noise saturation for voltages exceeding the full depletion
voltage. Below that voltage more than 50 e~ higher noise values can be observed. The re-
sults also show the design features related to the different formation of the depletion zone in
n-in-n and n-in-p sensors. While the depletion zone in n-in-p sensors starts to form around
the pixel implants only small voltages are necessary to build a depletion region to isolate the
pixels from each other. For n-in-n sensors the depletion zone develops from the back side
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of the sensor shorting all pixel with each other until the depletion zone reaches the pixel
implants at a voltage of about 50 V.
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Figure 4.15: Noise behavior in function of the applied bias voltage for planar n-in-n and
n-in-p sensor modules on FE-13 chips. Results before irradiation in Fig. 4.15(a) show the
saturation region for voltages exceeding the full depletion voltage. For low voltages the
different depletion region formation between the two technologies can be distinguished.
Results after irradiation in Fig. 4.15(b) show a shot noise rise caused by the high leakage
current.

After irradiation this property of the n-in-n design disappears as the n-bulk starts to behave
as p-bulk material caused by the type inversion of the material. Apart from the effects of
the type inversion show the results in Fig. 4.15(b) a noise increase for higher bias voltages.
This shot noise contribution is related to the leakage current increase after irradiation. It
is noticeable that the 1-10'° neq cm~? irradiated module shows a higher noise than both
1.6- 10" neq cm ™2 irradiated modules. To explain this behavior it needs to be pointed out
that the modules were irradiated at different facilities. As a result the 1-10" Neq cm 2 ir-
radiated module collected a radiation dose of about 145 Mrad while both 1.6- 10" Neq cm 2
irradiated sample collected about 81 Mrad. Due to this variation is the noise contribution
of the 1-10" neq cm™2 irradiated chip expected to be higher, explaining the increased total
noise. Furthermore exceeds the dose of about 145 Mrad the design specifications of the FE-I3
read-out chip. The variation of the collected radiation dose and the fluence make it difficult
to compare the obtained results. Due to the insufficient cooling capabilities the test on the
irradiated sensors could not be performed up to the expected operation voltage.
Measurements at lower temperatures on neutron irradiated n-in-p sensors from the same
production show the same noise increase for higher voltages [98]. Furthermore is a noise
increase dependent on the collected fluence visible. Due to the low radiation dose caused by
the neutron irradiation is it possible to neglect the front-end noise contribution [98].
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3D Pixel Sensors on FE-I3

The mean noise of two unirradiated FE-I3 3D sensors implementing the 2E and 4E column
design in Fig. 4.16(a) differs by about 40 e™. This effect can be attributed to the variation of
the column pitch in the two designs which results in a different electrode distance thus a
different capacitance. The application of n-doped read-out electrodes in a p-bulk material
makes it possible to operate the sensors in an under-depleted state. While lateral depletion
of the sensor is reached at 3V to 4V a full depletion voltage between 10V to 15V is necessary
to deplete the part of the sensor without column overlap [118]. This behavior is related to
the particular column design in Fig. 3.16 featuring an overlap of about 90 um. The remaining
110 pm of the sensor thickness feature an enlarged electrode distance thus a higher depletion
voltage. In addition leads the circular expansion of the electric field in the rectangular pixel
to an inhomogeneous behavior further effecting the sensor capacitance.
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Figure 4.16: Noise behavior in function of the applied bias voltage for 3D-DDTC sensor
modules on FE-13 chips. Results before irradiation in Fig. 4.16(a) show the expected
noise decrease. Furthermore is a noise offset in the 4E sensor visible which is related to
the shorter electrode distance thus higher sensor capacitance. Noise measurements of
proton irradiated samples from Karlsruhe and CERN in Fig. 4.16(b) show a shot noise
rise caused by the increasing leakage current.

Allirradiated 3D modules in Fig. 4.16(b) show a noise increase in function of the applied bias
voltages. As discussed earlier for the irradiated planar FE-I3 modules show also the irradiated
3D samples a shot noise rise corresponding to the increased leakage current. Also in this case
is the collected radiation dose of about 145 Mrad for the 1-10" neq cm™? irradiated samples
higher than for the 1.6 - 10'° neq cm ™2 irradiated samples with about 81 Mrad. Corresponding
to the higher radiation dose show the 1-10'° neq cm ™2 irradiated samples a higher front-end
noise contribution leading to a higher total noise despite of the lower fluence. On the other
hand is the noise contribution related to the sensor capacitance almost constant due to the
high resistivity of the sensor substrate [122, 106].
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Noise measurements on FE-14 modules

Measurements on bare FE-14 read-out chips showed a strong dependence between the mod-
ule noise and the threshold and feedback current settings [77]. Due to this dependence it is
only possible to compare noise measurements of modules tuned to the same target values.

Planar Pixel Sensors on FE-14

As expected show planar n-in-n and n-in-p modules before irradiation in Fig. 4.17(a) a noise
decrease in function of the bias voltage until they reach the saturation region. The observed
noise decrease between under-depleted and full-depleted FE-14 sensors before irradiation is
in the range of 20e™. For planar IBL single chip modules a threshold tuning to 1600 e~ was
chosen. To investigate the feedback current tuning impact on the module noise settings for
5ToT and 8ToT for an injected charge of 10 ke™ were selected. Following earlier measure-
ments on a bare FE-14 read-out chip decreases the module noise in function of the feedback
current [77]. In case of the tested values in Fig. 4.17(a) the noise decreases by about 25e™
when the gain is changed from 5 ToT to 8 ToT for 10 ke™. Remarkable is the high noise unifor-
mity between the four IBL modules which use sensors fabricated in two different production
batches. Next to the 200 um thick n-in-n modules one 150 um thick n-in-p module was also
tuned to a threshold of 1600 e~ with a feedback current gain of 5 ToT for an injected charge
of 10ke™. The increased sensor capacitance due to the reduced sensor thickness causes a
higher sensor noise compared to the IBL modules.

Measurements on irradiated modules in Fig. 4.17(b) were performed at a temperature of
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Figure 4.17: Noise behavior in function of the applied bias voltage for planar n-in-n and
n-in-p sensor modules using the FE-I4 read-out chip. Measurements before irradiation
in Fig. 4.17(a) show the expected noise decrease for higher voltages. Furthermore is the
noise behavior of modules for different feedback current setting visible. Noise measure-
ments of n-in-n samples irradiated at KIT, CERN PS and JSI in Fig. 4.17(b) show a shot
noise increase at higher voltages. Irradiated n-in-p modules show a stable noise behavior
correlated with the smaller leakage current increase.
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—30°C. In order to avoid introducing further parameters a threshold of 1600 e~ with a feed-
back current gain of 5ToT for an injected charge of 10 ke™ was chosen. Noticeable for the
5-10" neq cm™? irradiated n-in-n modules is the noise increase at voltages approaching the
operation voltage of 1000 V. Independent of the radiation source this increase varies between
20e and 40 e". Looking at the leakage current measurements in Fig. 4.12(b) these results fit
the expected noise increase of 2v/1jea [56]. Based on the simulation the noise consists of the
shot noise contribution as well as the thermal noise contribution caused by the leakage cur-
rent compensation [56]. The low leakage current increase of the 2-10'° neq cm™? irradiated
n-in-p modules in Fig. 4.12(d) on the other hand explain the stable noise behavior of these
samples. A further effect visible in Fig. 4.17(b) is the noise increase caused by the collected

2 neutron irradi-

radiation dose in the front-end chip. As expected show the 510" neq cm™
ated samples with a radiation dose of about 5 Mrad the lowest noise contribution. Based on
radiation studies of bare chips the electronic noise contribution due to neutron irradiation of
the chip is expected to be below 1% thus can be neglected [84]. Looking at the samples irradi-
ated with high energy protons from CERN PS corresponding to a radiation dose of 252 Mrad
a front-end noise increase between 15 % and 30 % is measured. For the n-in-p samples which
collected a radiation dose of about 290 Mrad an noise increase of about 30 % is measured.
For these samples it needs to be pointed out that the sensors are 50 um thinner thus cause in
addition a higher noise contribution due to the sensor capacitance. The exception is sample
CiS-14-n-#14-p-irrad irradiated with low energetic protons which was tested with an early
software version which did not implement all factors necessary for the front-end calibration.
As a result the measured noise of the sample represents an underestimated value which can
not be compared. Due to the high radiation dose of 725 Mrad a front-end noise contribution
exceeding the other values would have been expected.

3D Pixel Sensors on FE-14

Noise measurements on a CNM module before irradiation tuned to a feedback current gain
of 5 ToT for an injected charge of 10 ke™ in Fig. 4.18(a) show a stable noise behavior for volt-
ages higher than 5V. With a depletion voltage below 10V no noise decrease caused by the
variations of the sensor capacitance becomes visible. Tests for threshold values between
1000e™ and 3200 e~ show that the noise distribution stays stable within the tested target
threshold range. The obtained results are in agreement with the measurements shown in
Fig. 4.5(b) for different bias voltages. Furthermore are the results also in agreement with the
measurements concerning the correlation between the noise and threshold on bare FE-14
chips [77]. For the specific tuning configuration used in Fig. 4.18(a) the expected noise de-
crease followed by a noise saturation in function of the applied bias voltage can be seen.
Measurements on irradiated modules in Fig. 4.18(b) were performed at a temperature of
—20°C. A front-end tuning to 1500e~ with a feedback current gain of 8 ToT for an in-
jected charge of 20 ke™ was chosen to avoid the introduction of further parameters. The
5-10" neq cm™? irradiated modules show in the tested voltage range a noise increase below
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Figure 4.18: Noise behavior in function of the applied bias voltage for 3D sensor modules
from CNM and FBK using the FE-14 read-out chip. Measurements on an unirradiated
CNM module in Fig. 4.18(a) show the noise saturation for voltages exceeding the full de-
pletion voltage. Furthermore is the noise behavior of the modules for different threshold
settings with a feedback current gain of 5ToT for an injected charge of 10 ke™ visible.
Noise measurements on FBK and CNM modules irradiated at KIT and JSI in Fig. 4.18(b)
tuned to a threshold of 1500 e~ with a feedback current gain of 8 ToT for an injected
charge of 20 ke™ show a shot noise increase in function of the applied bias voltage.

20e . Looking at the leakage current results in Fig. 4.13(b) and Fig. 4.13(d) the obtained
results fit the expected noise contribution of shot noise and thermal noise from the leak-
age current compensation [56]. The noise decrease at low voltages of the 2-10'° Neq cm ™2
irradiated module promotes a variation of the sensor capacitance in function of the applied
bias voltage. Due to the shallow leakage current increase in Fig. 4.13(b) a shot noise increase
of only few electrons becomes visible at about 80 V. The noise shift of the two FBK mod-
ules is explained by the variation of the collected radiation dose. While the 2- 10" neq cm™2
irradiated module with a dose of 290 Mrad is still close to the expected dose for the chip,
exceeds the 5- 10" Negq cm—? irradiated module with a dose of 725 Mrad more than twice the
design values. The two irradiated CNM modules were tested with an early software version
which did not implement all factors necessary for the front-end calibration. As a result the
measured noise offset of the sample does not represent absolute values which prevents a
comparison between modules.

Diamond Pixel Sensors on FE-14

As expected show noise measurements on unirradiated diamond sensors in Fig. 4.19 the for
diamond sensors typical low noise behavior. The bias voltage increase on the sensor only
leads to a higher electric field in the sensor material but does not change the sensor capac-
itance thus has no effect on the sensor noise. The measurements confirm the expectation
that the sensor noise is independent of the applied bias voltage. Due to the compared to sili-
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con reduced noise it is possible to reach low threshold configurations with diamond modules
down to 800 e™. While the noise in the threshold range between 2500e™ and 1500e™ only
varies by about 20 e™ a stronger increase is visible for the tested lower threshold values. The
variation of the sensor thickness between the tested modules which changes about 250 um
can due to the low sensor noise not be distinguished.
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Figure 4.19: Noise measurements of unirradiated diamond FE-14 modules in function of
the bias voltage. Furthermore is the noise behavior of the modules for different threshold
setting visible.

Noise impact on operation and performance

The performed noise measurements on unirradiated silicon modules implementing a planar-
or a 3D-sensor technology confirm the expected noise behavior in function of the applied
bias voltage. Below the full depletion voltage the noise decreases with the sensor capaci-
tance until a saturation is reached at the full depletion voltage. The shift from the sensor
capacitance to the leakage current as dominating factor of the noise contribution caused by
radiation damage introduces a further factor influencing the sensor noise. While the sen-
sor capacitance is an intrinsic value of the sensor design is the leakage current related to
the temperature. To reduce the noise impact during the sensor operation it is interesting to
use sensors with a low sensor capacitance at low temperatures. Whereas the operation at
low temperatures become important after irradiation. Concerning the sensor capacitance
the 3D design features the advantage of a linear relation between the sensor thickness and
capacitance. Further is the leakage current of the 3D design after irradiation lower than in
the planar design which reduces the cooling necessary to reach the same noise performance.
Diamond sensors on the other hand have due to intrinsic diamond properties a low sensor
capacitance and low leakage current thus before and after irradiation a low sensor noise con-
tribution.

The front-end noise properties show a development towards low threshold operation for the
FE-14 chip down to 800e™ and 1600 e~ for diamond and silicon sensors. The total noise is
expected to be below 200 e™ also after irradiation. The noise increase caused by the collected
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radiation dose also needs to be taken into account during the operation of the experiment.
During the measurements a dose of 725 Mrad was reached at which the operation of the FE-14
chip was still possible. In the experiment it will become necessary to adjust the front-end
settings for an operation at low threshold with an adequate feedback current gain depending
on the fluence while aiming for a low front-end noise contribution. Also the noise occupancy
in the experiment will become relevant to reduce noise hits in the data.

4.2.3 Noise Occupancy-Analysis

The noise occupancy is next to the intrinsic module noise a further important factor for the
determination of the minimum operation threshold. For decreasing threshold settings the
probability increases that noise charge exceeds the threshold and gets considered as hit in-
formation. During the detector operation in the experiment these noise hits increase the
amount of data to read out which could in extreme cases result in data loss. In addition
corrupt the noise hits the collected data which makes it more difficult to analyze the mea-
surements. To reduce the contribution from noisy pixels a noise occupancy threshold of
107> hitspixel '"BC™ ' is used in the current ATLAS pixel detector. Based on this threshold it
is decided if a pixel is noisy and should be masked.

