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Abstract

For vertex and tracker detectors, most High Energy Physics (HEP) experiments exploit hybrid pixel
sensors, which are well known for their good energy, time, and spatial resolutions, together with the
ability to cover a wide range of radiation and high fluxes. The A Large Ion Collider Experiment
(ALICE) is the only experiment at the Large Hadron Collider (LHC) that has chosen to use instead
Monolithic Active Pixel Sensors (MAPS) for the Inner Tracking System (ITS2).

In hybrid pixel sensors the sensing part and the readout electronics are placed on two different silicon
pieces bump-bonded together; in MAPS the sensitive volume and the readout circuitry are both
in one piece of silicon. This leads to an important reduction of the material budget, of the power
consumption, as well as of the production costs.

For future upgrades, the ALICE collaboration will push forward the development of MAPS improving
radiation hardness and high rate capabilities, increasing depletion depth, and further reducing power
consumption and material budget. In particular, for the ITS3 upgrade, it is foreseen to replace the
three innermost layers of the ITS2 with a first truly cylindrical tracker (ITS3) made of bent, wafer-
scale, depleted monolithic pixel sensors based on 65 nm CMOS technology.

Many different small pixel matrix prototypes have already been designed and produced by the ALICE
collaboration; many research centres are contributing to this R&D activity, which aim to characterise
different versions of the sensors - i.e. pixels with different pitches and thicknesses, distinct process
modifications etc. - at test beams at accelerator facilities or using table-top setups. As a result of all
these efforts, unprecedented performances in terms of readout speed, material budget, signal-to-noise
ratio and spatial resolution have been already reached.

In this thesis, Analogue Pixel Test Structures (APTS), designed for the ITS3 project and exposed to
different radiation levels, are studied as the most important characteristics of the sensors - namely
charge collection efficiency, speed, noise, etc. - are expected to be degraded with irradiation. This
represents an important issue: for future high luminosity runs at colliders the requirements are not
only good time and spatial resolution, but also high radiation hardness.

iii



iv



Contents

Abstract iii

Executive Summary 1

1 The ALICE experiment 3

1.1 ALICE experiment overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Detector layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 The Inner Tracking System (ITS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.1 ITS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.2 ITS3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Silicon pixel detectors 11

2.1 Interaction of Radiation in Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.2 Charged particles in matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.3 Photons in matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Silicon detector working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Hybrid Pixel Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Monolithic Active Pixel Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5.1 Charge motion and signal formation . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5.2 Spatial resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5.3 Pixel capacitance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5.4 Leakage current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5.5 Charge sharing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5.6 Radiation hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3 Radiation induced effects on silicon 23

3.1 Radiation damage: from HEP experiments to other applications . . . . . . . . . . . . 23

3.2 Single Event Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Surface Damage, Total Ionizing Dose effects . . . . . . . . . . . . . . . . . . . . . . . . 24

3.4 Displacement Damage Dose Effects (bulk damage) . . . . . . . . . . . . . . . . . . . . 26

v



CONTENTS CONTENTS

4 Experimental setup 33

4.1 MLR-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Analogue Pixel Test Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.3 DAQ, Proximity and Carrier boards . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4 Cold box and chiller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5 Measurement Procedure 39

5.1 Test pulse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Threshold scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 Gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.4 Radioactive source measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.4.1 Source acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.5 Leakage current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

6 Results 47

6.1 55Fe results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.1.1 Signal distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.1.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.1.3 Cluster size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.1.4 Noise and baseline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.1.5 Charge sharing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.1.6 Comparisons: non-irradiated vs irradiated . . . . . . . . . . . . . . . . . . . . . 55

6.2 90Sr results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.1 Signal distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.3 Cluster size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.2.4 Charge sharing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.2.5 Result comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.3 Leakage current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Conclusions 81

Bibliography 85

vi



Executive Summary

The focus of my thesis work was the study of Monolithic Active Pixel sensors (MAPS) exposed to
neutrons at the JSI TRIGA neutron irradiation facility. The goal was to verify the capability of these
types of silicon sensors to tolerate Displacement Damage (DD) into the silicon lattice.

DD is characterized by the non-ionizing energy loss (NIEL), i.e. the portion of energy lost by a
traversing particle which does not go into ionization and instead leads to displacement of lattice
atoms. The defects generated by displacement damage are characterized by two types: point defects
and cluster defects. The minimum energy to dislocate one Si atom and create a point defect is 25
eV. The recoil silicon atom, the Primary Knock-on Atom (PKA), becomes an interstitial and leaves
behind a vacancy: the two are commonly referred to as a Frenkel pair. When sufficient energy is
transferred to the PKA, it can generate a cluster: a localized region of damage with many dislocations
(displacements) and vacancies.

DD will negatively affect the performance of any sensor. The main effects are: reduction of recombi-
nation lifetime and diffusion length, increase of majority and minority carrier trapping (which affects
the charge collection efficiency); changes of majority-carrier concentration (due to carrier removal),
and increase of thermal generation of electron-hole pairs under the effect of a sufficiently high electric
field, which leads to an increase of the dark current [1].

The test structures which I studied were designed for the Inner Tracking System 3 (ITS3) project for
the ALICE experiment at the Large Hadron Collider (LHC). At such High Energy Physics (HEP)
experiments, the most important characteristics of sensors - namely charge collection efficiency, speed,
noise, etc. - are expected to degrade in the hostile radiation environment. This is an important issue,
especially for future high luminosity runs at colliders that require not only good time and spatial
resolution, but also high radiation hardness. At the present moment, ALICE is the only experiment
at the LHC that has chosen to use Monolithic Active Pixel Sensors (MAPS) for the Inner Tracking
System (ITS2). However for the next upgrades at LHC, all the experiments will employ MAPS for
their Inner Trackers [2, 3].

At present, for vertex and tracker detectors, most of HEP experiments exploit hybrid pixel sensors
where the sensing part and the readout electronics - manufactured using standard CMOS process -
are placed on two different silicon pieces: the active part and the electronics are connected using the
flip chip bump-bonding techniques [4]. Hybrid pixel detectors are ideal to work in very hostile envi-
ronments close to the interaction region of particle accelerators: they provide good spatial resolution
(∼15µm for 50µm pixel pitch [5]) and time resolution (∼150ps [6]) for the measurement of short living
particles, and are radiation hard (up to 2×1016 neq/cm

2). However, hybrid pixel sensors have several
disadvantages. In fact, the assembly is a complex and expensive process for large area detectors; the
pixel dimensions easily achieved are still too large; the power consumption is high and this requires
an adequate cooling system, causing high material budget (for ATLAS and CMS it is of the order of
3% X0), which worsens the vertex and momentum measurement.

On the contrary, in MAPS the sensitive volume and the readout circuitry are both in the same piece
of silicon. This leads to an important reduction of the material budget, of the power consumption,
as well as of the production costs. To enhance the performance of the detector, the Active Sensor
Volume (ASV) of the device should be fully depleted to collect charge by drift and not by diffusion:
this improves radiation hardness and features a fast time response. In addition, n-type and p-type
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transistors are necessary in the pixel area to develop efficient processing blocks, required to increase
the spatial resolution in vertexing and tracking [7].