In order to investigate the noise occupancy an external signal with a rate in the range of
9 kHz to 10 kHz was used to trigger the read-out of the modules hit information. As the rate
is much lower than the operation rate in the LHC enough time is provided to process and
read-out the data without influencing the properties of the module. A total amount of one
million trigger was send for each tested condition corresponding to a read-out of 16 consec-
utive level-1 trigger. Based on the amount of triggers send for each operation condition a
sensitivity in the order of 10712 hitspixel 'BC~ could be obtained. As the expected muon
hitrate of about 50- 10" hitspixel 'BC™' is three orders of magnitude smaller than the
sensitivity it is not expected to contribute to the measurements. To process the raw data the
noise occupancy analysis implemented in the Cluster Analysis software described in Sec. 3.7
is used. The number of noisy pixel per module and the mean noise occupancy of the module
are calculated by the software corresponding to Eq. 3.4 and Eq. 3.5 respectively.

To determine the noise occupancy behavior 5- 10" neq cm™? irradiated planar modules shown
in Fig. 4.20 were tested at a bias voltage of 600 V.

In both cases a decrease of the number of noisy pixel can be observed in Fig. 4.20(a) before
it stabilizes at a threshold value of about 2500e™. While the slope for threshold settings
below 2500 e~ indicates a threshold dependence of the number of noisy pixel indicates the
plateau a threshold independent contribution. The effect that the probability of noise charge
exceeding the threshold rises with lower threshold settings explains the threshold dependent
noise contribution. The threshold independent contribution on the other hand could be rep-
resented by a fix number of damaged pixel. The offset between the neutron and the proton
irradiated module is probably related to the variation of the collected dose during the ir-
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Figure 4.20: Noise occupancy measurements on 5- 10" neq cm™2 irradiated planar pixel
modules at a bias voltage of 600 V. The number of noisy pixel in function of the threshold
decrease in Fig. 4.20(a) with the threshold before it stabilizes around 2500 e”. The mean
noise occupancy in Fig. 4.20(b) shows a plateau region beginning at threshold values
between 1500 e~ and 2000 e~ indicating a threshold independent noise contribution.

radiation. Here, the neutron irradiated sample collected a dose of about 5Mrad while the
proton irradiated sample collected a dose of 252 Mrad which is close to the design dose of
the FE-14 chip. Looking at the percentage of noisy pixel per module the 1% line is reached
for threshold values between 1000e™ and 1300e™.

The mean noise occupancy of the modules in Fig. 4.20(b) also show a threshold dependent
part for threshold settings below 2000 e~ with an independent contribution for higher thresh-
old values. Also here is the threshold dependence explained by the Gaussian noise distribu-
tion reducing the probability to exceed the threshold thus creating noise hits in function
of the module threshold. lonizing radiation as candidate for a threshold independent noise
contribution explains the plateau region for threshold values above 2000 e™. As the rate con-
tribution from muons is lower than the sensitivity of the measurements a further source
must be the reason for the increased noise occupancy. A possible explanation is the activity
of the sensor modules them self generating hits in the sensor which would be considered
as noise hits. An example is Ta-182 generated during the neutron irradiation with thermal
neutrons with a half lifetime of three to four months emitting [3-particles.

Measurements performed with irradiated planar and 3D sensor modules showed a similar
noise occupancy increase for threshold values below 1600 e™. An unirradiated bare front-end
chip on the other hand showed a constant noise occupancy corresponding to the measure-
ments sensitivity down to a threshold value of 500 e~ [78]. Based on these results the Planar
Pixel and 3D Pixel collaboration decided to operate the modules at a threshold of 1600e™
and 1500 e~ respectively. The diamond pixel collaboration on the other hand decided to use
a threshold of 1100 e™ to compensate for the smaller charge generated in diamond sensors.
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4.2.4 Photon Source

Measurements with photon sources have been performed with planar and 3D silicon pixel
sensors mounted on FE-I3 and FE-14 read-out chips. The analysis was performed with the
Cluster Analysis program described in Sec. 3.7. If not otherwise indicated only single hit
cluster were used for the analysis. This way the cluster threshold corresponds to the thresh-
old set in the module. In the case of clusters containing more than one hit pixel the module
threshold needs to be exceeded by each pixel. This effect increases the cluster threshold lin-
early with the cluster size thus making it impossible to measure small charges.

To avoid noise triggers caused by noisy channels a masking was applied during the measure-
ment. The increased noise occupancy after irradiation made it impossible to distinguish if
hits are generated by a photon or by noise. As a result measurements with FE-I3 modules
were only possible up to a fluence of 110" neq cm™2.

Measurements on FE-I13 modules were performed at a threshold of 3200e™ with a current
gain of 60 ToT for an injected charge of 20 ke™. For FE-14 modules on the other hand differ-
ent front-end settings were used to look at the module operation at low threshold settings.
The application of photon sources with different photon energies discussed in Sec. 3.5.1
makes it possible to determine calibration curves for FE-I3 and FE-14 modules. The results
for both front-end chips are summarized in Fig. 4.25 following the individual results for the
different sensor technologies.

Planar Pixel Sensors on FE-I3

The results in Fig. 4.21 show the responds of planar n-in-n and n-in-p FE-I3 modules to mea-
surements with varying photon energies and bias voltages. The charge distributions of a
n-in-n module at a bias voltage of 150V in Fig. 4.21(a) correspond to different photon ener-
gies. Noticeable is the overlap of the spectrum of the Am-241 source and the copper roentgen
fluorescent target spectrum. This behavior is explained by the energy emitted by the copper
target which is not high enough to exceed the module threshold. The photons directly emit-
ted by the Am-241 source on the other hand exceed the threshold of the module thus are the
only contribution to the charge distribution. Corresponding become measurements with the
copper roentgen fluorescent target only relevant for threshold settings below 2000 e™. Over-
all show the measured charge distributions the expected shift of the photo peak according
to the emitted photon energy. By comparing the charge of the measured photo peak with
the expected charge it becomes clear that a reduced charge value is measured. The offset
between the two values shown in Fig. 4.25(a) further increases for higher energies.

Photon source measurements of an unirradiated planar n-in-p module with an Am-241 source
in Fig. 4.21(b) show the influence of the bias voltage on the sensor responds. As expected
does the charge distribution not change after exceeding the full depletion voltage between
50V and 100 V. For values below the full depletion voltage the number of hits with energies
below the photo peak increases. This behavior is related to the reduced space charge region
in case of an under-depleted sensor. While the space charge region shrinks it increases the
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Figure 4.21: Photon source measurements of unirradiated planar n-in-n and n-in-p pixel
sensor modules on FE-I3 read-out chips. The charge distributions in Fig. 4.21(a) corre-
spond to measurements with photon energies ranging from 8 keV to 60 keV for a n-in-n
module at 150 V. The sensor response to an Am-241 source in Fig. 4.21(b) shows the
influence of the bias voltage on the charge distribution measured with a n-in-p module.

probability that photo electrons move out of the active sensor area. As a result only a part
of the deposited energy can be measured thus an increased contribution to the spectrum at
lower energies appears. Similar to the n-in-n module also a reduced charge than the expected
photon energy is measured.

3D Pixel Sensors on FE-I3

Results of photon source measurements with an Am-241 source on irradiated 3D sensor mod-
ules using the 2E-, 3E- and 4E column design are shown in Fig. 4.22. The modules were irra-
diated with low energy protons to a fluence of 1-10" neq cm™2. The corresponding charge
distributions for the 2E-, 3E- and 4E sensors are shown separately in Fig. 4.22(a), Fig. 4.22(b)
and Fig. 4.22(c). The distribution of the photo peak in Fig. 4.22(d) shows a similar charge in-
crease for the 2E- and 3E sensors while the increase is less strong in the 4E sensor. This effect
is related to the mean free path of the electrons and holes in silicon after irradiation. In case
of the 2E- and 3E sensor the minimum electrode distance is about 103 um and 71 um respec-
tively. The mean free path of 110" neq cm™2 proton irradiated silicon with about 100 pm is
in the same range as the electrode distance [57]. On the other hand is the mean free path
about twice as long as the electrode distance of the 4E sensor. As a result is the probability
of charge trapping in the 2E- and 3E-type sensor higher than in the 4E-type sensor. In case
of the 4E sensor only the maximum electrode distance reaches the length of the mean free
path thus shows the sensor only small charge trapping effects. The same effect contributes
partially to the offset of the photo peak between the 2E- and the 3E-type as the minimum
electrode distance is still below the mean free path length. In addition is the electric field
due to the shorter electrode distance in the 3E sensor stronger than in the 2E sensor.
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Figure 4.22: Photon source measurements of 3D pixel sensor modules on FE-13 read-
out chips irradiated with protons to a fluence of 1-10" neq cm™2 at KIT. The individ-
ual charge distributions for the 2E-, 3E- and 4E-column type are shown in Fig. 4.22(a),
Fig. 4.22(b), Fig. 4.22(c) respectively. The behavior of the photo peak in function of the
applied bias voltage in Fig. 4.22(d) shows a saturation for high bias voltages and the
influence of the column distance.

Planar Pixel Sensors on FE-14

The sensor responds of unirradiated planar modules on FE-14 read-out chips to photon sources
is shown in Fig. 4.23. The influence of the threshold on the charge spectrum is shown in
Fig. 4.23(a) for a n-in-n sensor module. The measured photo peak of the charge distributions
corresponds to the expected value of an Am-241 source. Also noticeable is the noise increase
for threshold settings below 2000 e™. The charge distribution in Fig. 4.23(b) shows the sensor
responds of a n-in-p modules to different photon energies. The measured photon energies
correspond to the expected values emitted by the photon source. A more detailed discussion
of the relation between photon energy and measured energy in FE-14 modules follows later
(see Fig. 4.25(b)).
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Figure 4.23: Photon source measurements of unirradiated planar n-in-n and n-in-p sen-
sor modules on FE-14 read-out chips. Measurements in Fig. 4.23(a) show the sensor
response to an Am-241 source for a n-in-n module in function of the module threshold.
The charge distributions in Fig. 4.23(b) show the sensor responds to different photon
energies measured with a n-in-p module at a threshold of 3200e™.

3D Pixel Sensors on FE-14
Photon source measurements of 3D modules using sensors fabricated by CNM and FBK are
shown in Fig. 4.24. The responds of an unirradiated 3D pixel sensor from CNM for different

threshold settings in Fig. 4.24(a) confirms the results obtained with planar sensors. Also

here the photo peak corresponds to the expected charge of an Am-241 source. In case of
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Figure 4.24: Photon source measurements with an Am-241 source of unirradiated
3D sensor modules on FE-14 read-out chips. Measurements of the CNM module in
Fig. 4.24(a) shows the sensor response for different threshold settings at a bias voltage
of 20 V. The sensor response of the FBK module in Fig. 4.24(b) shows the influence of
the bias voltage considering only double hit cluster.
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the FBK module in Fig. 4.24(b) the influence of the bias voltage on the sensor responds is
shown for double hit clusters. With a module threshold of 1500 e™ the total cluster threshold
corresponds to 3000 e~ . This means that the charge collected in both cluster hits and the total
cluster exceeded the module threshold and the cluster threshold respectively. As a result hits
introducing a signal below the cluster threshold are excluded from the analysis preventing
the contribution of noise hits. The remaining Am-241 photo peak and the high energetic part
of the Compton spectrum behave uniform in the tested bias voltage range.

Calibration results for FE-I3 and FE-14 modules

The calibration curves in Fig. 4.25 show the measured photo peak charge of unirradiated
FE-I3 and FE-14 modules in function of the injected photon energy. In case of the FE-I13 mod-
ules in Fig. 4.25(a) the divergence between the expected and measured value increases for
higher charges. This behavior is related to the applied tuning method using only the small
injection capacitance. Due to this effect measurements with charged particles are expected
to underestimate the injected charge.

20
18
16
14

20
18
16
14

+5ToT at 10ke™

#8Tol at 10 ke™
* CiS-14-n-#03
- CiS-14-n-#05

e
- CiS-I3-n-#1
-+ CiS-13-p-#2

measured photo peak [ke™]
measured photo peak [ke™]

E E E| = CiS-14-n-#07 E

12 F 3 12 | & HPK-14-p-#1 t E
10 F 3 10 F E
5 F E 5 F 1 3
6 F E 6 F 1 E
4 = 4 =
E E E Tl E

2 B = 2B =
0 BO i e L 1 0 BO e e e L
0 2 4 6 8 0 12 14 16 18 20 0 2 4 6 8 0 12 14 16 18 20
injected photon energy [ke™] injected photon energy [ke™]

(a) FE-13 modules (b) FE-14 modules

Figure 4.25: Calibration curves for unirradiated FE-13 and FE-I4 silicon modules. The
tested FE-I3 modules in Fig. 4.25(a) show an increasing deviation between the mea-
sured and expected charge value for higher charges. The results for FE-I4 modules in
Fig. 4.25(b) show a good correlation between the expected and the measured value at a
threshold of 1600 e~ and different feedback current settings.

For FE-14 modules in Fig. 4.25(b) on the other hand a correlation between the injected and
measured charge is visible. Both tested feedback current configurations lead to uniform re-
sults for the tested planar n-in-n modules. The planar n-in-p module on the other hand shows
an overestimated value at 12 ke™. The tested charge range is below charge values expected
for unirradiated sensors. Nevertheless it is assumed that the correlation is also present for
higher values. On the other hand covers the tested range the charge range expected for irra-
diated sensors. This information will help to interpret the collected charge after irradiation.
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4.2.5 Electron Source

The charge distribution related to the interaction of charged particles with the sensor ma-
terial is described by a Landau-distribution. For measurements with a collimated electron
source the angle of the incident particles usually varies up to a certain degree changing the
path length through the sensor. To take this effect into consideration the Landau-distribution
is convoluted with a Gaussian forming the so-called LanGau distribution. The most prob-
able charge deposited in the material is then defined by the most probable value of the
Landau-distribution. Source measurements with electrons provide the possibility to mea-
sure the charge distribution and to compare charge collection properties of different sensor
technologies.
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Figure 4.26: Electron source measurement results for unirradiated planar sensor modules
on FE-I3 read-out chips. The charge distribution shown in Fig. 4.26(a) corresponds to
single hit clusters including the LanGau fit. The impact of the cluster size on the charge
distribution in Fig. 4.26(b) increases with bigger clusters.