The ALICE collaboration is pushing forward the development of MAPS improving radiation hardness
and high rate capabilities, increasing depletion depth, and further reducing power consumption and
material budget. In particular, for the ITS3 upgrade, it is foreseen to replace the three innermost
layers of the ITS2 with a first truly cylindrical tracker (ITS3) made of bent, wafer-scale, depleted
monolithic pixel sensors based on 65 nm CMOS technology.

Many different small pixel matrix prototypes have already been designed and produced by the AL-
ICE collaboration with the MLR-1 (multi-reticle-layer run 1) submission. The Analogue Pixel Test
Structure (APTS), a 4×4 pixel array, with parallel analogue readout for the whole matrix, comes in
4 variants of pixel pitches (10, 15, 20, 25 µm), two output buffer versions (source follower SF and
OPAMP), three design variations (standard, modified, and modified with gap) [8].

For my thesis, I tested several APTS-SF. One chip with 15 µm pixel pitch (not irradiated) and other
chips with 10 µm pixel pitch exposed to different irradiation levels: 1×1014 neq/cm

2, 1×1015 neq/cm
2,

2×1015 neq/cm
2 and 5×1015 neq/cm

2, values that are from one to two orders of magnitude higher than
the expected fluences for the ITS3 upgrade, but in view of the future HL-LHC upgrade. During the
irradiation process, due to the gamma background, the chips were exposed to a TID of approximately
1 kGy at 1014 neq/cm

2, linearly scaling with fluence, which is lower than the radiation load for the
ITS3 of 10kGy.

To test irradiated sensors, the temperature needs to be below room temperature in order to reduce the
leakage current. For this reason a chiller was used to keep the temperature at 14°C inside a cold box,
where the chip carrier board is placed during the tests, together with two more boards: the proximity
and the DAQ ones. The DAQ controls input parameters - current and voltage values that pass through
the proximity - that bring the sensor to the working point, and manages the data measured by the
sensor - after it passed through the proximity board - and allows data transfer to a computer via
a USB cable. The proximity transfers the power supply to the chip, converts the analogue values
measured by the chip to digital signals and passes them to the DAQ board.

The characterisation process consists of the following steps, repeated for different reverse bias voltages
Vbb (0.0 V, -1.2 V, -2.4 V, -3.6 V and -4.8 V):

• test pulse: to check if all the pixels are working;

• threshold scan: to choose a proper acquisition threshold in order to select signals above the noise
level;

• gain: to check baseline and working point conditions;

• source measurement : to acquire data with a source (55Fe and 90Sr);

• leakage current measurement : to measure the leakage current in each pixel.

The thesis work is organised as follows. In Chapter 1, an overview of the ALICE experiment is given.
Chapter 2 is dedicated to silicon pixel detectors, with particular attention to MAPS. In Chapter 3,
radiation damage effects are discussed. Chapter 4 is devoted to the experimental setup. In Chapter
5, the measurement procedure is explained. In Chapter 6, the results from the data analysis are
presented and discussed.
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Chapter 1

The ALICE experiment

In this chapter, an overview of the ALICE experiment is given, together with some details about the
ALICE detector, in particular the current Inner Tracking System and its future upgrades.

1.1 ALICE experiment overview

ALICE (A Large Ion Collider Experiment) is an experiment at the CERN LHC (Large Hadron Col-
lider) focused on quantum chromodynamics (QCD), the theory behind strong interactions between
quarks mediated by gluons. Its purpose is the study of strongly interacting matter and the quark-
gluon plasma in nucleus-nucleus collisions at extreme values of temperature and energy density. The
experiment includes heavy nuclei collisions (Pb-Pb), but also collisions with lighter ions and at lower
energy - to vary the interaction volume and the energy density - and proton-nucleus runs. The ALICE
heavy-ion detector, described below in Section 1.2, is used to study these collisions. [9]

The main goal of ultra-relativistic heavy-ion collisions is to study the properties of quark-gluon plasma
(QGP), which is a state of matter expected to exist at high energy densities and at high temperature
by QCD. In this state of matter quarks and gluons are no longer confined in hadrons.

Figure 1.1: Phase diagram (temperature vs net baryon density) of QCD matter, ranging from normal
quark-confined nuclear matter to unconfined QGP.

The transition between confined matter and the QGP happens when the temperature reaches the
critical value estimated to be ∼ 2×1012 K (∼160 MeV) 1. It is believed that around a few millionths
of a second after the Big Bang the temperature in the Universe was above this critical value, and
everything was in a quark-gluon plasma state.

1The Boltzmann constant is kB = 8.6173...× 10−5eV K−1 so 1 eV corresponds to ∼1.1604×104 K
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1.2 Detector layout Chapter 1. The ALICE experiment

The ALICE collaboration studies how quark-gluon plasma affects different bound states of a charm
quark and its antimatter counterpart, also produced in Pb-Pb collisions. One method used to ob-
serve QGP properties consists in studying in-medium behaviour of heavy quark bound states (i.e.
charmonium).

Charmonia (or hidden-charm particles) are bound states of a charm quark and a charm antiquark;
they are held together by the strong interaction and are exceptional probes of QGP. In the plasma
state, their production is suppressed due to the presence of a large number of quarks and gluons.
This suppression increases with the temperature of the plasma and is predicted to affect different
charmonia to varying degrees. For instance, the production of the state ψ(2S) - which is ten times
more weakly bound and 20% more massive than the state J/ψ - is expected to be more suppressed
than the production of the state J/ψ 2.

Figure 1.2: Illustration of the effect of QGP on the formation of charmonia in lead-nuclei collisions.
As the plasma temperature increases, the ψ(2S) (weakly bound) is more likely to be “screened” and
therefore not form, because of the larger number of quarks and gluons in the plasma. The formation
of additional cc̄ mesons is enhanced by the increase in the number of charm quarks and antiquarks.

The abundance of charm quarks and antiquarks in the QGP gives rise to a recombination mechanism
that forms new charmonia states and counters the suppression mentioned before. The whole process
should depend on the momentum and the type of the charmonia: more weakly bound states are
expected to be produced through recombination later in the evolution of the plasma, and charmonia
with lowest transverse momentum pT are expected to have the highest recombination rate.

Interesting results have been obtained in previous runs already: the ψ(2S) suppression is seen to be
reduced towards lower momentum, meaning that the recombination process is taking place.

Future ALICE upgrades might lead to an ultimate understanding of the modification of hidden-charm
particles and of the strong interaction that holds them together in the extreme environment of the
QGP [10,11].

1.2 Detector layout

The ALICE detector setup is composed of a central barrel, which detects photons, electrons and
hadrons, a forward muon spectrometer, and other detectors for different purposes. The central part -
placed in a large solenoid magnet - covers polar angles from 45° to 135°.

In the following sections, all the detectors grouped by a specific function are briefly presented (for
further information see [9]).

2J/ψ and ψ(2S) are both cc̄ mesons, they have different characteristics which can be found here:
https://pdglive.lbl.gov/Particle.action?init=0&node=M070&home=MXXX025

https://pdglive.lbl.gov/DataBlock.action?node=M071W&home=MXXX025
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Chapter 1. The ALICE experiment 1.2 Detector layout

Figure 1.3: Schematic layout of the ALICE detector as during RUN3 (after upgrade).

Tracking detectors

• Inner Tracking System (ITS) for the reconstruction of primary and secondary vertices, tracking
and identification of charged particles with a low pT cutoff and improvement of the momentum
resolution at high pT ;

• Time Projection Chamber (TPC) for tracking and identification of charged particles.

Particle identification

• Transition Radiation Detector (TRD) for the identification of electrons among other charged
particles;

• Time Of Flight (TOF) for the identification of charged particles in the intermediate momentum
range;

• High Momentum Particle Identification Detector (HMPID) for the identification of charged
particles having large momentum.

Electromagnetic calorimeters

• ElectroMagnetic Calorimeter (EMCal) to measure highly energetic photons, electrons, neutral
pions, and jets of particles;

• Di-jet Calorimeter (DCal) for the measurements of back-to-back jets, which originate in the
interactions of ultra-high-energy quarks and gluons;

• PHOton Spectrometer (PHOS) to measure the photons coming out of the extremely hot plasma
created in the lead-lead collisions at the LHC;

Muon tracker and spectrometer

• Muon Spectrometer (MS) for the detection of heavy quark resonances (such as J/ψ) via their
decay to µ+µ−, which provides an essential tool to study the early and hot stage of heavy-ion
collisions;

• Muon Forward Tracker (MFT) to enhance the vertexing capability of the ALICE Muon Spec-
trometer.

5



1.3 The Inner Tracking System (ITS) Chapter 1. The ALICE experiment

Forward and trigger detectors

• Zero Degree Calorimeter (ZDC) to measure the forward energy carried by the noninteracting
nucleons;

• Fast Interaction Trigger (FIT) to measure the primary forward trigger, luminosity, and collision
time, and to determine multiplicity, centrality, and reaction plane of heavy ion collisions.

1.3 The Inner Tracking System (ITS)

The Inner Tracking System (ITS) is the central most detector surrounding the beampipe located in
the central barrel of ALICE.

The main tasks of the ITS are to localise primary and secondary vertices necessary for decay recon-
structions, to track and identify low-momentum particles, and to improve the momentum and angle
resolution for particles reconstructed by the TPC.

The ITS was initially designed for rates up to 100 particles/cm2 for Pb-Pb collisions for center of mass
energy

√
sNN = 5.5 TeV.

The ITS for LHC Run 1 and Run 2 consisted of six cylindrical layers built using three different
technologies: Silicon Pixel Detectors (SPD) for the two innermost layers, Silicon Drift Detectors
(SDD) for the following two layers, and double-sided Silicon micro-Strip Detectors (SSD) for the two
outer layers [12]. The outer radius was determined by the necessity to match tracks with those from
the TPC (430 mm), and the inner radius was the minimum allowed by the radius of the beam pipe (39
mm) [9]. The four outer layers had analogue read-out and therefore were used for particle identification
(PID) via dE/dx measurement in the non-relativistic region (dE/dx ∝ 1/β2). All detector elements
were carefully designed to minimise their radiation length, achieving 1.1% X0 per layer.

The precision of the first version of the ITS in the determination of the track distance of closest
approach was adequate to study only certain decay channels at value of transverse momentum above
1 GeV/c, but at lower pT values it was inefficient. Another limitation was given by the limited read-
out rate capabilities [13]. These motivations lead to the ITS2 upgrade, which is the current tracker
(see subsection 1.3.1).

1.3.1 ITS2

The upgraded Inner Tracking System 2 (ITS2) was installed during the Long Shutdown 2 of the
LHC during 2019–2021. It consists of seven cylindrical layers of silicon pixel sensor chips, situated
directly around the Interaction Point (IP) and beam pipe. The key features of the ITS upgrade can
be summarised as follows.

• First detection layer closer to the beam line: the diameter of the beampipe has been
reduced (from 6 cm to 3.8 cm) which improved the measurement of the impact parameter by a
factor of 3 and 5 in the rϕ and z coordinate, respectively, at a pT of 500 MeV/c [14].

• Reduction of material budget: the overall material budget has been reduced to 0.35% X0

(compared to 1.14% X0 of its predecessor). In particular, the use of Monolithic Active Pixel
Sensors (MAPS) allowed the silicon material budget per layer to be reduced by a factor of seven
in comparison to the old ITS (50 µm instead of 350 µm). Moreover, the pixel size has been
noticeably reduced from 50µm × 425µm to 29.24µm × 26.88µm.

• Geometry: seven concentric cylindrical layers covering a radial extension from 23 mm to 400
mm with respect to the beamline.

• Read-out rate: increased from 1 kHz up to 100 kHz in Pb–Pb and 200 kHz in pp collisions [14].

6



Chapter 1. The ALICE experiment 1.3 The Inner Tracking System (ITS)

Figure 1.4: Schematic layout of the ITS2.

The key component of the ITS2 is a novel pixel sensor chip, the ALPIDE, which was developed at
CERN specifically for the ALICE ITS upgrade. The seven layers of the ITS2 are assembled from
sub-assemblies of sensor chips referred to as staves, and the entire detector consists of 24 120 chips
(192 staves) in total. The layout of the detector is depicted in Figure 1.4.

The ALPIDE chip is a Monolithic Active Pixel Sensor (MAPS) fabricated in the TowerJazz 180 nm
CMOS Imaging Process. It has a pixel matrix of 1024 × 512 pixels which covers a total area of 29.94
mm × 13.76 mm. The size of an individual pixel is 29.24 µm × 26.88 µm; each pixel includes a charge
collection diode, an amplification chain, a discriminator and multiple-event buffer. As can be seen in
Figure 1.5 a deep p-well makes it possible to employ complex logic inside the pixel matrix, without
having the n-well PMOS transistors compete with the collection electrodes.

Figure 1.5: Main parts of a monolithic active pixel sensor in a section view of one pixel [13].

1.3.2 ITS3

ALICE is currently planning to install a new vertex detector (ITS3) during the LHC Long Shutdown 3
(LS3) to replace the three inner layers of the current ITS2. The proposal for the novel vertex detector
consists of curved wafer-scale ultra-thin silicon sensors arranged in cylindrical layers (see Figure 1.6),
with an extraordinary low material budget of 0.05% X0 per layer; the innermost layer is placed at
only 18 mm radial distance from the interaction point.

Achieving such a challenging objective on the material budget, essentially requires having in the active
area only the thin MAPS silicon sensor (<50 µm), while removing mechanical structures, cooling lines
and any printed circuits for the interconnection of adjacent sensors.

7



1.3 The Inner Tracking System (ITS) Chapter 1. The ALICE experiment

ALICE has demonstrated that the ALPIDE thin silicon chips are flexible enough to be bent onto
truly cylindrical surfaces of radii well below 18mm. Their performance was validated and compared
to unbent sensors.