Measurements of unirradiated planar and 3D sensors on FE-13 read-out chips in Fig. 4.26 and
Fig. 4.27 show typical results of electron source measurements. The Cluster Analysis soft-
ware described in Sec. 3.7 implements the necessary functions for the analysis. The LanGau
fit function in Fig. 4.26(a) is used to determine the most probable charge value of the mea-
sured charge distribution [116]. Parameter as the cluster size in Fig. 4.26(b) or the operation
voltage in Fig. 4.27(a) influence the charge distribution. In case of the cluster size the most
probable charge shifts towards higher values with increasing cluster size. This behavior is
favored by charge sharing between read-out cells. In the case that the charge in a neigh-
boring pixel stays below the threshold this pixel is not read out thus not available for the
analysis. As a consequence does the cluster size not increase and the charge in the neighbor-
ing pixel is not added to the total cluster charge. Corresponding show clusters containing
more pixel a higher charge as less charge is lost to neighboring pixel. A further effect is that
delta electrons tend to move perpendicular to the incident particle. As a result the additional
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Figure 4.27: Electron source measurement results for unirradiated 3D sensor modules
on FE-13 read-out chips. The influence of the bias voltage on the charge distribution in
Fig. 4.27(a) shows an increase with higher bias voltages until the sensor is fully depleted.
The hit map in Fig. 4.27(b) shows the beam spot corresponding to the collimated source.

charge introduced by the delta electron then further increases the cluster charge. Looking
at the cluster size distribution about 90 % off all cluster contain one or two pixel while the
distribution of the remaining 10 % rapidly decreases for higher cluster sizes. In order to reach
sufficiently high statistic for the analysis a default value of one million trigger was chosen
per measurement step corresponding to a measurement time of about 2 h per step. Looking
at the charge collection in function of the bias voltage in Fig. 4.27(a) an increase of the most
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Figure 4.28: Electron source measurement results for unirradiated sensor modules on
FE-14 read-out chips. The influence of the bias voltage on the collected charge in
Fig. 4.28(a) shows an increase with the bias voltage until the 150 pm thick sensor is fully
depleted. The results for different threshold settings in Fig. 4.28(b) show similar behavior
in a 230 um thick 3D sensor.
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probable charge appears corresponding to the depletion width of the sensor. The hit map in
Fig. 4.27(b) confirms the correlation between the measurements and the collimated beam.

The charge distributions in Fig. 4.28 correspond to unirradiated modules using the FE-14 read-
out chips. Due to the reduced number of ToT-counter in the FE-14 read-out chip a charge
resolution of 2000 e~ and 1000 e~ is chosen for single and double hit cluster receptively. The
bias voltage scan in Fig. 4.28(a) shows the charge increase up to the full depletion voltage at
about 50 V. For double hit cluster in Fig. 4.28(b) an increased charge resolution becomes pos-
sible. The results confirm that the charge collection is independent of the threshold setting.
As the collected charge decreases after irradiation it becomes more difficult to chose the cor-
rect resolution. In order to cope with this effect in FE-14 modules the charge corresponding
to the ToT showing the most entries is used instead of the most probable charge value from
the fit.

Measurements of FE-13 modules

While measurements of unirradiated FE-13 modules were performed at an air temperature of
20 °C was the temperature for irradiated modules set to —20 °C. The relative humidity in the
test environment is reduced to a value below 3 % to avoid condensation at low temperatures.

Planar Pixel Sensors on FE-I3

Next to the bulk materials used to fabricate the planar sensor types for the FE-I3 read-out
chips is the sensor thickness the most relevant parameter affecting the properties of the de-
signs. Due to the thickness variation from 250 um to 285 pm for the n-in-n and n-in-p design
respectively an about 14 % higher charge is expected in n-in-p modules. Results for both de-
signs in Fig. 4.29 show the most probable charge value for single hit clusters before and after
irradiation in function of the applied bias voltage. As expected show the unirradiated n-in-p
modules in Fig. 4.29(a) due to the increased thickness a higher charge collection than the
n-in-n modules. Comparing the measured and the expected charge for both sensor designs
shows that about 5000e™ less than expected are measured. Extrapolating the calibration
results in Fig. 4.25(a) to the expected values shows that the observed offset correlates with
the calibration offset. Therefore the offset between measured and expected charge can be
mainly attributed to the miscalibration of the charge in FE-13 modules. A further effect is the
charge loss due to charge sharing related to the analysis of single hit clusters. An analysis
of the n-in-p sensor measurements considering all cluster sizes showed as expected an in-
creased most probable charge of 19 ke™ [95]. Also noticeable is the variation of the collected
charge between the designs for voltages below 100 V. Similar behavior was already observed
in Fig. 4.15(a) while analyzing the noise properties. As for the noise is the charge variation
related to the formation of the depletion zone in the devices. As the unirradiated sensors
will be operated above the depletion voltage are the charge collection properties below full
depletion not relevant for the sensor operation.
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Figure 4.29: Electron source measurements of planar n-in-n and n-in-p silicon sensors on
FE-I3 read-out chips using single hit clusters. The charge collection offset in Fig. 4.29(a)
is related to the thickness variation of the sensor material. The increase of the charge
distribution in Fig. 4.29(b) shows the influence of the bias voltage on the charge collec-
tion after irradiation.

Despite of the fluence of 1- 10" neq cm™2 and the temperature was it still possible to operate
the proton irradiated n-in-p module in Fig. 4.29(b) up to 700 V. The charge distributions in
function of the bias voltage show an increase of the most probable charge. Assuming a simi-
lar calibration offset observed for unirradiated modules in Fig. 4.25(a) a most probable value
of about 16 ke™ would be expected at 700 V. This result could be even further increased by
applying a higher bias voltage. Measurements on samples irradiated in different irradiation
campaigns confirmed the successful operation of the n-in-p sensor design at higher fluences
up to 10- 10" Negq cm 2 [95, 98]. For sensors using the n-in-n design the even operation at a
fluence of 2- 10 Neq cm 2 has been demonstrated [119].

3D Sensors on FE-I3

A selection of 3D silicon sensors in Fig. 4.30 using two, three and four read-out columns
per pixel was tested on FE-13 read-out chips before and after irradiation. Measurements of
unirradiated modules using the 2E400 and 4E400 design in Fig. 4.30(a) show a similar charge
collection after full depletion. These results confirm the expectations as only the electrode
distance changes while the sensor thickness is kept at 200 um. Due to the expanded electrode
distance in the 2E design a higher bias voltage is necessary to reach full depletion. Corre-
sponding to this behavior increases the collected charge over a wider voltage range before it
reaches the saturation region. Comparing the measured and the expected charge reveals a
charge loss of about 3000 e™. Similar to the planar modules discussed earlier is this behavior
explained by the charge calibration in Fig. 4.25(a) and charge sharing between neighboring
pixels.

As mentioned during the discussion of photon source measurements shown in Fig. 4.22 be-
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Figure 4.30: Electron source measurements of 3D silicon sensors on FE-13 read-out chips
using single hit clusters. The charge collection in Fig. 4.30(a) before irradiation shows
uniform behavior after full depletion independent of the number of read-out columns.
Results after irradiation up to 1.6- 10" neq cm™2 in Fig. 4.30(b) show the charge collec-
tion in function of the bias voltage.

comes the electrode distance relevant for the charge collection after irradiation. As expected
show both batches of irradiated samples in Fig. 4.30(b) a charge collection increase with
increasing number of read-out electrodes. As discussed earlier is this effect related to the
mean free path after irradiation. In case of the 4E400 modules was argued that the length

2 would be still in the range of

of the mean free path after irradiation up to 110" neq cm™
the electrode distance thus full charge collection should be possible. The fact that this is not
the case for the electron source measurements is related to the column overlap in the sensor.
While the overlap region is expected to show full charge collection this is not the case for
the regions on top and bottom of the sensor where the electrode distance is longer than the
mean free path. Corresponding to the geometrical configuration of the DDTC 3D sensor is
a part of the deposited charge in the top and bottom region lost. The same effects can be
also observed in the 1.6 10" neq cm™2 proton irradiated sample. Due to the higher fluence
the mean free path is further decreased even reaching the maximum electrode distance of
the 4E400 sensors. As a result is the collected charge further reduced compared to the lower
irradiated sensors. The higher charge collection caused by the shorter electrode distance in
the 4E400 design is compensated by an increased operation voltage of the 3E400 design. In
case of the 1-10™ Neq cm~2 irradiated 3E sensor the combination of electrode distance and
maximum bias voltage seem to be especially advantageous as it exceeds the charge collection

of the other design even after a fluence of 1.6 10" neq cm™2.

Measurements of FE-14 modules
For the analysis of charge measurements with FE-14 modules the charge corresponding to
the peak ToT-value is considered as the most probable value. The error bars are used to
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indicate the charge resolution of the FE-14 chip. Due to the non-linearity of the calibration a
higher charge resolution is possible for lower charge values. As the resolution varies between
1000 e~ and 4000 e~ it is not possible to determine small variations of the signal. Nevertheless
is it still possible to see the general charge development of a module.

Measurements of unirradiated FE-14 modules were performed at an air temperature of 20 °C.
While irradiated 3D modules were measured at —20 °C, was the temperature decreased to
—30 °C for irradiated planar modules. Following the discussion in Sec. 4.2.1 corresponds this
to a sensor temperature in the range of —25°C to —23 °C for irradiated planar modules and
—16°C to —15 °C for irradiated 3D modules. All measurements were performed at a relative
humidity below 3 %.

Planar Pixel Sensors on FE-14

Charge collection measurements with an electron source of planar n-in-n and n-in-p modules
on FE-I4 read-out chips are shown in Fig. 4.31 before and after irradiation. For all electron
source measurements with planar modules a front-end tuning with a threshold of 1600 e™
and a feedback current gain of 5 ToT for 10 ke™ is used.
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Figure 4.31: Electron source measurements of planar n-in-n and n-in-p silicon sensors
on FE-14 read-out chips using single hit clusters. Before irradiation in Fig. 4.31(a) the
collected charge stays stable within two ToT-bins. After irradiation in Fig. 4.31(b) the
collected charge increases in function of the bias voltage.

In case of the unirradiated modules in Fig. 4.31(a) the collected charge stays within one or
two ToT-bins. Despite of the low charge resolution is it possible to distinguish variations
depending on the sensor thickness. The 150 um thick n-in-p sensors show a stable charge
collection in the expected charge range. The 200 um thick n-in-n sensors show a charge in-
crease at about 50V which fits the full depletion voltage. While one of the modules shows
an early breakdown below the full depletion stays another sample even above full depletion
below the expected charge. Looking at the individual ToT-distributions shows only a small
charge offset between the samples. A similar behavior is observed for the 250 pm thick n-in-n
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sensor which underestimates the expected charge due to the same effect.

Sets of two modules have been irradiated in the KIT, JSI and the CERN PS irradiation facil-
ities. The n-in-p modules irradiated at KIT reached a fluence of 2 10" neq cm™2 while the
n-in-n modules irradiated at JSI and CERN PS reached up to 5-10" Negq cm 2. The charge
collection results obtained for these modules are shown in Fig. 4.31(b). While the two mod-
ules irradiated at CERN show similar charge properties in the tested bias voltage range a
variation is visible between the neutron irradiated modules. This behavior is explained by
the thickness variation between the two sensors. At an operation voltage of 1000 V foreseen
in the IBL the CERN PS and JSI irradiated modules show a charge in the range of 8 ke™ to
10 ke™. The irradiated n-in-p modules on the other hand seem to reach a charge saturation
at about 400 V while the charge in one of them still moves up to the next ToT-bin. The col-
lected charge at an operation voltage of 1000 V is close to 12 ke™ which corresponds to results
obtained before irradiation.

3D Pixel Sensors on FE-14

Most probable charge distributions of the 3D silicon sensor designs from FBK and CNM
on FE-14 read-out chips are shown in Fig. 4.32 before and after irradiation. For all electron
source measurements with 3D modules a front-end tuning with a threshold of 1500e™ and
a feedback current gain of 8 ToT for 20 ke™ is used.
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Figure 4.32: Electron source measurements of 3D silicon sensors modules on FE-14 read-
out chips using single hit clusters. Before irradiation in Fig. 4.32(a) the collected charge
stays stable within two ToT-bins. After irradiation in Fig. 4.32(b) the collected charge
increases in function of the bias voltages.

The unirradiated FBK module in Fig. 4.32(a) shows a stable charge collection over the tested
bias voltage range. The CNM modules on the other hand show a charge shift to the next
ToT-bin. The late charge increase observed for CNM-14-2E#1 is explained by the missing
offset calibration which was not available at the time of the measurement. Corresponding
is the measured charge underestimating the expected value. Comparing the measured and
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the expected charge shows that the measured charge of all modules is below the expected
value. As the expected value is close to the next ToT-bin this behavior can be explained with
variations in the calibration. Unfortunately were the applied front-end settings not tested
with a photon source as the ones shown in Fig. 4.25(b).

Modules using 3D sensors have been irradiated up to 5- 10 neq cm™? at the JSland CERN PS
irradiation facilities. The charge collection results after irradiation are shown in Fig. 4.32(b).
The two neutron irradiated CNM modules show a similar charge collection between 5 ke™
to 7ke™ at a bias voltage of 200 V. The proton irradiated FBK module shows a slightly higher
charge collection in the range of 6 ke™ to 8 ke™ at 150 V.

Electron source measurement impact on operation and performance

Electron source measurement of planar and 3D silicon sensor technologies on FE-13 and FE-14
read-out chips are summarized in Tab. 4.1. The different operation conditions of the sen-
sor modules make it difficult to compare the obtained results. Nevertheless are the results
in Tab. 4.1 useful to identify the operation conditions for the different sensor technologies.
These conditions might become later challenging points for the operation in an experiment.

technology bias voltage temperature fluence threshold collected charge
FE-13

planar n-in-p 700V —20°C 1:10° nggem™2  3200e™ 13ke™

3D FBK 100V —20°C 1-10"® neggecm™2  3200e™ 12ke™
FE-14

planar n-in-n 1000 V —30°C  5:10®negecm 2 1600e™ 9ke™

planar n-in-p 1000 V —30°C 2:10° nggcm™2 1600 e~ 12ke™

3D FBK 150V —20°C  5:10®negecm™2 1500~ 7ke™

3D CNM 150 V —20°C 5-10” nggcm™2 1500 e~ 6ke™

Table 4.1: Summary of electron source measurement results for planar and 3D silicon
sensor technologies using FE-I13 and FE-14 read-out chips.