In parallel, ALICE chip designers are dealing with stitching technology 3 to overlap sensors’ images
on a large silicon wafer, such to cover the surface of an entire ITS half layer (280 mm × 93 mm);
this removes the need of printed circuit boards for interconnection in the active area, with signals and
power feeding the sensors only at its edge.

These developments show the feasibility of a large silicon layer, bent to cylindrical shape, that will
not only reduce the achievable distance from the beam pipe (no staggering of staves will be needed),
but that will also give the layers an intrinsic stability, minimizing the requirement on supporting
structures.

In the new detector, each half-cylinder will consist of curved wafer-scale MAPS, with bending radii of
18, 24 and 30 mm; the length of the sensor will be 27 cm along the beam direction. Carbon foam, with
large radiation length, has been identified as the design choice for the mechanics of the new vertex
detector to achieve the requirement on minimum material budget.

The single hit position resolution required is of the order of 5 µm: for this reason a pixel pitch of the
order of 20 µm is demanded 4.

Figure 1.6: Layout of the ITS3 Inner Barrel. The figure shows the beam pipe and the two half-barrels
mounted around it.

The current ALPIDE chip dissipation is close to 40 mW/cm2. The change of technology node from
180 nm node to 65 nm (together with the related voltage scaling) is expected to bring a reduction of
power by at least a factor 2 for similar sensor features [16]. With such a reduced power consumption,
low speed air flow can be therefore adopted as cooling solution, thus removing liquid cooling and pipes
from the active area. The carbon foam used as sensor support will also act as a radiator for the air
cooling.

3The stitching technique [15] allows to manufacture devices much larger than the dimensions of the design reticle
(normally with area 3 cm × 2 cm). The design reticle gets subdivided in sub-frames that correspond to sub-frames
of the photomasks. During the photolithographic patterning of wafers, these are exposed onto neighbouring locations
according to a pre-established pattern. This requires very precise alignment and translation of the wafers between each
exposure. [16]

4It is often assumed that the binary resolution is pitch/
√
12, which is generally a worst case upper limit [17].
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Figure 1.7: 50 µm thin silicon sensor, 280 mm in length, bent to 30 mm radius. Large area MAPS
obtained using stitching technique. Electrical connectivity at one edge of the sensor by wire bonding.
Carbon foam provides mechanical and thermal functions.

With this kind of modifications, a large reduction of material budget and a large improvement of the
efficiency at low pT and of the tracking precision are predicted. [18]
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Chapter 2

Silicon pixel detectors

This chapter aims to provide basic information about the working principle of silicon detectors, the
state of the art of silicon pixel sensors and an insight on Monolithic Active Pixel Sensors (MAPS)
which are exploited for the ITS of the ALICE experiment.

2.1 Interaction of Radiation in Detectors

2.1.1 Introduction

The interaction of high energy particles with a silicon pixel detector can produce three types of effects:

- Transient ionisation effects are due to the production of electron-hole pairs, the signal charge,
by the passage of an ionising particle.

- Long-term ionisation effects. Insulator materials (always present in a pixel detector) do not
return to their original state but retain relatively immobilised charge. The electrical properties
of the device can be affected when charges are trapped in insulation layers.

- Long-term displacement effects. These effects arise because of the displacements of atoms from
their normal sites in a crystal lattice, producing a less ordered structure and relatively long-lived
changes of some properties of the semiconductor material, that affect the device behaviour.

The transient production of electron-hole pairs is the fundamental phenomenon, at the very basis of
how a particle detector works, as discussed in this Chapter. Long term ionisation and displacement
effects lead instead to the degradation of detector performances in radiation environments, such as
loss of signal charge and increased noise, and will be discussed in Chapter 3.

The evaluation of the degradation of the detectors studied in this thesis was carried out using two
radioactive sources:

- 55Fe, a source of X-ray photons used for calibration purposes;

- 90Sr, a source of electrons that mimic minimum ionising particles.

In the following, a few words to describe the pertinent interactions of charged particles, in particular
electrons, and photons with matter are given.

2.1.2 Charged particles in matter

A fast charged particle moving through matter undergoes many inelastic collisions with atomic elec-
trons (coulomb interaction) exciting or ionising them; by losing energy, the particle slows down. The

11



2.1 Interaction of Radiation in Detectors Chapter 2. Silicon pixel detectors

Figure 2.1: Mean energy loss of a µ+ in copper.

stopping power of the material, −dE/dx, is the rate of energy loss in thickness due to ionization. A
charged particle will also interact with atomic nuclei via the Coulomb interaction. Each interaction
will change the direction of motion of the particle and this will result in an angular spreading of the
beam of particles.

The following Bethe-Bloch formula provides an analytical description of the stopping power of swift
heavy charged particles (muons, protons, α particles, atomic ions, but not of the light electrons):

−dE
dx

= 4πNAr
2
emec

2z2ρ
Z

A

1

β2

[

ln

(

2mec
2γ2β2

I

)

− β2 − δ

2

]

, (2.1)

where:

• NA, re and me are Avogadro’s number, electron classical radius1 and electron mass respectively;

• z is the electric charge of the incident particle;

• ρ, Z and A are the density, atomic number and atomic mass of the material;

• β is the particle velocity in units of c and γ = 1√
1−β2

;

• I is the absorber mean excitation energy;

• δ describes the electric field reduction due to medium polarisation.

At βγ ≈ 4 there is the so called minimum ionising condition (MIP), at which the particle energy loss
is almost constant. A representation of the trend of the Bethe-Bloch formula is given in Fig. 2.1. The
total path length traversed by a charged particle before it loses all its energy and stops is called its
range.

1re =
1

4πε0

e
2

mec
2= 2.817 940 3227(19) fm
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Figure 2.2: Landau distribution for MPV = 0 and σ = 1

For electrons the energy loss is slightly different, as it is more sensitive to relativistic corrections due
to their small mass and quantum effects due to them being indistinguishable from the atomic electrons
with which they interact. The Bethe-Bloch formula for electrons is:

−dE
dx

= 4πr20
mec

2

β2
NZ

[

ln

(

βγ
√
γ − 1mc2

I

)

+
1

2γ2

(

(γ − 1)2

8
+ 1− (2γ2 + 2γ − 1)ln2

)]

, (2.2)

where N is the number of atoms/m3. At high energies, way beyond those of the 90Sr source used in
this thesis, electrons can suffer much larger radiative losses (Bremsstrahlung), and further terms must
be added to account for this.

The statistical nature of the collisions of a particle with the atoms of a medium is not only manifest
in the angular spread of the passing beam, but also in both the spread of the total range and in the
ionisation losses in a given layer of the medium. If the thickness ∆x of a material is sufficiently large,
a particle traversing it will experience a large number of collisions and the spread of the energy loss
around the mean value ⟨∆E⟩ will be distributed normally:

P (∆E, σ) =
1√
2πσ

exp

(

−(∆E − ⟨∆E⟩)2
2σ2

)

(2.3)

If, instead, the material is thin, i.e. ∆x is small compared to the case considered above, the relatively
small number of collisions experienced by the particle leads to a Landau distribution that is not
symmetric, like the normal one for thick layers, but skewed with a high energy loss tail. The Landau
energy loss distribution, shown in Eq. 2.4, is parametrized by two parameters: the Most Probable
Value (MPV), which is the most probable value of energy loss, and a scale parameter σ, which is
related to the width of the distribution 2.

p(∆E;MPV, σ) =
1

πσ

∫

∞

0
e−tcos

[

t

(

∆E −MPV

σ

)

+
2t

π
log

(

t

σ

)]

dt (2.4)

Fig. 2.2 shows the landau shape for MPV = 0 and σ = 1.