Noticeable for the three IBL sensor designs is that the charge collection of all designs exceeds
the chosen threshold settings by more than four times. In case of the planar sensor design
the high bias voltage and low temperature are the two main issues for the operation after
irradiation. With a collected charge of about 9 ke™ at 1000V a sufficient high charge offset
to the threshold is available to register even smaller charges. For the 3D sensor design on the
other hand the high leakage current restricting the maximum operation voltage limits the
charge collection properties. This behavior might improve during the operation in the ATLAS
Experiment as the modules will be operated at a lower temperature which will decrease the
leakage current compared to the measurements. The reduced leakage current would then
promote a higher operation voltage further increasing the charge collection.
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Diamond Pixel Sensors

Charge collection measurements with an electron source have been also performed with sin-
gle and poly-crystal diamond sensors using FE-13 and FE-14 read-out chips. Measurement
results of both crystal types are shown in Fig. 4.33. The measurements were performed at
20°C in a dry air environment.
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Figure 4.33: Electron source measurements of diamond sensors on FE-I3 and FE-14 read-
out chips. The charge collection of single-crystal sensors before and after irradiation
on FE-I3 chips in Fig. 4.33(a) illustrates the charge decrease after pion irradiation to
1:10" neq cm™2. Charge collection measurements of a poly-crystal diamond sensor on
a FE-14 chip tuned to a threshold of 1000e™ in Fig. 4.33(b) shows a charge collection
distance of about 140 pm in the saturation region.

The charge collection measurements of single-crystal diamond sensors before irradiation in
Fig. 4.33(a) show a saturation for bias voltages above 200 V. Due to a shift in the cluster size
distribution from single hit towards double hit clusters it was decided to use all cluster sizes
for the analysis. The shift in the cluster size distribution is correlated to the increased sensor
thickness. With higher thickness increases the possibility of charge sharing due to the pen-
etration angle and multiple scattering thus the number of clusters with more hit pixel also
increases. The obtained results for single-crystal diamond sensors correspond to a charge
collection distance between 440 um and 470 um assuming a charge generation of 36e~ pm™'.
Comparing these results to the expected charge collection a charge loss of about 3ke™ is
observed. It is not possible that the charge loss corresponds entirely to the miscalibration
observed for single hit clusters in Fig. 4.25(a) as all cluster sizes are used for the analysis.
During the investigation of this charge loss it was found out that the graphitization process
prior to the electrode deposition was changed and the reason for this behavior. Next to the
observed charge loss a temporal component was also discovered which further increased the
charge loss over time. During the ongoing investigation were two modules irradiated at PSI
with pions to a fluence of 1-10™ Neq cm™2. Measurements after irradiation in Fig. 4.33(a)
show a most probable charge value of about 4ke™ at a bias voltages of 800 V. Compared to
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the expected value for the collected charge the results correspond to a charge loss of more
than 50 %. It is assumed that this charge loss is related to the fabrication process of the
electrodes. This assumption is confirmed by modules from the same production mounted
on FE-I4 read-out chips using a revised graphitization process and irradiated with protons.
Source measurements with these modules did no show the charge loss observed with the
FE-I3 modules [56]. The next research step with these modules is the removal of the read-
out chip to form pad or strip detectors in order to confirm that the observed charge loss is
related to the graphitization process.

Source measurements of an unirradiated poly-crystal diamond modules for the DBM project
are shown in Fig. 4.33(b) for a bias voltage up to 600 V. While a small charge increase can
be observed between 100V and 200V a saturation region is reached above this bias voltage.
The corresponding charge collection distance is about 140 um. In order to determine a suit-
able threshold configuration for the operation of the diamond modules the measurement has
been performed for different threshold settings. The tested threshold range between 800 e™
and 2500 e~ showed comparable charge collection properties. As the operation range is re-
duced for high threshold settings but also the noise occupancy increases for low threshold
settings a threshold configuration of 1100 e™ is considered as a compromise for the operation
of diamond modules used in the DBM.

4.2.6 Test-Beam

Several modules have been tested before and after irradiation with charged particles from a
test-beam in order to study further sensor properties as the charge collection and the effi-
ciency within the pixel region or at the edge of the sensor. Measurements with FE-I3 modules
oriented towards the general sensor characterization for future sensor applications. Modules
using the FE-14 read-out chip with planar n-in-n and 3D sensors focus on the module char-
acterization for the IBL performance review and performance studies for the IBL.

FE-I3 test beam results

Measurements of the planar FE-13 modules have been performed up to 1-10'® neq cm™2

and
2-10" neq cm™2 for the planar n-in-p and n-in-n sensor designs respectively. Bias voltage
scans on irradiated sensors show a linear charge increase which flattens out for high flu-
ences. While the bias range for measurements on the n-in-p design reached up to 1000V,
this limit was pushed to 1500V during the measurement of the 2-10'® neq cm™2 irradiated
modules. For both sensor designs a decreased efficiency has been observed within the pixel
region at the position of the punch-through dot which is not connected to the pixel implant.
Overall a hit efficiency in the planar n-in-n design of 98.8 % and 95.4 % has been determined
for fluences of 5- 10" negg cm™2 and 1-10'® neq cm™? with perpendicular incident angle. The
hit efficiency of 98.6 % and 97.2 % obtained with planar n-in-p modules confirms a similar ef-
ficiency behavior for both sensor technologies after irradiation [112,98]. Both sensor designs
showed based on the obtained results that they are possible candidates for the implementa-
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tion in future sensor applications of the ATLAS Experiment and other HEP experiments.

Test-beam measurements on the DDTC 3D modules from FBK fitting the FE-13 read-out chip
were performed up to fluences of 10 neq cm™2. Additional measurements have been per-
formed in an electric field of 1.6 T to simulate the conditions created by the solenoid field in
the ATLAS Inner Detector. Efficiency studies on modules before irradiation showed regions
of inefficiency at the position of the ohmic and the read-out columns. This effect is related
to the perpendicular incident angle of the particle. Further studies showed that these in-
efficient regions disappear for small variations of the incident angle in the order of 5° and
10°. Tests on proton and neutron irradiated 3E400 3D modules have been performed at a
perpendicular incident angle and at 15°. As expected is the shape of the columns visible for
measurements with perpendicular incident angle. After tilting the sensor the shape of the
column is less dominant as the particles only partially penetrate the inactive column region.
This result also corresponds to an efficiency change from 97.6 % to 98.1% for the neutron
irradiated modules and 99.0 % to 99.9 % for the proton irradiated module [123, 124]. The re-
duced charge collection observed after irradiation is related to the partial column overlap in
the sensor design. This effect promotes the implementation of a higher column overlap in
future 3D sensor designs as it is used in the ’full 3D’ and ’partial through’ design proposed
for the IBL modules.

FE-14 test beam results

The planar n-in-p pixel sensor from HPK were irradiated up to 2- 10" neq cm™2 to determine
the performance of the implemented bias and pixel isolation structures. Efficiency studies
after irradiation concentrating on the center region of the pixel showed an efficiency of about
99 %. Considering the entire pixel region the efficiency decreased to 95.6 % for the design us-
ing the poly silicon bias resist with a common p-stop and 94.2 % for the design connected to
the punch-through dot and the individual p-stop. While inefficient regions of the first design
are mainly at the corners close to the bias grid are the inefficient regions of the later design
in all corners visible. As the design using the individual p-stop shows inefficient regions in
all corners this effect indicates a relation to the applied isolation technique. The further ex-
tension of the punch-through dot compared to the bias resist leads in addition to a wider
inefficient region at the edge close to the bias grid [92, 91]. Nevertheless to the low efficiency
regions show the sensors an overall good efficiency. The tests of different isolation and bias
techniques is leading to an advanced pixel sensor design suitable for applications in future
experiments.

Planar and 3D silicon sensor technologies for the IBL have been characterized during test-
beam measurements performed at CERN and DESY. In total 17 test-beam periods dedicated
to either one of the sensor technologies or to the IBL module characterization took place
between 2011 and 2012. The test-beam runs used for the sensor characterization in this
work are summarized in Tab. A.2. The modules were mainly irradiated up to a fluence of
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5-10" neq cm™2 as this is the maximum fluence defined for the IBL sensor qualification.
The charge measurements performed during the test-beam use only the ToT-values and not
the converted charge as the ToT-to-charge calibration data is not available for most of the
measurements.
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Figure 4.34: Charge collection properties within a single pixel for planar and 3D sensors.
The planar results in Fig. 4.34(a) show an unirradiated module (top) at a perpendicu-
lar incident angle and two 5-10'° neq cm ™2 irradiated modules. The neutron irradiated
(JSI) module (center) is also at a perpendicular incident angle while the proton irradi-
ated (CERN PS) module (bottom) is set to an incident angle of 15°. The 3D modules
in Fig. 4.34(b) are all set to a perpendicular incident angle. The FBK module (top) and
the CNM module (center) are unirradiated while the CNM module (bottom) is neutron
irradiated (JSI) to a fluence of 5- 10" Neq cm 2.

The accuracy of about 4pum provided by the telescope makes it possible to reconstruct the
path of a particle through the sensor. With this information a characterization within the
pixel cell can be used to identify regions with varying charge collection properties. The re-
sults in Fig. 4.34 show examples of these variations for planar and 3D modules. The planar
results in Fig. 4.34(a) show an unirradiated (top) as well as a neutron (JSI) (center) and a
proton (CERN PS) (bottom) irradiated module. For the unirradiated module a bias voltage
of 100V was used while both irradiated modules were operated at 1000 V. The unirradiated
module as well as the neutron irradiated module show the position of the punch-through
dot on the right side of the pixel. The proton irradiated module is oriented with an angle of
15° to the beam corresponding to the inclination of the modules in the IBL. This inclination
distorts the shape of the punch-through dot to a region with reduced charge collection at
the short pixel edge. While the charge collection of the proton irradiated sample is bigger
on the inside of the pixel cell an increased charge collection is observed at the border of the
neutron irradiated sample. This effect is also explained by the variation of the incident an-
gle for the measurements. In case of the unirradiated 3D modules in Fig. 4.34(b) the region
with higher charge collection can be found between the p-doped columns at the pixel edge.
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Comparing the FBK module (top) with the CNM module (center) reveals a strong variation
of the charge collection within the pixel cell of the CNM module. For the neutron irradiated
CNM module (bottom) operated at a bias voltage of 160V is the increased charge collection
region shifted to form a circular structure around the read-out columns. Due to the different
module configurations used during the measurements it is not possible to compare the re-
sults obtained for different modules. Nevertheless exceeds the collected charge in the pixel
region even after irradiation for all modules the threshold settings by several ToT.

The spatial resolution of FE-14 sensors is expected to be at about 72 um for the long and 14 um
for the short pixel direction assuming that the spatial resolution corresponds to about 1/+/12
of the pitch [40]. The residual analysis for planar and 3D sensors shown in Fig. 4.35 and
Fig. 4.36 confirms this assumption. It also shows that the resolution does not significantly
decrease after irradiation to a fluence of 5- 10" neq cm™2. In case of the planar sensors the
residual distribution of the unirradiated and the neutron irradiated module corresponds to
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Figure 4.35: Residual of planar pixel sensor modules. While the two figures in the top
row show the residuals for single hit clusters in the short and long pixel direction show
the two figures in the bottom row the results for double hit clusters.
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Figure 4.36: Residual of 3D pixel sensor modules. While the two figures in the top row
show the residuals for single hit clusters in the short and long pixel direction show the
two figures in the bottom row the results for double hit clusters.

each other. Only a decrease of the core fraction in Fig. 4.35(c) indicates a reduced amount of
well reconstructed hits along the long pixel direction. Nevertheless does this behavior not af-
fect the residual. Similar residual distributions are shown for 3D sensor modules in Fig. 4.36
comparing unirradiated modules with neutron (JSI) and proton (KIT) irradiated modules.
Noticeable is a reduction of the distribution within the pixel region after irradiation corre-
sponding to the columns position in the pixel. Similar to the planar results is a decrease of
the core fraction in Fig. 4.36(c) visible. In case of the neutron irradiated module this effect
becomes so strong that the resolution decreases up to 23.0 um. The proton irradiated module
however does not show a significant residual increase compared to the unirradiated modules.

The edge efficiency analysis of planar pixel sensors in Fig. 4.37 focuses on the characteriza-
tion of the slim edge design proposed for the planar sensor design used in the IBL upgrade.
For the 3D sensor designs implementing the guard fence technique the analysis is focusing
on the spread of the electric field at the sensor edge.
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The results in Fig. 4.37(a) show the efficiency increase at the edge of an irradiated planar
silicon sensor for different bias voltages. For a bias voltage of 400V the edge efficiency of
the 500 pm long edge pixel stays below 40 %. Increasing the bias voltage up to 800V shows a
flatter efficiency profile with a small slope towards the pixel edge. At a bias voltage of 1000 V
the slope flattens out and the edge efficiency spreads over the entire edge pixel. As the ob-
tained results correspond to a 250 pm thick sensor a further efficiency increase is expected for
200 um thick sensors which are used for the IBL upgrade. The results also show that the slim
edge design is a viable option to reduce the inactive edge of a planar silicon n-in-n sensor. In
the case of the planar IBL sensor design this increases the active sensor area by 250 pm on
both sides. In total this reduces the inactive sensor edge to about 200 pm consisting of 90 pm
safety margin and about 110 pm of guard ring structure which is not overlapping with the
pixel structure.
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Figure 4.37: Edge efficiency profile of planar and 3D silicon sensors. The evolution of the
edge efficiency with bias voltage is given in Fig. 4.37(a) for a neutron irradiated planar
n-in-n sensor at an incident angle of 15°. In case of the 3D sensors in Fig. 4.37(b) results
are shown for both sensor designs at different fluences and incident angles.

For 3D sensors the edge efficiency in Fig. 4.37(b) spreads up to the pixel edge defined by
the p-doped edge columns. The guard fence structure surrounding the sensor suppresses
the formation of an electric field which is necessary to avoid short circuits with the sensor
edge but also prevents charge collection outside the pixel matrix. The unirradiated CNM
module as well as the 2-10" Neq cm™2 proton irradiated FBK module in Fig. 4.37(b) (top)
and (center) show uniform efficiency up to the pixel edge. This behavior is also visible for
the 5-10" Negq cm~2 neutron irradiated CNM module Fig. 4.37(b) (bottom) with the differ-
ence that a reduced efficiency is observed around the ohmic-columns. Looking at the pixel
efficiency studies of 3D sensors in Fig. 4.39 shows that this behavior might be intensified
by the incident angle. The edge design of the 3D sensors for the IBL upgrade implements
an area of about 200 um to fabricate the guard-fence structure which as the edge efficiency
measurements show also corresponds to the inactive sensor area.
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The efficiency analysis of IBL modules is used to determine the hit efficiency of a sensor
focusing especially on the performance after irradiation to a fluence of 5- 10" Neq cm™2. To
calculate the hit efficiency only tracks are considered which penetrated the active sensor
area. This information is provided by the reconstruction data of the beam telescope. The
telescope resolution of about 4 um makes it possible to determine the efficiency inside of a
pixel cell and to identify areas with reduced efficiency.
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Figure 4.38: Pixel efficiency map of planar n-in-n silicon sensors. The unirradiated pla-
nar sensor (top) and the 5- 10" Neq cm™2 neutron (center) (JSI) sample were both tested
at a perpendicular incident angle. The 5- 10" neq cm™2 proton (bottom) (CERN PS) ir-
radiated sample was tested at an incident angle of 15°. For both irradiated samples the
bias grid region is clearly visible.