2.1.3 Photons in matter

The interaction of photons in matter is completely different from that of charged particles. The
photon does not have an electric charge and hence it doesn’t make the many inelastic collision with

2For the distribution described by Eq. 2.4, it is not possible to define a mean value, nor higher moments.
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Figure 2.3: Photon linear attenuation coefficient in Silicon in the 1-10 keV energy range

atomic electrons so characteristic of charged particles. For photons the most important mechanisms
of interaction are:

- Photoelectric effect

- Compton and Rayleigh scattering

- Pair production

As a consequence of such kinds of interactions, a photon that interacts with matter is completely
removed from an incident beam: a beam of photons that interacts with a slab of matter is attenuated
in intensity, not degraded in energy. The attenuation of the incident beam intensity is exponential
with the thickness of the absorbing medium and can be expressed by the following relation:

I(x) = I0 · e−µ·x (2.5)

where x is the path travelled in the material and µ is the linear attenuation coefficient, usually expressed
in cm−1. It depends on three factors: the photon energy, the atomic number and the density of the
material. It has contributions from each of the four interaction mechanisms:

µtot = µrayleigh + µcompton + µphotoelectric + µpairproduction (2.6)

The first two are scattering events, so at the end of the process a photon is emitted, while the
last two are absorption events, so the incoming photon is destroyed and a single electron and an
electron/positron pair are produced, respectively.

When using X-rays sources to test the response of silicon detectors, only two of these need to be
considered: the dominant photoelectric effect and the Compton scattering. Figure 2.3 shows the
linear absorption coefficient in silicon in the pertinent 1-10 keV energy range 3.

In the photoelectric effect the incident photon is completely absorbed and an electron is ejected from
the atom. Compton scattering involves the electromagnetic transfer of momentum and energy to an
atomic electron. It is a purely quantum effect, described as a relativistic elastic collision of a photon

3Mass attenuation values from the NIST (National Institute of Standard and Technology) are multiplied by the
silicon density (2.33 g·cm−3) to obtain the linear attenuation coefficient expressed in cm−1, https://physics.nist.
gov/PhysRefData/Xcom/html/xcom1.html
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with an electron. It results in a scattered photon, with an energy lower than the initial incoming one,
and the ejection of the electron from the atom.

The pair production process and the Rayleigh process are mentioned only for completeness. Pair
production requires a minimum energy of 2mec

2 = 1.02 MeV, which is much higher than the energy
of the X-rays from the 55Fe source used. In classical terms, the Rayleigh process can be understood
as an electromagnetic plane wave transferring energy to an atomic cloud, which starts to oscillate and
hence emit dipole radiation with the same frequency. The Rayleigh scattering process is a non-ionising
process: it does remove photons from the beam, but there is no ejection of electrons from the atom
and hence leaves no signal in a detector.

2.2 Silicon detector working principle

To better understand the working principle of a silicon pixel detector, it is useful to revise the p-n
junction (see Figure 2.4). Consider a piece of silicon with an n-doped and a p-doped part4. The doping
level must be high enough to overcome the intrinsic carrier densities (in silicon, at room temperature,
this value is ∼ 10−10 cm−3) so that an abundance of majority carriers is formed (electron in the
n-zone, hole in the p-zone). The interface between n-doped and p-doped regions will be emptied of
free charges because the majority carriers in each region diffuse through the junction and recombine
with the opposite sign charge carriers. This process generates an electric field, caused by the excess
charge of doping atoms at rest, which outweighs the diffusion and a “built-in potential difference” V0

is established across the junction:

V0 = VT ln
NDNA

n2i
(2.7)

where

• VT is the thermal voltage of 26 mV at room temperature;

• ND and NA are the impurity concentration of donors and acceptors, respectively;

• ni is the intrinsic concentration.

Typically, at room temperature, the built-in potential for silicon is about 0.6 – 0.7 V. This potential
barrier will always exist, even if the device is not connected to any external power source.

Figure 2.4: Isolated PN junction (not connected to a powered circuit) [19].

4Doped silicon is obtained through the introduction of impurities in the semiconductor crystal; p-doping is obtained
using as dopants elements of the III group that have 3 valence electrons (such as boron), whereas n-doping is obtained
using as dopants elements of the V group that have 5 valence electrons (such as phosphorus). In p-doped semiconduc-
tors, the charge carrier is the hole left in the silicon valence band, after the dopant combines with silicon; in n-doped
semiconductors, the charge carrier is the free electron.
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Figure 2.5: Current flow characteristics of a PN junction diode: (a) zero bias applied, therefore no
current flows; (b) forward biased junction, the external voltage is oriented in the opposite direction of
the electric field due to the depletion region, therefore the depletion region shrinks; (c) reverse biased
junction, the depletion region gets wider, producing a high resistance to current flow in the diode [19].

A state of equilibrium is therefore established (electrically neutral situation). This regions on either
sides of the junction, now completely depleted of free carriers, is called depletion zone and extends for
a total thickness W which can be expressed as follows:

W = xP + xN =

√

2ϵ0ϵSi
e

(

NA +ND

NAND

)

V0 (2.8)

where xP and xN are depletion region extensions in the P type and N type silicon respectively, ϵSi
= 11.7 (at 300K) is the dielectric constant of silicon relative to the vacuum one ϵ0, V0 is the built-in
voltage, e is the electric charge, NA and ND are the dopant densities5. If a suitable positive voltage
(forward bias)6 is applied between the two ends of the PN junction, it can supply free electrons and
holes with the extra energy they require to cross the junction, as the width of the depletion layer
around the PN junction is decreased. By applying a negative voltage (reverse bias)7 , the free charges
are pulled away from the junction, thus resulting in the depletion layer width being increased. This
has the effect of increasing or decreasing the effective resistance of the junction itself, allowing or
blocking the flow of current through the PN junction.

PN junctions are usually highly asymmetrical in doping concentration (either ND ≪ NA or NA ≪
ND). A highly asymmetrical junction is called a one-sided junction (either an N+P junction or a P+N
junction), where N+ and P+ denote the heavily doped sides. The depletion layer penetrates primarily
into the lighter doping side, and the width of the depletion layer in the heavily doped material can
often be neglected. For a reverse biased asymmetric junction the depletion width W has the following
expression:

W ≈ xP ≈
√

2ϵ0ϵSi
e

(

V0 − V

N

)

=
√

2ϵ0ϵSi(V0 − V )µρ (2.9)

where V is the reverse bias applied by an external source, N is the lighter doping concentration, µ is
the majority carrier mobility and ρ is the resistivity.

To maximise the depletion depth it is useful to choose the silicon resistivity and the carrier mobility
as high as possible8, as well as a high value of reverse bias.

5ϵ0 = 8.854...×10−12 F/m, and e =1.602...× 10−12 coulomb
6Applying the positive voltage to the p-side and connecting the n-side to ground.
7Applying the positive voltage to the n-side and connecting the p-side to ground.
8The value of the electron mobility is µe ∼ 1350 cm2/(V·s), whereas the value the hole mobility is µh ∼ 450 cm2/(V·s):

for this reason electrons are preferred to holes.
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Considering that fixed charges build up on both sides of the junction, the depletion zone can be seen
as a charged capacitor with value C per unit of area:

C = ϵ0ϵSi/W =
√

eϵ0ϵSi(N/2V ) (2.10)

Taking into account all these considerations, it is easier to understand how silicon pixel detectors
work. When ionizing particles cross the silicon detector, they generate charge carriers (electron-hole
pairs). On average, every 3.6 eV of energy deposited one electron-hole (e−/h+) pair is generated.
For example, when a relativistic particle crosses a 300 µm thick silicon detector, it looses energy in
collision with the electrons of the crystal and generates ∼ 80 e−/h+ pairs per micron of path. The
generated charges drift under the action of the external electric field with a speed - that depends on
the electric field - that saturates at values ∼ 107 cm/s for fields near to 104 V/cm 9. The collection
time is about 10 ns, which means that the current is about 0.5 µA [20]. If the carriers are created
in the depletion region, they might induce a current, which is instantaneously much larger than the
thermal background current and thus can be detected. This means that the depletion region is the
active volume of the detector, whereas the undepleted regions are not appropriate for the collection,
because too many majority carriers facilitate charge recombination and the electric field is too low to
collect charges in a short time [20].

If the reverse bias V is increased, the thickness W of the depletion region increases, while the capac-
itance decreases: this leads to an improvement of the signal over noise ratio (S/N). For this reason,
fully depleted detectors10 have the best S/N.

2.3 Hybrid Pixel Detectors

Nearly all vertex detectors in high energy physics experiments are made using hybrid pixel detectors,
a type of sensors where the active part and the pixel readout chip - manufactured using standard
CMOS process - are implemented on separate silicon pieces as can be see in Figure 2.6: the active
part and the electronics are connected using the flip chip 11 bump-bonding technique 12 [4].

Figure 2.6: On the left, the schematic of signal production in the sensor, on the right the general
architecture of a hybrid pixel detector [6].

9Suppose a silicon resistivity of 2.5 kΩcm for a 300 µm thick silicon detector, fully depleted at 200 V bias voltage [20]
10Detectors where the depletion zone extends to the whole thickness of the silicon layer.
11One of the two chips (sensor and readout chips) is flipped and then bonded to the other using solder bumps
12This method exploits a bump to connect the sensor and the readout chip (instead of a wire): the bump can be

formed in many different ways (for more details, refer to [21]).
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Hybrid pixel detectors are ideal to work in very hostile environments, i.e. close to the interaction
region of particle accelerators. In fact, they provide good spatial resolution (∼ 15 µm for 50 µm
pixel pitch [5]) and time resolution (∼ 150 ps [6]) for the measurement of short living particles. They
are also radiation hard, meaning they survive high fluxes of particles. At the LHC luminosity of 1034

cm−2s−1, for instance, the expected fluence is 2×1015 neq/cm
2 per lifetime; for the next upgrade (High

Luminosity LHC, HL-LHC) the luminosity is expected to increase by a factor 10 (1035 cm−2s−1), so
that also the expected fluence will be one order of magnitude larger (2×1016 neq/cm

2 per lifetime).

However, hybrid pixel sensors have several disadvantages. In fact, the assembly is a complex and
expensive process for large area detectors; the pixel dimensions easily achieved are still too large;
the power consumption is high and this requires an adequate cooling system, causing high material
budget (for ATLAS and CMS it is of the order of 3% X0), which worsens the vertex and momentum
measurement.

A valid alternative to hybrid pixel sensors is presented in the following section.

2.4 Monolithic Active Pixel Sensors

The Monolithic Active Pixel Sensors (MAPS) technology combines the sensitive volume and the front-
end readout logic in the same silicon die, using standard CMOS processes. MAPS have shown many
advantages with respect to hybrid pixel sensors, because the production process is less expensive, they
can be built in large array sizes, their thickness can be reduced depending on the needs; each pixel
has individual readout, they are quite radiation hard and their power consumption can be reduced
noticeably. Moreover, the absence of external interconnection between the active volume and the
readout circuit reduces the input capacitance, which leads to very low noise and high S/N ratio.

Efficiency and speed of MAPS depends on the substrate used in the CMOS process, i.e. how thick
the Active Sensor Volume (ASV) can be and whether the sensor can be depleted. Older-generation
MAPS were built using low-resistivity (about 10 Ωcm) epitaxial wafers: signals of the order of 1k e−

were collected by thermal diffusion in times of the order of 100 ns [22]. Another important limitation
of this type of MAPS was the use of only one type of transistor in the pixel circuitry, since no deep
well implantation was possible. In addition,they could survive only up to irradiation levels ≤ 1013

neq/cm
2, given the charge collection mechanism mainly by diffusion.

Figure 2.7: Scheme of the cross section of a MAPS pixel (TowerJazz 180 nm imaging CMOS with the
deep p-well feature) [13].
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To enhance the performance of the detector, the ASV of the device should be fully depleted to
collect charge by drift and not by diffusion: this improves radiation hardness and ensures a fast time
response. In addition, both n-type and p-type transistors are necessary in the pixel area to develop
efficient processing blocks, required to increase spatial resolution in vertexing and tracking [7].

In Figure 2.8 the cross section of the ALPIDE (ALice PIxel DEtector) sensor is shown. The ALPIDE
sensor is the final version of the family of sensors developed by the ALICE collaboration for the upgrade
of the ITS. The ALPIDE chip has a pixel matrix of 1024 × 512 pixels, with 28 µm of pitch and is
thinned down to a total thickness of 50 µm and is bui8lt in the TowerJazz 180 nm process. In the
ALPIDE a deep p-well is implemented, which prevents the n-wells (which host circuitry, i.e. PMOS
transistors) from collecting signal charge from the epitaxial layer: this allows the use of full CMOS and
complex readout circuitry in the pixel. ALPIDE has high resistivity, 25 µm thick epitaxial layer, which
has been shown to improve radiation tolerance since charge is collected by drift. Applying a reverse
bias (few V) to the substrate, increases the tolerance to non-ionizing energy loss (NIEL) beyond 1013

neq/cm
2. However, the depletion region is limited to the area around the collection electrode and the

charges generated outside this part are collected mainly by diffusion.

NIEL tolerance better than 1013 neq/cm
2 is one of the requirements for the ITS3 upgrade: for this

reason some modifications to the standard MAPS process are being tested. The goal is to achieve
depletion over the full sensitive layer, to push the charges generated to the collection electrode and
reduce noticeably their collection time and the probability of capture by radiation-induced defects or
traps (for more details, refer to chapter 3), which would lead to signal loss [23].