Measurements on planar pixel sensors in Fig. 4.38 show a hit efficiency for an unirradiated
module of about 99.7 %. Despite of the lower charge collection at the punch-through dot
observed in Fig. 4.34(a) (top) stays the efficiency uniform in the entire pixel area. After irra-
diation to a fluence of 5- 10" neq cm—2 a reduced efficiency is observed at the punch-through
dots and the bias grid. The neutron irradiated module which was tested at a perpendicular
incident angle shows a hit efficiency of 97.8 %. The proton irradiated module on the other
hand shows a slightly higher hit efficiency of 98.3 %. This is related to the incident angle of 15°
resulting in a longer track thus higher charge deposition in the sensor. Both irradiated sam-
ples were operated at a bias voltage of 1000 V. The shape of the punch-through dots as well
as the bias grid which are clearly visible in the perpendicular case wash out after changing
the incident angle. The obtained efficiency results show that the planar pixel sensor design
performs according to the IBL specifications. Additional measurements performed on irra-
diated modules show that similar results can be already obtained at an operation voltage of
about 800V [77]. The reduced efficiency around the punch-through dots and the bias grid
already observed with planar FE-13 modules led to different proposals for a re-routing of the
bias grid which could represent a possibility to increase the overall hit efficiency of the sen-
sor [112].

Efficiency measurements of an unirradiated FBK module at perpendicular incident angle in
Fig. 4.39(a) show a hit efficiency of 98.7 %. The column structure of both column types which
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penetrate in this design the entire sensor thickness are visible as regions of reduced effi-
ciency. Additional measurements performed with the same module at a 15° incident angle
show an increased hit efficiency of 99.9 %. The two proton irradiated samples are both op-
erated at a 15° incident angle. The 210" neq cm™? irradiated module shows an efficiency
of 98.4 % while the 5- 10" neq cm™2 irradiated module shows an efficiency of 94.5 %. Due to
the angled incident changes the observed column patter from before irradiation to a strip
pattern whereof the read-out columns dominate the regions of reduced efficiency.
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Figure 4.39: Pixel efficiency map of 3D silicon sensors using the FBK and CNM de-
sign. The FBK design in Fig. 4.39(a) shows the results of an unirradiated module (top)
at perpendicular incident angle and proton irradiated (KIT) modules at a fluence of
2-10" Neq cm~2 (center) and 5- 10" Negq cm~2 (bottom) at an incident angle of 15°. The
CNM design in Fig. 4.39(b) shows an unirradiated module (top) as well as a proton (cen-
ter) (KIT) and a neutron (bottom) (JSI) irradiated module at a fluence of 5- 10" Neq cm ™2
all at a perpendicular incident angle.

The efficiency measurements of the CNM design in Fig. 4.39(b) were performed with an
unirradiated module as well as a proton and a neutron irradiated module at a fluence of
5-10" neq cm™ 2 The pixel efficiency maps in all cases show the column structure in the
pixel cell which is related to the perpendicular incident angle. In case of the unirradiated
module only the ohmic columns at the pixel corners are visible which is related to the re-
duced charge collection in the sensor region without column overlap. In case of the corner
columns the increased charge sharing with the surrounding pixel reduces the hit efficiency.
Despite the regions of reduced efficiency reaches the module a hit efficiency of 99.4 %. For
the proton and neutron irradiated sample the hit efficiency is reduced to 95.3% and 97.2 %
respectively. The pixel efficiency maps of the irradiated modules show the impact of the ir-
radiation type on the sensor. The proton irradiated module shows reduced efficiency at the
position of both column types but also at the pixel edge which is also related to charge shar-
ing. The neutron irradiated module on the other hand shows only the shape of the ohmic
columns surrounding the pixel region. This effect is related to the formation of the electric
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field which starts to form at the pn-junction at the read-out columns in the pixel region. In
addition is the influence of the weighting field around the ohmic columns reduced which
results in a reduced efficiency around these columns.

The efficiency results obtained for 3D modules show that both designs can be operated
with a sufficient high hit efficiency at a bias voltage of 160V after reaching a fluence of

5:10" neq cm™2.

Test-beam measurement impact on operation and performance

Test-beam measurement and operation conditions of planar and 3D silicon sensor technolo-
gies to be used in the IBL are summarized in Tab. 4.2. Concerning the charge collection for
both sensor technologies a charge exceeding the threshold by several ToT-values was deter-
mined before and after irradiation. For the operation a bias voltage of 160V was necessary
for irradiated 3D sensors while irradiated planar modules need to be biased above 800 V. De-
spite the sufficient results show both technologies design areas of reduced charge collection
enhanced by radiation damage.

planar sensor 3D sensor
before irradiation after irradiation | before irradiation  after irradiation

bias voltage ~ 100V > 800V ~20V ~ 160V
spatial resolution 18.9 um 20.1pm 16.9um - 19.8um  20.3 pm - 20.5 pm
inactive sensor edge ~ 200 um ~ 200 pm ~ 200 um ~ 200 um
pixel efficiency ~99.7% 97.8% -98.3% >98.7% 94.5%-97.2%

Table 4.2: Test-beam measurement results and operation conditions of planar and 3D

silicon sensor technologies before and after irradiation to a fluence of 5- 10" neq cm™2.

Comparing the spacial resolution of both sensor technologies does not show a significant
variation. Also comparing the results before and after irradiation shows only an increase
within the telescope accuracy. Due to the slim edge design used in the planar sensor de-
sign the inactive sensor edge was reduced to a width of about 200 pm corresponding to the
inactive sensor edge of the 3D sensor design. While both unirradiated designs show a hit
efficiency close to 100 % decreases the efficiency after irradiation. The considered measure-
ments show an efficiency dependence to the fluence, the bias voltage, the incident angle and
the module setting. For the operation in the experiment it will be therefore important to
optimize the settings depending on the positioning of the sensor technology.
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Due to the rescheduling of the long shutdown periods of the LHC the originally foreseen
installation date of the IBL at the end of 2015 was moved forward to 2013/2014. As a result of
this schedule change the original plan considered in the IBL technical design report needed
to be adjusted [29].

Especially the choice of the applied sensor technology was sped up in order to start the sen-
sor fabrication in time. As a result of the acceleration only two of the originally considered
sensor technologies were taken into account for a pre-production launched at the beginning
of 2011. The planar n-in-n and the 3D slim edge design described in Sec. 3.3.1 and Sec. 3.3.2
were the technologies chosen to be fabricated in this pre-production. Qualification tests of
these modules discussed in Chap. 4 were performed in the laboratory and with test-beams at
CERN and DESY. An advantage of this procedure was the availability of 30 % to 50 % of the
sensors necessary for the production of the IBL by the time of the sensor review. Based on
the obtained results the sensor review committee recommended in July 2011 a mixed sensor
scenario with 75 % or twelve planar Double Chip Modules (DCMs) in the center and 12.5 %
or four 3D Single Chip Modules (SCMs) on each end of the stave [33].

A further proposal introduced with the schedule change of the IBL project was the DBM
consisting of 24 CVD diamond modules as discussed in Sec. 3.3.3. The arrangement of four
diamond pixel telescopes on each side of the experiment each consisting of three diamond
modules are introduced as supplement to the existing ATLAS BCM. It is foreseen that the
DBM will be used as spacial segmented bunch by bunch luminosity monitor [33, 125].

The following chapter summarizes the achievements reached between the rescheduling of
the IBL project and the end of 2012. Special focus is directed on the Quality Assurance (QA)
and Quality Control (QC) to assure proper functioning of each individual component and
later the entire detector.

At first the production flow of the different parts is described to ease the understanding of
the different process steps. This includes the assembling and testing of the modules as well
as the preparation of the stave and the electronics. A first prototype stave equipped with
FE-14A modules was available in the middle of 2012 to be tested in a dedicated QA test bench
at CERN. Statistics based on the results obtained during the production of the so-called
stave-0A are summarized to give an overview of the yield at the beginning of the production.
Measurements performed during the testing of the stave-0A are shown to introduce the
testing procedure during the production of the IBL staves.
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5.1 IBL stave production flow

The production of an IBL stave consists of several steps which are carried out by different
groups to share the workload and profit from the localized knowledge of each group. The
module fabrication and testing as well as the stave flex preparation and testing are the two
main components necessary for the assembling of the stave. The preparation of both compo-
nents is thus the first step in the production flow prior to the module loading. All production
steps are followed by regular tests to determine production variations.

5.1.1 IBL module fabrication

The front-end chip, the sensor and the module flex are the three main components for the
IBL module fabrication. The flow diagram in Fig. 5.1 shows the different steps of the three
components before the assembly and testing of the flex module.

FE-14 wafer fabrication Sensor wafer fabrication Flex hybrid fabrication

FE-14 wafer probing Sensor wafer I/V tests

\ / Component loading

UBM, bump deposition, thinning,
dicing and flip-chip assembly at vendor

N

Flex module assembly

Flex module test and burn-in

Figure 5.1: Flow diagram of IBL module production [33]

After the production of the front-end wafers all FE-14 wafers have to pass through a wafer
probing to test the basic properties of the chips. As a result the chips are categorized in three
groups. Chips with full functionality are assigned to the green group while non function-
ing chips are moved to the red group. Chips with minor problems such as damaged double
columns are marked as yellow which means that they are not suitable for the IBL production
but could still be used for general sensor testing. After the probing the wafers are polished
and glued to support wafers to avoid bending during the bump-bonding procedure.

In parallel the QC of both sensor technologies was performed by the appropriate institutes.
These characterizations included a visual and mechanical inspection to identify scratches
and unusual wafer bowing. Electrical tests as leakage current measurements were performed
to determine if the sensors can be operated at the foreseen operation voltage. Based on these
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measurements and the specification for the corresponding technologies a selection of sen-
sors suitable for the production of IBL modules was made [126, 107].

Following the preliminary testing of the front-end chips and the sensor tiles the two parts
are bump-bonded using the solder bump-bond technology to form bare modules. In case of
the planar sensors two front-end chips are bump-bonded to one Double Chip Sensor (DCS)
to form a bare DCM. For bare 3D SCMs only one front-end chip is bump-bonded to one
Single Chip Sensor (SCS). The bump-bonding process it self follows the description of the
solder bump-bond technology in Sec. 3.1 illustrating the formation of a front-end - sensor
interconnection. Before the shipment to the module production sites in Bonn and Genova
the remaining glass element of the support wafers on the front-end chip needs to be re-
moved [29]. As IZM does not provide this process step the modules are send to an external
company for the removal of this glass support.

At the production sites the bare modules are then assembled with the flex hybrid to form flex
modules. The loading of the flex hybrid with its electrical components is done before this
production step. The prepared flex modules are then ready for testing and the burn-in step.
A configuration file is provided for each of the flex modules which are shipped to Geneva to
perform the stave loading.

To assure the proper functioning on the stave all flex modules follow a module reception test.
The provided configuration files are used to test the modules and to compare the results ob-
tained at the production site. The reception tests include digital and analog tests of the
front-end chip as well as a tuning. Noise and threshold properties are extracted from scans
with and without applied bias voltage to check for disconnected bump-bonds. Part of the
tuning procedure is a scan to verify the feedback current calibration and the pixel cross-talk.
A leakage current scan is performed to verify the operation voltage and the leakage current
specifications of the bump-bonded sensor. To test the resistivity against thermo-mechanical
stress each module passes through a thermal cycling test consisting of ten cycles between
—40 °C and 40 °C. The earlier tests are repeated after the thermal cycling to identify samples
which show damage due to the introduced stress. A source scan with an Am-241 photon
source is performed with each module to confirm the operation of the module with a real
charge signal [35, 127].

5.1.2 Stave loading and testing

The stave loading process is the final assembly step thus important for the fabrication of a
high quality detector system. In order to reach a maximum number of working pixels per
stave all parts are tested extensively before they are used for the stave production.

On the stave side the stave flex is tested during the preparation and before gluing to assure
proper powering and communication with the sensor modules. In addition to the reception
test are a visual inspection and basic electrical tests part of the procedure before the selected
modules are attached to the stave. The loading process consists of 16 steps which ends with
the transport of the stave to CERN for further testing and QA [35].
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A test bench dedicated to the testing of IBL staves is set up at CERN to test the prepared
staves. The QA after the production of the stave foresees a similar test program as it is
used for the reception test of individual modules. This includes leakage current tests of the
sensors and tuning tests of the front-end chips. The test bench also integrates the possibility
to perform source tests by automatically moving a source over the complete length of the
stave to test the performance of each module to real charge signal. Scintillators on top and
on the bottom of the test bench provide the possibility to test the stave with an external
trigger system based on cosmic radiation [127, 128].

5.2 Module production overview

The following summarizes the production of the two sensor technologies used for the IBL as
well as the effects observed during the module production.

5.2.1 Summary of the Planar sensor production

A total number of 150 wafers was ordered for the IBL upgrade production campaign of planar
pixel sensors. As each wafer provides space for four DCSs a total amount of 600 DCSs was
fabricated. The sensor design follows the planar slim edge design in Sec. 3.3.1. Knowing that
224 DCSs would be necessary for a 100 % planar solution the production includes enough
overhead to assure sufficient supply of planar pixel sensors for both sensor scenarios.

The agreement with the vendor included that all wafers containing more than one working
DCS would be accepted as valid wafer. Leakage current and depletion voltage measurements
on the wafer level have been performed by the vendor to verify the wafer quality. Leakage

batch | 2 3 4 5 6 7 8 9 | total
wafer 20 22 18 20 17 22 12 11 8 150
total DCS 80 88 72 80 68 88 48 44 32 600
good DCS | 68 76 64 70 62 83 47 42 32 544
yield 85.0% 864% 889% 875% 912% 943% 979% 955% 100% | 90.7%

Table 5.1: Production yield for DCSs of the nine batches fabricated in the planar pixel
sensor production campaign. Together 544 DCSs have been fabricated with a total yield
of 90.7 % [129].

current measurements have been cross-checked in Dortmund to verify the results and to
confirm which of the wafers are considered as valid. In total 150 wafers produced during
nine production batches were accepted for further processing. The production yield of the
nine batches before UBM and dicing summarized in Tab. 5.1 is based on the measurements
performed by the vendor and in Dortmund. Overall a total yield of 90.7 % was achieved with
the nine batches resulting in 544 DCSs. As each wafer also houses three further SCSs a total

128



5.2 Module production overview

of 409 additional SCSs has been fabricated which are available for further research purposes.
A full depletion voltage of about 46 V was measured for the first six batches which is lower
than the about 67V measured for the last three batches [129]. Due to the high production
yield in the first six batches it was decided that the DCSs with a low full depletion voltage are
used for the IBL module production. Thus the 119 wafers from the first six batches were sent
to IZM for further processing while the remaining 31 wafers are kept as backup in Dortmund.
During shipping to and handling at IZM a total of 39 DCSs broke whereof 32 DCSs came from
wafers which broke entirely and 7 DCSs were individual sensors from different wafers. These
values correspond to a mechanical yield related to the wafer handling of about 91.8 %. The
remaining 437 DCSs were tested after UBM and dicing to assure that the sensors properties
still agree with the qualification values. Based on the characterization results before and after
processing the sensors were categorized in four groups: 1.) Sensors which performed before
and after processing according to the qualification values, 2.) Sensors which never performed
according to the qualification values, 3.) Sensors which got worse after processing, 4.) Sensors
which got better after processing.

Out of the 437 tested DCSs 366 and 37 were categorized in group 1.) as sufficient and 2.) as
insufficient sensors for IBL modules respectively. The remaining 34 DCSs are grouped by 21
in group 3.) with sensors which got worse and 13 in group 4.) with sensors which got better
after processing. By taking out the 37 DCSs of group 2.) which were never considered as
sufficient sensors a total of 400 DCSs remains which performed at some point according to
the IBL specifications. Combining the good sensors from group 1.) and the ones which got
better in group 4.) a total of 379 DCSs is available after processing. These results correspond
to a yield concerning the electrical properties after UBM and dicing of 94.8 %.

A total of 379 DCSs which perform according to the IBL specifications are available for the
module production of planar DCMs for the IBL upgrade.

5.2.2 Summary of the 3D sensor production

For the IBL upgrade 3D sensor production a collection of 121 wafers was processed by the
two vendors FBK and CNM. The production at FBK was divided into four batches containing
71 wafers while the production at CNM contained 50 wafers which were divided in three pro-
duction batches. The wafer design used by both vendors holds eight 3D SCSs per wafer thus
corresponding to 968 SCSs. Depending on the vendor the two 3D sensor designs described
in Sec. 3.3.2 are fabricated. A total of 112 3D SCSs is necessary for the 25 % solution of the
IBL upgrade the performed 3D sensor production provides sufficient overhead to assure the
availability of 3D sensors.

Both vendors performed measurements on the wafer level to determine the production qual-
ity of the fabricated sensors. To reduce the production cost per SCS it was decided that only
wafer with at least three 3D SCSs which perform according to the sensor specification should
be selected for further processing. Due to the different designs used by FBK and CNM the
leakage current measurements on the wafer level were performed in different ways. A tem-
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porary metal connecting all pixel cells in a column is used by FBK to measure the leakage
current over the full sensor area. At CNM the leakage current is measured on the guard ring
which surrounds each sensor but does not cover the inside of the sensor area. Based on the
results provided by FBK and CNM the wafer selection summarized in Tab. 5.2 and Tab. 5.3

has been made respectively.

batch | FBK-A10 FBK-A11 FBK-A12 FBK-A13 | total
produced wafers 21 22 17 11 71
SCSs on produced wafers 168 176 136 88 568
good SCSs on produced wafers 71 23 67 23 184
yield on produced wafers 423 % 131% 49.3 % 261% | 324%
selected wafers 12 4 13 4 33
SCSs on selected wafers 96 32 104 32 264
good SCSs on selected wafers 56 14 63 16 148
yield on selected wafers 58.3% 43.8 % 60.6 % 50.0% | 56.1%

Table 5.2: Production yield of 3D SCSs of the four FBK production batches fabricated
during the 3D pixel sensor production campaign. A total of 148 SCSs has been produced
on 33 selected wafers out of 71 produced wafers with a production yield on the selected
wafers of 56.1%

In the case of FBK 33 wafers have been selected to be used as IBL wafers corresponding to
264 SCSs in total. The 148 SCSs which perform according to the sensor specification repre-
sent a production yield of 56.1 % of the selected wafers. For test purposes three wafers of the
production batch FBK-A10 were sent with the selected wafers to IZM. The three wafers con-
tained one, two and three SCSs performing according to the sensor specification. All three
wafers are not considered in the statistics of selected IBL wafers even though one contains
three good SCSs. The overall production yield of the four FBK production batches consider-
ing all 71 wafers is about 32.4 %. By the end of 2012 a collection of 28 selected wafers fab-
ricated in the three batches FBK-A10, FBK-A11 and FBK-A12 containing 130 SCSs following
the IBL specification was sent to IZM for further processing. Damage during the shipment
resulted in two broken wafers corresponding to a loss of 13 SCSs. As no further damage took
place during UBM and dicing the mechanical yield of the FBK campaign is at 90 % providing
117 3D SCSs for the fabrication of FBK SCMs.

A total of 41 wafers of the CNM production has been selected holding 328 SCSs. The yield of
the selected wafers is 71.3 % which corresponds to 234 SCSs. Taking all wafers into account
an overall production yield of 61.3 % has been obtained.

In total 29 selected wafers fabricated in batch CNM-1and CNM-2 as well as one wafer with
only two good SCSs tiles from CNM-1 were sent for further processing to IZM. Together the
wafers contained 152 3D SCSs which performed according to the IBL specifications. Dam-
age during the transport caused one wafer holding 6 SCSs to break. Additional two wafers
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batch | CNM-1 CNM-2 CNM-3 | total
produced wafers 18 17 15 50
SCSs on produced wafers 144 136 120 400
good SCSs on produced wafers 86 85 74 245
yield on produced wafers 59.7%  625% 61.7% | 61.3%
selected wafers 16 13 12 41
SCSs on selected wafers 128 104 96 328
good SCSs on selected wafers 84 81 69 234
yield on selected wafers 65.6% 77.9% 719% | 71.3%

Table 5.3: Production yield of 3D SCSs of the three batches fabricated at CNM of the 3D
pixel sensor production campaign. A total of 234 SCSs has been produced on 41 selected
wafers out of 50 produced wafers with a yield on the selected wafers of 71.3 %

holding 9 SCSs and 4 individual SCSs broke during processing. Due to the damage during
transport and handling a mechanical yield of 87.5 % has been obtained. The remaining 133
3D SCSs are available for the module fabrication process.

As no additional test have been performed after UBM and dicing it is not possible to deter-
mine if sensor tiles show electrical damaged caused by the processing. Overall 53 3D wafers
have been processed and provided 250 3D SCSs which is more than twice the amount of 3D
sensors necessary for the 25 % option of the IBL production.

5.2.3 Module production and reception test

To test the work flow during module and stave production the first sensor modules to be
mounted on the stave-0A were build with FE-14A read-out chips. Modules for the produc-
tion of the later stave-0B and the staves for the IBL itself use the FE-14B read-out chip.

In total 14 planar DCMs and nine 3D SCM with FE-I4A read-out chips were tested during
the module reception test for the stave-0A. As the thermal cycling process of four planar
modules and three 3D modules was already done in Genoa these seven modules could not
be tested before the process. The remaining modules were first tested at the University of
Geneva and then at CERN where the thermal cycling process was performed. After the pro-
cess the samples were measured again at CERN before they went back to the University of
Geneva for the final tests and stave loading.

Based on the reception tests eight planar modules were classified as green modules while
four and two modules were rated as yellow and red respectively. In case of the 3D modules
seven modules were classified as green modules while the remaining two modules was rated
as yellow and red.

Leakage current results for the modules used to populate stave-0A are shown in Fig. 5.2 sep-
arately for the two sensor technologies. The measurements where performed with unbiased
front-end chip to avoid additional heating of the sensor. Due to the different sensor size for
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Figure 5.2: Leakage current measurements for the selected modules used for the popula-
tion of stave-0A performed during the module reception test at the University of Geneva.
Most of the planar modules in Fig. 5.2(a) show a breakdown higher than 100V with a
leakage current below 2 pA. Higher leakage current and lower breakdown voltages are
observed in three of the planar modules. The breakdown voltage of most 3D modules in
Fig. 5.2(b) varies between 25V and 45V with a leakage current below 1pA.

the two technologies it is not possible to directly compare the leakage current performance.
Most of the planar modules in Fig. 5.2(a) perform within the range specified for the sensor
qualification of planar sensors on wafer level. The leakage current at an operation voltage of
60V is for nine modules below 2 pA. While one of these modules shows a hard breakdown at
about 100V the breakdown voltage of the remaining modules exceeds in most cases 200 V. A
higher leakage current and earlier breakdown can be observed in three of the modules. Nev-
ertheless they were considered suitable for the fabrication of stave-0A as biasing to values
above the operation voltage was still possible.

All the selected 3D modules in Fig. 5.2(b) show a leakage current below 1pA up to the break-
down voltage varying between 25V and 45 V. In one of the tested 3D modules the breakdown
voltages exceeded 50 V. With an operation voltage below 25V used for 3D modules all se-
lected modules can be operated according to the specified range.

Threshold and noise measurements for the selected modules are summarized in Fig. 5.3 based
on the later position on stave-0A. Measurements of the threshold in Fig. 5.3(a) show a con-
stant threshold varying between 3000 e~ and 3200 e™. The configuration files delivered from
the production site were tuned to a threshold of 3000 e~ with a feedback current gain of 5 ToT
for 20 ke™. The increased threshold values for the two modules used at position A2 and C6 on
stave-0A are related to the applied configuration file. The module at position A2 shows a shift
of the individual pixel threshold DAC values to the maximum which is related to the global
threshold DAC setting. As a result only a smaller range of the individual pixel threshold DAC
can be used to tune the threshold of the module thus a higher deviation can be observed in
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Figure 5.3: Threshold and noise measurements for the selected modules used for the
population of stave-0A performed during the module reception test at the University
of Geneva. The results are given in regards of the later position on stave-0A. Thresh-
old results in Fig. 5.3(a) show a constant threshold for most modules varying between
3000e~ and 3200e . The noise distribution in Fig. 5.3(b) shows a noise variation for
most modules between 150e™ and 200e™.

the threshold. Pixel with a threshold offset exceeding this range can not be tuned to the tar-
get threshold which shifts the module threshold to higher values. This behavior can be fixed
by retuning the modules which was not the purpose of the module reception test. In case
of the module at position C6 the configuration did not contain tuning values which means
that the module shows the wide threshold distribution of an untuned module. The results of
the noise measurements in Fig. 5.3(b) show a noise distribution varying between 150 e~ and
200 e . The lower noise observed for the module at position C5 is related to communication
problems, which classified this module as yellow. The noise offset of about 50 e~ compared
to the measurements discussed in Sec. 4.1.1 is related to the different feedback current gain
used for the tuning. These results are also in agreement with measurements performed on a
bare front-end chip showing the same noise behavior [77].

Other reasons to classify a module as yellow are pixel with increased noise and merged or
disconnected bump-bonds. The summary of the modules shown in Tab. 5.4 indicates the
module position, label and sensor type also the classification made during the module re-
ception test. The A-side of stave-0A holds only modules classified as green while there are
four yellow planar DCMs and one yellow 3D SCM on the C-side of the stave.

5.3 Stave-0A testing

After module loading of the selected modules on stave-0A the stave was sent to CERN SR1
to be tested in the dedicated test setup for QA of the IBL staves. These tests included electri-
cal tests to assure the communication with the modules but also module tests to assure the
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chip  module number sensortype class | chip module number sensortype class

A8-2 17-01-43 3D green | C1-1 planar
66-10-02 Il
A8-1 03-04-41 3D green | C1-2 planar Y&V
AT7-2 13-03-37 3D green | C2-1 planar
66-11-02 Il
A7-1 17-04-28 3D green | C2-2 planar Y&V
A6-2 planar C3-1 planar
-07-01 -12-01 Il
A6-1 65-07-0 planar green | c3. 66-12-0 planar yellow
A5-2 planar C4-1 planar
66-06-01 66-12-02
A5-1 0 planar reen | cq-2 planar green
A4-2 I C5-1 |
65-05-01 panar oreen 65-10-02 Panar yellow
A4-1 planar C5-2 planar
A3-2 planar Cé6-1 planar
66-03-02 65-10-01
A3-1 planar Breen 1 ce-2 planar green
A2-2 planar C7-1 13-08-27 3D green
66-09-01
A2-1 planar 8" | c7-2 03-06-40 3D green
A1-2 planar C8-1 03-08-35 3D green
65-08-02
A1-1 planar &M | 82 17-02-18 3D yellow

Table 5.4: Labeling and positioning of the chosen modules for stave-0A. The A-side of the
stave holds only modules classified as green while there are four yellow planar DCMs
and one 3D SCM on the C-side of the stave.

proper functioning after the assembling process. These module tests included the module
characterization consisting of tuning procedures, leakage current measurements and source
scans with Am-241 sources. Furthermore the availability of stave-0A was used to improve
the test setup and to develop a test procedure going to be used during the production stave
testing [127].

The bias voltage circuit design provides only one bias voltage for four front-end chips. In
case of the 3D modules the four SCM on each side of the stave are combined as M4A and
M4C. For the planar modules always two DCMs are combined as M1, M2 and M3 for the A
and C side [127].

Comparing the leakage current measurements of the individual 3D modules in Fig. 5.2(b)
or separated for each group in Fig. A.9 confirms that the breakdown voltage of the group is
defined by the module showing the lowest breakdown voltage. In case of the planar modules
in Fig. 5.2(a) also separated for each group in Fig. A.6, Fig. A.7 and Fig. A.8 this behavior is
less obvious. While one of the modules in M1A has a hard breakdown at 100V it is surpris-
ing to see a current increase starting at about 60 V. The behavior of M1C agrees with the
expectation as both DCMs showed a higher leakage current and an early breakdown. As the
modules used to build M2 and M3 for both sides have their breakdown above 100V a stable
operation up to this voltage is expected. Solely the current increase at about 80V observed
in M2C does not correlate with the measurements performed on the individual modules. A
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possible explanation for this unexpected breakdown behavior in M1A and M2C is the loading
process of the stave. This behavior needs to be observed on the following staves in order to
prevent possible module damage.
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Figure 5.4: Leakage current measurements of the modules setup on stave-OA. Planar
DCMs M2 and M3 on both sides show a late breakdown at 80V and higher while the
two modules M1A and M1C show an earlier current increase. The leakage current of
the 3D modules M4A and M4C is below 1pA up to the breakdown voltage between 25V
and 30V [127].