Figure 2.8: Cross section of MAPS standard process: the deep p-well shields the n-wells with the
circuitry from the sensor; in the standard process the epitaxial layer is not fully depleted [23]

The size of the depleted region increases with increasing reverse bias applied (see Equation 2.9), but
it is still difficult to expand it far in the epitaxial layer. Building a larger collection electrode, thus
increasing the size of the junction, would make it easier to deplete over the full pixel volume, but it
would affect negatively the power consumption and the input capacitance [24].

In Figure 2.9, the cross-sections of MAPS, in TowerJazz 180 nm, modified processes are shown with
the corresponding electric field distribution. [7].

The modified process version of MAPS (see left side in Figure 2.9) is obtained adding a low dose n-type
implant for homogeneous growth of the depletion zone with the applied bias voltage. This implant
generates a junction able to deplete the 25 µm thick epitaxial layer; it separates the deep p-well of
the circuit from the p-type substrate, which is reverse biased to fully deplete the region [25].

But several studies have shown a drop in hit detection efficiency after irradiation [26,27].

Two modifications are possible to further improve the charge collection mechanism: adding a p-type
implant in pixel corners (see central part in Figure 2.9) or adding a gap in the n-type blanket (see right
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side in Figure 2.9) can help shape the electric field towards the collection electrode. These designs
have been optimized in TCAD simulations13, which suggest that these modification improve the charge
collection at the corners of the pixel. As can be seen from the TCAD simulations in Figure 2.9, the
minimum of the electric field (represented by the black star) in the modified processes (with p-implant
and with gap) is deeper into the silicon compared to the simple modified process: the electric field
bends towards the collection electrodes already deeper in the silicon, thus reducing the drift path and
consequently the charge collection time [28].

Figure 2.9: Cross-sections of MAPS structures (upper part) and the electric field lines (lower part)
in modified versions. In the lower part, the black arrows mark the electric field stream lines, the star
symbol indicates the electric field minimum, the white lines mark the edges of the depleted regions [7].

These approaches are at the basis of new generation MAPS, thinner and with increased-resistivity
substrate, which will be built for the developments for the ITS3 if the ALICE experiment at CERN
LHC.

2.5 Properties

In this section some silicon pixel properties are discussed.

2.5.1 Charge motion and signal formation

The electrical signal used to detect a particle is produced on the collecting electrodes by charges
drifting in the electric field, i.e. a signal is detectable as soon as the charge starts to move. According
to the Shockley–Ramo theorem 14 [29,30], the instantaneous current induced on a a nearby electrode
is given by:

i = eEW · v (2.11)

where v is the drift velocity and EW is the the so called weighting field. The weighting field is not
the actual electric field inside the sensor, but it is the calculated component of the electric field in the
direction of v at the instantaneous position of the charge, under the following conditions: the charge
is removed, the potential of readout electrode is set to 1 volt, and all other conductors grounded [31].

In pixel detectors, since the size of the collecting electrode is comparable or even smaller than the
wafer thickness, there is a larger area inside the pixel where the weighting field approaches zero: this
means that a very small signal is induced on the collecting electrode during the drift of the charge in
this region. Therefore in pixel sensors most of the signal is induced in the last portion of the drift

13Technology Computer Aided Design simulations https://www.synopsys.com/manufacturing/tcad.html
14The proof is based on the idea that the current induced on an electrode is due to the instantaneous change of the

quasi-static electric flux through it, and not on the amount of charge that is collected per second.
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path. This effect becomes important in the case of irradiated sensors, when an important part of the
signal charge can be trapped due to defects caused by irradiation.

2.5.2 Spatial resolution

The spatial resolution is mostly determined by the pixel pitch, and it can be calculated using the
following formula15, for a binary readout:

σ =
pixel pitch√

12
(2.12)

For an analog readout, the spatial resolution is given by:

σ =
pixel pitch

SNR
(2.13)

where SNR is the Signal to Noise Ratio.

2.5.3 Pixel capacitance

The total capacitance of each pixel affects the noise of the detector. The total pixel capacitance has
two main contributions:

- capacitance to the back side, determined by the pixel area A, the sensor thickness d and the
relative dielectric constant ϵr of the sensor material, in this case, silicon:

C = ϵ0ϵSi
A

d
(2.14)

- interpixel capacitance, it is the contribution given by the neighbour pixels, it causes cross talk
(i.e. the induction of a signal on neighbours pixels by a signal charge deposited on one pixel).

2.5.4 Leakage current

The leakage current (or dark current) is the current induced by thermally created e−/h+ pairs: this
current flows even if no particles or photons cross the detector when a bias is applied. After a particle
crosses the detector, its signal adds to the leakage current background: thus it is essential to keep it
as low as possible.

The leakage current strongly depends on the temperature and can be expressed as follows:

Ileak ∝ T 2 exp

(

− Eg

2kBT

)

(2.15)

where T is the absolute temperature in Kelvin, Eg is the silicon band gap energy and kB is the
Boltzmann constant16.

Different sources may contribute to the total noise of a pixel sensor. Noise sources in the pixel include
the photon shot noise, reset (kT/C) noise, dark current shot noise and the input MOS device noise.
Other noise sources are the readout circuitry outside the pixel itself. Normally the total electronic
noise in a sensor is higher than the contribution due to the leakage current. But after irradiation,
the leakage current increases and it becomes an important noise source, as it is explained in detail in
chapter 3.

15For the uniform distribution F (x) = 1/(b − a), the mean is µ =
∫
xF (x)dx = (a + b)/2 and the variance is

σ2 =
∫
(x− µ)2F (x)dx = (b− a)2/12.

16
kB = 1.380649 J K−1 (exact) = 8.617 333 262...× 10−5eV K−1.
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2.5.5 Charge sharing

Charge sharing consists in the lateral spread among several pixels of charge carriers, before reaching
the collection electrode. It is clearly influenced by the presence (or not) of an electrical field and for
this reason the effect is higher when the charge collection mechanism by diffusion is dominant. In fact,
if the charges created by a particle in the sensing volume are collected by diffusion, they can move
freely inside it and finally reach a collection electrode, which is not necessarily the one corresponding
to the pixel where the particle crossed the detector. To suppress this effect, the electric field should
be optimized to accelerate the charge from the pixel edge to the proper collection electrode.

2.5.6 Radiation hardness

Silicon pixel sensors used in HEP experiments are exposed to high levels of radiation, which leads
to the steady degradation of the properties of the detector; in particular signal collection in not as
efficient as it should be.

There are two strategies to improve radiation hardness: the first one is to study the material properties
after irradiation and optimise the design of the device consequently, the second one is to modify
the material properties adding specific impurities to reduce the effects of radiation (for example,
enrichment of silicon with oxygen) [20].

A detailed discussion of radiation induced effects on silicon is given in chapter 3.
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Chapter 3

Radiation induced effects on silicon

In this chapter, a general explanation of the radiation damage on silicon is given. For the scope of
this thesis, only radiation damage by non-ionizing radiation is relevant.