During the stave testing several tuning procedures have been performed to better under-
stand the stave behavior depending on the front-end setting. As planar and 3D modules are
mounted together on the stave the tuning needs to handle the different bias voltages and
eventually consider sensor specific properties.

Measurements for different front-end settings shown in Fig. 5.5 show the overall thresh-
old and noise performance of stave-0A. The tuning results for threshold values of 2000e™,
2500e~ and 3000e" in Fig. 5.5(a) show an uniform threshold behavior over the entire stave.
This behavior applies for both sensor technologies which were both tuned to the same tar-
get values. Comparing the results obtained for the different threshold settings a decrease of
the standard deviation is observed for higher threshold values. For the tested modules on
stave-0A the average standard deviation of the threshold increases by 10 e~ when the thresh-
old is changed from 3000 e~ to 2000e~. Contrary to the threshold measurements an offset
in the mean noise shown in Fig. 5.5(b) can be observed for the two sensor technologies. Inde-
pendent of the applied threshold setting an about 50 e~ higher noise compared to the planar
modules is observed for the 3D modules. The expected noise decrease for higher threshold
values is also present for the two technologies. Considering the change of the threshold con-
figuration from 2000 e~ to 3000 e~ a mean noise decrease of 14.6e~ and 12.3e™ is measured
for planar and 3D modules respectively. The lower noise values compared to the measure-
ments performed during the module reception and measurements discussed in Sec. 4.1.1 are
related to the applied feedback current gain of 9 ToT for an injected charge of 16 ke™ [77].
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5 IBL Module quality assurance
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Figure 5.5: Threshold and noise measurements for different front-end settings to reach
threshold values of 2000 e™, 2500 e~ and 3000 e ™. The feedback current gain was tuned
to 9 ToT for an injected charge of 16 ke™. The stave was operated at a temperature of
10 °C during the tuning and measurement procedure.

The QA-setup includes the possibility to perform source measurements to test the stave per-

formance with charge generated in the sensor. For the production stave testing an automated

procedure in the test setup is used to move a radioactive source over the length of the stave.

This measurement makes it possible to test the charge collection properties of the sensor to
analyze the pixel connections of the stave modules and in case of a photon source to cali-

brate the sensor [128]. Hit maps of an Am-241 source scan for a planar and a 3D module in

Fig. 5.6 show an uniform hit distribution over the modules. Regions with lower occupancy

are correlated with the position of electronic components mounted on the module flex.
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Figure 5.6: Hit map of an Am-241 source scan of a planar and a 3D module mounted on
stave-0A. The regions of lower occupancy are related to electronic components mounted
on the module flex on top of the sensor.
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6 Summary and Outlook

In the context of this work sensor technologies based on silicon and diamond sensor mate-
rial have been tested before and after irradiation to fluences of up to 5-10'° neq cm™2. The
total ionizing dose collected by the attached front-end chips went up to 725 Mrad. While the
analyzed fluence range covers the design values for the ATLAS IBL given in Tab. 1.1 reach
dose rates close to the expected maximum values of the ITK. In addition covers the tested
fluence range up to 5- 10" neq cm ™2 also the average fluence expected for outer layers and
end cap disks of the ITK. The results also imply the operation of irradiated planar and 3D
silicon pixel detectors up to five times higher fluences and more than 14 times higher total
ionizing dose then the design values for the ATLAS Pixel Detector.

In addition to the characterization of sensor technologies used in the upcoming IBL upgrade
also further possible technologies for future sensor upgrade programs in the ATLAS Experi-
ment have been investigated. In total this includes the planar silicon technology implement-
ing different designs based on the n-in-n and n-in-p pixel layout, the 3D silicon technology
with varying column overlap and the planar diamond technology with single- and poly-
crystal sensor material.

The planar silicon sensor technology which is due to its widespread application the most
established technology is in many cases used as a baseline for comparisons to other tech-
nologies. In the context of this work several planar n-in-n sensors have been irradiated to
fluences of up to 5-10'° neq cm ™2 to demonstrate the possible operation of this technology
in the IBL upgrade. Further research even showed the operation of this technology up to
a fluence of 210" ngq cm™2 [119]. The slim-edge design implemented in the layout of the
planar sensor modules for the IBL is an additional step to reduce the inactive area at the
sensor edge. Further options as the application of an active edge would be also feasible with
this technology but would complicate the production process. As the n-in-n sensor design
is used in the IBL additional experience with this technology will be made in the upcoming
years. Based on the obtained results it was demonstrated that planar n-in-n sensors could
be implemented in the outer layers and end cap disks of future pixel detectors. For the im-
plementation in the inner layers additional measurements need to confirm the operation in
the expected fluence range.

In case of the n-in-p design the performed research is already directed towards the appli-
cation as pixel sensor for detector upgrades after IBL. For the two proposed designs the
operation was demonstrated up to 2- 10" neq cm™2 and 1- 10" neq cm™2 [91, 98]. These re-
sults confirm the possible operation in the outer layers and end cap disks of the ITK. As for
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6 Summary and Outlook

the n-in-n design the operation at higher fluences still needs to be demonstrated in order to
deduce if this technology could also be used in the inner layers of the ITK. Due to the single
sided processing in the n-in-p design it is assumed that the production costs are reduced
compared to the n-in-n design. This assumption still needs to be confirmed on a sensor pro-
duction corresponding to the amount of wafers necessary for the production of the pixel
detector.

New biasing techniques to minimize the reduced charge collection and efficiency around
the punch through dot are currently under investigation and might lead to a higher in-pixel
efficiency. The application of thinner sensors down to a thickness of 150 um was also demon-
strated in this work and is expected to show a higher radiation hardness in the future. This
increase of radiation hardness further raises the potential for the application of the planar
silicon sensor technology as possible candidate for future pixel detectors. Issues related to
the cooling and the high bias voltage necessary for the operation after irradiation are the
two items which might limit the application of this technology at some point. Nevertheless
shows the production yield of more than 90 % obtained during the IBL production how good
this technology is controlled and understood.

The work performed on the 3D silicon sensor technology showed a remarkable evolution
over the last few years. The application of a double sides process to fabricate the sensors
without a support wafer as it is used in the single sided process increased step by step the
column overlap. In case of the 3D sensors used for the IBL this lead to the ’partial 3D’ and
full 3D’ design. For the later the columns penetrate the entire wafer to form an overlap re-
gion corresponding to the entire wafer thickness. Different 3D sensor technology steps have
been irradiated in the context of this work to fluences of up to 5-10" neq cm™2 to demon-
strate the operation for the IBL upgrade. The guard fence design implemented in the 3D
sensors for the IBL upgrade reduces the inactive edge of the sensor. The 3D silicon pixel
sensors which are implemented in the IBL will demonstrate for the first time the application
of 3D sensors in a HEP experiment. The experience from the operation in the experiment
will provide inside on the behavior of this sensor technology under real conditions.

As the columns are already etched in the wafer the application of an active edge seems to
be the next logical step to further reduce the inactive area. The lower operation voltage
as well as the less strict temperature constraints compared to the planar sensor design are
the advantages of this sensor technology for the operation at fluences after IBL. The more
complex production process necessary for the fabrication of 3D sensor modules on the other
hand makes it difficult to produce vast amounts of sensors within a short time. Although the
IBL 3D sensor production fabricated more sensor tiles than necessary for the IBL an overall
production yield of 32.4% and 61.3% is not enough for the fabrication of an entire detec-
tor. However, the 3D sensor technology might be a possible option for the application in the
innermost layer of future detectors. In order to confirm the operation further tests in the
expected fluence range need to be performed with a 3D sensor design.
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The poly-crystal diamond detectors used for the DBM project of the IBL upgrade rep-
resent a further application using diamond detectors for particle tracking. The low leakage
current before and after irradiation as well as the good thermal conductivity of diamond are
interesting properties for the application as detector material. The low number of e/h-pairs
generated per micro meter corresponds to a low charge collection. This disadvantage be-
comes less relevant if the SNR is taken into account. While the SNR of unirradiated silicon
is higher than for diamond, the SNR changes to the advantage of diamond after irradiation.
For high fluences the SNR is even inverted promoting diamond detectors as radiation hard
material for fluences exceeding the IBL specifications [57]. The research performed with di-
amond sensors in this work showed that one of the issues with this technology is the proper
electrode deposition. As the essential part to read-out the charge signal and to apply the
bias voltage this issue plays an important role for future applications. The long fabrication
process and the high cost of the sensor material is also a drawback for applications with a
large sensor surface. Nevertheless offers this sensor material a wide range of possible appli-
cations including the application as sensor material in the innermost detector layers.

The prototype version of the FE-14 read-out chip for the IBL exceeded the expectation con-
cerning radiation hardness. Dose levels of 725 Mrad reached at irradiation campaigns at KIT
nearly triple the expected operation dose. These results promote the application of a FE-14
based read-out chip for the application in the outer pixel layers and the end cap disks of the
ITK. Further tests at higher dose rates would be necessary to confirm if this front-end chip
design could also be used for the innermost layer in future pixel detectors.

The results obtained in the context of this work lead to a further understanding of the lat-
est sensor technology designs for the application in HEP experiments. In case of the planar
and 3D silicon sensor technologies it was possible to contribute to the sensor characteriza-
tion necessary for the upcoming IBL upgrade. In the long term sensor designs based on the
investigated sensor technologies are going to be applied in future detectors to improve the
tracking properties after several years of operation in a HEP detector as the ATLAS Exper-
iment. The implementation of the planar and 3D sensors in the same layer as in the IBL
might be a solution which could reappear in future detectors in order to profit from intrinsic
sensor properties at a certain position in the experiment. Another option for future detec-
tors could be the variation of sensor technologies between the individual layers or end caps.
Overall it was shown that different sensor technologies are available for the implementation
in the IBL and future pixel detectors. Depending on the position in the detector it needs to be
demonstrated for the different sensor technologies that specific properties can be reached.
Especially the combination of pixel sensor and read-out chip results shows that the current
pixel detector modules already made a big step towards the application in the phase-2 up-
grade of the ATLAS tracker.
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A Additional Data and Measurement
Results

Radioactive Sources

The radioactive sources available at CERN used to perform measurements with photons and
electrons are summarized in Tab. A.1. In total there is one Cd-109, two Am-241 whereof one is
equipped with different roentgen fluorescent targets and five Sr-90 sources available. While
the Sr-90 source emits electrons are the remaining sources used for photon measurements.

The corresponding spectra are shown in Fig. A.1.

Source ID  Isotope Activity Emission type

3735 RP Sr-90 26.55 MBq Beta
3746 RP Sr-90 53.15 MBq Beta
3875 RP  Cd-109  51.16 kBq Gamma
4331 RP  Am-241  3.69 MBq Gamma
4334 RP Am-  369.64 MBq Gamma
4428 RP Sr-90 30 MBq Beta
4429 RP Sr-90 30 MBq Beta
4430 RP Sr-90 30 MBq Beta

Table A.1: Radioactive sources available at CERN to perform measurements with pho-
tons and electrons. The source 4334 RP is the X-ray source using different roentgen
fluorescent targets.
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A Additional Data and Measurement Results

The gamma spectra of the photon sources shown in Fig. A.1 were measured by the CERN

Radiation Protection (RP) Group in the gamma spectrometry laboratory in building 24/S-403

at CERN. The measurements were taken with two HPGe detectors which are normally used

by the RP Group to perform gamma spectroscopies on different materials’.
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Figure A.1: Spectra of the photon sources used in this work. The spectra of the Am-241
and the Cd-109 source are shown in Fig. A.1(a). The spectra of the different roentgen

fluorescent targets in the X-ray source are shown in Fig. A.1(b).

"Uncertainty reported at 2 sigma (confidence interval 95.4 %)
Minimum Detectable Activity reported according to Currie method [130], confidence factor 5%
Software: Genie-2000 V2.1 - Modelisation with G2K ISOCS/LabSOCS V4.1a
Detectors:
Ge1 HPGe coaxial (b01123) type P, Canberra
Relative efficiency at 1332 keV: 41.8 %
Resolution (FWHM) 1.81keV at 1.33 MeV and 0.86 keV at 122 keV
Pic/Compton ratio 65:1
Ge5 HPGe coaxial (b01036) type P, Canberra
Relative efficiency at 1332 keV: 22.1%
Resolution (FWHM) 1.79 keV at 1.33 MeV and 0.82 keV at 122 keV
Pic/Compton ratio 51:1
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Leakage Current Measurements on FE-13 modules

Leakage current measurements on FE-13 modules focus on the analysis of the behavior before
and after irradiation of 3D modules. This measurement was not possible for planar modules
as the available climate chamber did not support enough cooling power to operate the mod-
ules at a temperature of —20°C.

The two unirradiated modules FBK-13-4E-#1 and FBK-I3-4E-#2 in Fig. 4.10 and Fig. 4.11 show
the expected leakage current increase with increasing temperatures. Scaling the leakage cur-
rent with Eq. 2.6 to a temperature of 20 °C shows for FBK-13-4E-#1 in Fig. 4.10(b) a variation
for the different temperatures. This is not the case for FBK-13-4E-#2 in Fig. 4.11(b) which
shows a high correlation over the temperature range. The obtained results indicate a surface
current contribution to the leakage current of FBK-13-4E-#1 as Eq. 2.6 is only scaling the bulk
current. Module FBK-13-4E-#2 on the other hand does not show a surface current contribu-
tion.
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Figure A.2: Leakage current measurements of two 1.6- 10" neq cm™2 proton irradiated
(CERN PS) 3D-DDTC samples in the temperature range of —20 °C to —5 °C. The leakage
current in function of the temperature is shown in Fig. A.2(a). A high correlation of the
leakage current becomes visible in Fig. A.2(b) after scaling the measurements to —20 °C.

After irradiation of the two modules the leakage current increases due to the effect of the
radiation damage on the bulk current. The temperature dependence after irradiation is still
visible in Fig. A.2 while the offset due to the surface current in FBK-I13-4E-#1 is not visible
after scaling anymore. This behavior is related to the shift of the surface/bulk current ratio
after irradiation making it possible to neglect the surface current contribution.

Samples irradiated with protons (KIT) in Fig. A.3 show similar results as the two proton irra-
diated (CERN PS) samples in Fig. A.2. In case of the samples in Fig. A.3 the high correlation
between the three modules is noticeable indicating a stable production process.
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— 70 — — 30
N / : 2
z 60f 4 E 2 25 E
g E . g B
5 50 / = 5 E
= o 4 ] © 20 =
3 FIA L] et ’ p 3 ]
5 40F = 3 ]
8 g E g 15 B
s 30 i 5 ]
> B > b
L 3 2 10 -
20 ] ————
i - —5°C [ : - —5°C |3
104728 —e- FBK-I3-2E-#3-p-irrad ||-e- —10°C [ 5 [H -e- FBK-I3-2E-#3-p-irrad ||-e- —10°C [
¥ —& FBK-I3-3E-#4-p-irrad | |- —15°C —& FBK-I3-3E-#4-p-irrad ||-e- —15°C |7
1 —— FBK-13-4E-#5-p-irrad ||-e- —20°C 1 —— FBK-13-4E-#5-p-irrad ||-e- —20°C [
0 NN T S S S S S S S S B B I S 0 TR NN T S S W S S W W S S W S N T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
reverse bias voltage [V] reverse bias voltage [V]
(a) measured leakage current (b) scaled leakage current

Figure A.3: Leakage current measurements of three 1-10" neq cm™2 proton irradiated
(KIT) 3D-DDTC samples in the temperature range of —20°C to —5°C. The leakage
current in function of the temperature is shown in Fig. A.3(a). A high correlation of the
leakage current becomes visible in Fig. A.3(b) after scaling the measurements to —20 °C.
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Leakage Current Measurements on FE-14 modules

Leakage current measurements focusing on the influence of the power dissipation of the
FE-14 chip on the sensor. For the analysis leakage current measurements with powered and
un-powered front-end chip are compared to determine the temperature offset. The mea-
surements with un-powered front-end chip is used as the reference for the analysis while
the second leakage current is scaled to lower temperatures in order to compare the scaled
result with the un-powered measurement. As a result it becomes possible to get a rough
estimation of the power dissipation on the sensor temperature.
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Figure A.4: Leakage current measurements of planar FE-14 modules build with n-in-n
and n-in-p sensor before and after irradiation to determine the influence of the FE-I4
power dissipation on the sensor temperature.

As a result of the analysis a temperature offset between 5°C and 9 °C at an air tempera-
ture of 20 °C has been determined for unirradiated planar modules. A reason for the wide
temperature variation is the different module mounting procedure which effects the cooling
properties of the Printed Circuit Board (PCB) used to mount the module. After irradiation
the temperature offset shrinks to the range between 5°C and 7 °C. This behavior is also ex-
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A Additional Data and Measurement Results

plained by the mounting technique as the same technique is used for irradiated samples.

In case of unirradiated 3D modules a temperature offset of about 4 °C was determined at an
air temperature of 20 °C. This temperature offset also stayed stable between 4°C and 5°C
after irradiation at an air temperature of —20 °C. Contrary to the planar modules the same
mounting technique was used for all 3D modules which explains the reduced temperature
variation.
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Figure A.5: Leakage current measurements of 3D FE-14 modules fabricated at FBK and
CNM before and after irradiation to determine the influence of the FE-14 power dissi-
pation on the sensor temperature.
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Test-Beam Measurements on FE-14 modules

The modules used for the TB analysis in Sec. 4.2.6 are summarized in Tab. A.2 showing the

sensor name, the TB period and facility as well as the run number and the incident angle of

the beam.
Sensor name TB period TB facility run number range @ used Figure
CiS-14-n-#02 2011-06 CERN 50237-50253 0°  Fig. 4.34(a) (top)
2011-09 CERN 61500-61511 0° Fig. 4.35
2011-06 CERN 50237-50253 0° Fig. 4.38 (top)
CiS-14-n-#08-n-irrad 2011-06 CERN 50468-50469 15°  Fig. 4.37(a) (top)
2011-06 CERN 50471-50477 15°  Fig. 4.37(a) (center)
2011-06 CERN 50482-50484 15°  Fig. 4.37(a) (bottom)
CiS-14-n-#10-n-irrad 2011-09 CERN 61500-61511 0°  Fig. 4.34(a) (center)
2011-09 CERN 61500-61511 0° Fig. 4.35
2011-09 CERN 61500-61511 0° Fig. 4.38 (center)
CiS-14-n-#12-p-irrad 2012-03 DESY 50914-50938 15°  Fig. 4.34(a) (bottom)
2012-03 DESY 50914-50938 15° Fig. 4.38 (bottom)
FBK-14-2E-#1 2011-09 CERN 61500-61519 0°  Fig. 4.34(b) (top)
2011-09 CERN 61500-61519 0° Fig. 4.36
2011-09 CERN 61500-61519 0°  Fig. 4.39(a) (top)
FBK-14-2E-#2-p-irrad ~ 2011-06 CERN 50482-50484 15°  Fig. 4.37(b) (center)
2011-06 CERN 50482-50484 15°  Fig. 4.39(a) (center)
FBK-14-2E-#3-p-irrad ~ 2011-06 CERN 50459-50467 15°  Fig. 4.39(a) (bottom)
CNM-14-2E-#3 2011-06 CERN 50237-50253 0°  Fig. 4.34(b) (center)
2011-06 CERN 50237-50253 0° Fig. 4.36
2011-06 CERN 50237-50253 0°  Fig. 4.37(b) (top)
2011-06 CERN 50237-50253 0°  Fig. 4.39(b) (top)
CNM-14-2E-#4-p-irrad 2011-06 CERN 50237-50253 0° Fig. 4.36
2011-06 CERN 50237-50253 0°  Fig. 4.39(b) (center)
CNM-14-2E-#5-n-irrad ~ 2011-09 CERN 61500-61519 0°  Fig. 4.34(b) (bottom)
2011-09 CERN 61500-61519 0° Fig. 4.36
2011-09 CERN 61500-61519 0°  Fig. 4.39(b) (bottom)
CNM-14-2E-#6-n-irrad ~ 2011-06 CERN 50470-50481 15°  Fig. 4.37(b) (bottom)

Table A.2: Table summarizing the sensor modules used for the TB analysis used in this
work including the TB period and the run numbers used for the analysis.
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A Additional Data and Measurement Results

Leakage Current Measurements on stave-0A modules

The leakage measurements of the individual modules which are connected to a common bias
voltage supply on the stave-OA are summarized in Fig. A.6, Fig. A.7 and Fig. A.8 for planar
modules and in Fig. A.9 for the 3D modules. Also the total leakage current of the combined
module is given to evaluate the impact of the common measurement. Variations between
the current on the modules and on the stave are expected as the measurements correspond
to different temperatures.
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Figure A.6: Leakage current measurements for the planar modules combined to M1
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Figure A.7: Leakage current measurements for the planar modules combined to M2

Comparing the results of the measurements shows a good correlation between the individ-
ual modules and the combined read-out on the stave. Noticeable is the breakdown shift to
80V of M2C in Fig. A.7(b) which could indicate module damage which appeared during the
mounting of the modules.
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Figure A.8: Leakage current measurements for the planar modules combined to M3
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Figure A.9: Leakage current measurements for the 3D modules combined to M4
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Glossary

ALICE Experiment The ALICE Experiment is one of the particle detectors experiments
connected to the LHC. http://aliceinfo.cern.ch/Public/Welcome.html

ATLAS Experiment The ATLAS Experiment is one of the particle detectors experiments
connected to the LHC. http://atlas.ch/

ATLAS Pixel Detector front-end chip version 13 The ATLAS Pixel Detector front-end chip
version 13 is the front-end chip used to build ATLAS Pixel Detector. A description of the
chip is given in Sec. 3.2.1.

ATLAS Pixel Detector front-end chip version 14 The ATLAS Pixel Detector front-end chip
version 4 is the pixel detector front-end chip to be used for the read-out of ATLAS IBL
pixel detector modules. A prototype version FE-14A was used during this work while an
enhanced version FE-I4B is used for IBL modules. A description of the chip is given in
Sec. 3.2.2.

bunch A bunch is collection of particles which are stored in a particle accelerator. The LHC
was designed to hold in each proton beam up to 2808 bunches each containing about
1-10"" protons.

bunch crossing frequency The bunch crossing frequency is the frequency bunches collide
in an accelerator. In case of the LHC a maximum bunch crossing frequency of 40 MHz
corresponding to 25 ns can be reached.

CMS Experiment The CMS Experiment is one of the particle detectors experiments con-
nected to the LHC. http://cms.web.cern.ch/

Deutsches Elektronen-Synchrotron Deutsches Elektronen-Synchrotron is a research cen-
ter in Germany with sites in Hamburg and Zeuthen. http://www.desy.de/

European Organization for Nuclear Research European Organization for Nuclear Re-
search is an intergovernmental research center in Geneva, Switzerland. http://home.
web.cern.ch/

fluence The fluence in particle physics represents the number of particles penetrating an
area. It represents a unit of measure of the radiation damage a particle detector has
sustained. Corresponding to the NIEL hypothesis in Sec. 2.2.3 a conversion is used to
scale a given fluence to a neutron equivalent fluence (neq cm™2).
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Glossary

integrated luminosity The integrated luminosity represents an amount of collisions in an
particle accelerator. The recorded integrated luminosity of an experiment represents a
fraction of the delivered integrated luminosity. The expected development of the inte-
grated luminosity in the ATLAS Experiment in shown in Fig. 1.2.

LHCb Experiment The LHCb Experiment is one of the particle detector experiments con-
nected to the LHC. http://lhcb-public.web.cern.ch/lhcb-public/

luminosity In accelerator physics the luminosity is one of the parameters used to describe
the performance of an accelerator. For ring accelerators the luminosity is defined by
the number of bunches stored in the accelerator, the number of particles stored in these
bunches, the cross section of these bunches and the bunch crossing frequency. In or-
der to reach a high statistical significance of the measurement it is desired to reach a
high luminosity. By 2022 the LHC peak luminosity will be successively increased up
to 5-10%* cm 25~ . In total a integrated luminosity of 3000 fb~ " is expected during the
operation time of the accelerator.

pseudorapidity In particle physics the pseudorapidity 1 describes the deflection of a parti-
cle relative to the beam axis. In case of the ATLAS Experiment which covers the pseudo-
rapidity range | < 2.5 this corresponds to particles with an relative angle to the beam
axis higher than about 9.39°.

stave Astaveisa structural element of a detector which houses a certain number of detector
modules. In order to avoid inactive regions in the detector several staves are mounted
around the beam pipe overlapping each other. For the development of the IBL a proto-
type stave called stave-0A was build implementing FE-14A modules. More details about
the stave layout of the IBL can be found in Sec. 1.3.1

STControl STControl is a program to perform automated scans on pixel modules with the
USBPix system.

TurboDAQ TurboDAQ is an analysis software dedicated to perform automated scans on
ATLAS Pixel Detector modules and single chip modules. Further information about the
software is given in Sec. 3.4.1. http://physik2.uni-goettingen.de/~jgrosse/TurboDAQ/

USBPix The USBPix system is a general purpose read-out system which is used for electrical
testing of pixel detector modules. Further information about the system is given in
Sec. 3.4.2. http://icwiki.physik.uni-bonn.de/twiki/bin/view/Systems/UsbPix
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Acronyms

AC alternating current

ADC analog to digital converter
ALICE ALICE Experiment
ATLAS ATLAS Experiment

BCM Beam Conditions Monitor

CERN European Organization for Nuclear Research

CFRP carbon-fiber-reinforced polymer

CiS CiS Forschungsinstitut fir Mikrosensorik und Photovoltaik GmbH
CMOS Complementary Metal-Oxide-Semiconductor

CMS CMS Experiment

CNM Centro Nacional de Microelectrdnica - Instituto de Microelectronica de Barcelona

CSA Charge-Sensitive Amplifier
CSC Cathode Strip Chambers
CTP Central Trigger Processor
CVD Chemical Vapor Deposition

DAC digital to analog converter
DAQ Data Acquisition

DBM Diamond Beam Monitor

DC direct current

DCM Double Chip Module

DCS Double Chip Sensor

DDL Diamond Detectors Ltd.
DDTC Double Side Double Type
DESY Deutsches Elektronen-Synchrotron
DICE Dual Interlocked storage Cell
DLL Dynamic Link Library

DRIE Deep Reactive lon Etching
DUT Device Under Test
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Acronyms

EEPROM Electrically Erasable Programmable Read-Only Memory
ENC equivalent noise charge
EOC end of column

FBK Fondazione Bruno Kessler

FDAC individual feedback current DAC

FE-13 ATLAS Pixel Detector front-end chip version I3
FE-14 ATLAS Pixel Detector front-end chip version 14
FPGA Field Programmable Gate Array

FTK Fast Tracker

FWHM full width half maximum

GDAC global threshold DAC

HEP High Energy Physics
HFCVD hot-filament CVD
HL-LHC High Luminosity LHC
HPK Hamamatsu Photonics K.K.

I2C Inter-Integrated Circuit

IBL Insertable B-Layer

IEL lonizing Energy Loss

ISS International Space Station

IST IBL Support Tube

ITK Inner Tracker

IZM Fraunhofer-Institut fiir Zuverlassigkeit und Mikrointegration

JSI Jozef Stefan Institute
KIT Karlsruher Institut fir Technologie

LanGau Landau function convoluted with a Gaussian
LAr liquid argon

LHC Large Hadron Collider

LHCb LHCb Experiment

LUT look up table

LVDS Low Voltage Differential Signaling

MAC Module Adapter Card
MDT Monitored Drift Tubes
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Acronyms

MIP Minimum lonizing Particle

MOSFET metal oxide semiconductor field-effect transistor
Multi-l10 multipurpose input-output

MWCVD microwave CVD

NIEL non lonizing Energy Loss

nSQP new Service Quarter Panels

PCB Printed Circuit Board
pcCVD poly-crystalline CVD
PKA Primary Knock-on Atom
PMT photomultiplier tube
PPS Planar Pixel Sensor

PS Proton Synchrotron

PSI Paul Scherrer Institut

QA Quality Assurance
QC Quality Control

RP Radiation Protection
RPC Resistive Plate Chambers

SCM Single Chip Module

SCS Single Chip Sensor

SCT Semiconductor Tracker

sCVD single-crystalline CVD

SELEX SELEX Sistemi Integrati S.p.A.
SEU Single Event Upset

SNR Signal-to-Noise Ratio

SPI Serial Peripheral Interface

SPS Super Proton Synchrotron

SQP Service Quarter Panels

SRAM Static Random-Access Memory

TB Test-Beam

TDAC individual threshold DAC
TGC Thin Gap Chambers

TID total ionizing dose

ToT time-over-threshold
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Acronyms

TPCC Turbo Pixel Control Card
TPLL Turbo Pixel Low Level
TRT Transition Radiation Tracker

UBM under bump metalization
USB Universal Serial Bus

VME Versa Module Eurocard
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