3.1 Radiation damage: from HEP experiments to other applications

Radiation affects silicon sensors and all devices built with semiconductor junctions (FPGA, RAMs,
controllers, processors). For this reason radiation effects in electronics are a serious concern for the per-
formance and survival of sensors and devices operating in any radiation environment, from accelerator
environments, to nuclear power plants, outer space, high altitude aircraft, as well as high-reliability
equipment at sea-level. Radiation tolerant devices are required not only for High Energy Physics
experiments (such as ALICE), but are also necessary for accelerator based oncology and industrial
facilities, satellites in space and scientific activities in deep space, on the moon and planets, avionics,
even mundane commercial, automotive, industrial safety control and Information Technology systems.

The devices used in satellite, for example, experience radiation generated by several sources: protons
and heavy ions emitted by the sun, particles trapped in the magnetic field of the Earth and galactic
cosmic rays. In HEP experiments, the radiation environment depends strongly on location within the
experiment (the closer to the collision point, the stronger the levels of radiation). For this reason,
inner detectors must tolerate very high radiation fluxes. On Earth, instead, radiation sources can be
cosmic or terrestrial. Cosmic radiation derives from sources outside the solar system and interacts
with the atoms present in the atmosphere. Terrestrial radiation derives from soil, rocks, water and
air [32].

A distinction to make is whether the radiation-induced effect is the result of cumulative damage from
the passage of many energetic particles, or it is the result of the passage of a single particle. For this
reason, the effects of radiation in silicon devices can be divided in the following different categories:

• Single Event Effects (SEEs), caused by single heavily ionizing particles;

• Total Ionizing Dose Effects (TID), caused by ionizing radiation that can transfer energy to
atomic electrons (photons such as X-rays and γ-rays, and any charged particle);

• Bulk damage, due to Non-Ionizing Energy Loss (NIEL), quantified by the cumulative Displace-
ment Damage Dose (DDD), caused by particles capable of transferring energy to atomic nuclei
(neutrons, pions, protons, ions).

3.2 Single Event Effects

If a charged particle strikes a sensitive node of an electronic circuit, it may cause a disruption or a
permanent damage: this is a Single Event Effect (SEE). Single Event Effects can be divided in two
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categories: non-destructive and destructive effects.

Non-destructive SEEs do not damage or destroy the actual circuit component, but they cause a
corruption in output or data state. Therefore, the circuit functionality is restored once the excess
charge stuck in the junction, left after the particle crossed the detector, has been removed by carrier
recombination or carrier transport. In this case, only the data is corrupted, and for this reason
non-destructive SEEs are also called “soft errors”. An example of non-destructive SEEs are Single
Event Upsets (SEUs), which appear as bitflips in memory cells or registers, or Single Event Transients
(SETs), which appear as transient pulses in logic circuitry. These effects may affect digital, analogue
and optical components.

Destructive SEEs cause a corruption in output or data state and permanently damage or destroy the
actual circuit component. For this reason, destructive SEEs are called “hard errors”. An example of a
destructive SEE is the Single Event Latch-up (SEL), which results as high operative current (different
from the specifications of the device), and a power reset is needed to restore the normal operation
conditions.

A detailed description of nondestructive and destructive effects can be found in [33] and in [34],
respectively.

3.3 Surface Damage, Total Ionizing Dose effects

Total Ionizing Dose (TID) is defined as the energy absorbed by a unit mass of material when it is
exposed to ionizing radiation. In the International System of Units, TID is measured in Grays (Gy)
(1 Gy = 1J/kg). Another unit often used is the rad (1 Gy = 100 krad). TID effects consist of
the generation, transport and trapping of holes in the isolation oxides in metal-oxide semiconductor
(MOS), in the insulation used as gate and near the silicon-oxide interface.

When ionizing radiation crosses a piece of conductor or semiconductor material (like metals and silicon,
respectively), the excess of charges generated is compensated by recombination, and/or dissipated by
diffusion and drift (under the effect of an electric field): the charges are removed from the area in a
short time interval, hence no charge is accumulated or stored.

For insulating material the effects are totally different. The energy absorbed by radiation exposure
in insulators creates a number of effects in the oxide that can degrade the performance and the
functionality of the device. Insulators are widely used in MOS transistors. Silicon dioxide (SiO2) is
the most commonly used dielectric material for the gates of MOS transistors; oxide spacers are used to
insulate the drain and source metal contacts from the gate of the transistors; Shallow Trench Isolation
(STI) oxide is used to avoid contacts between adjacent devices. The electrical isolation is achieved
using trenches created in the Si substrate around the active elements and filling it with an insulating
dielectric, such as silicon dioxide.

Therefore, it is mandatory to know the effects of radiation on insulators and find solutions to mitigate
these effects.

There are four physical process [35], that contribute to the radiation response of a MOS device (see
Figure 3.1):

(1) electron/hole pair generation and recombination;

(2) hole transport to the interface between Si an SiO2;

(3) deep hole trapping and annealing;

(4) radiation-induced buildup of interface traps at the Si/SiO2 interface.
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Figure 3.1: Scheme of the physical processes happening when ionizing radiation crosses a MOS struc-
ture [35].

Electron/hole pair generation and recombination

When a particle crosses the device, electron/hole pairs are generated. In SiO2, electrons are much
more mobile than holes and they are removed from the oxide in short times (of the order of ps) under
the effect of the electric field. In spite of this, some electrons will recombine with holes. The fraction of
recombined electrons depends on the type and energy of the incident particle. The holes which escape
initial recombination are relatively immobile, and remain near their point of generation. The fraction
of holes that do not recombine (charge yield) is influenced by two factors: the magnitude of the electric
field (which separates the pairs), and the initial line density of pairs created when radiation crosses
the device. The latter factor is regulated by the Linear Energy Transfer (LET), hence it depends on
the type and the energy of the incident particle; the initial line density is also inversely proportional
to the average distance between electron/hole pairs: the smaller the distance between the pairs, the
higher is the number of recombinations and the less the hole yield [35].

Hole transport to the interface between Si an SiO2

The hole transport process depends on the electric field, the temperature and the oxide thickness.
The best description of this process is given by the continuous-time-random-walk (CTRW) hopping
transport model, in which the holes “hop” through the oxide as small polarons1.

As already mentioned before, the holes that do not recombine are relatively immobile. Then, under
the influence of the applied bias voltage, they begin to move towards the gate or the Si/SiO2 interface
by a slow polaron-hopping process [37].

The hopping process breaks chemical bonds, releasing trapped protons (H+), which diffuse or “drift”
following the same direction of the holes. As holes move towards the SiO2/Si interface, they get
trapped in mid-band-gap traps near the interface - causing a positive charge accumulation at first -
or are captured at the interface.

1A conduction electron (or hole) together with its self-induced polarization in a polar semiconductor or an ionic
crystal forms a quasiparticle, which is called a polaron [36].
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Deep hole trapping and annealing

Deep hole traps come up near the Si/SiO2 interface. In this region the oxidation is not complete
and there is an excess of Si, or oxygen vacancies. These vacancies form energetically deep hole
traps, and at room temperature the thermal energy is not large enough to allow hole release from
the traps. The positive charge associated with trapped holes causes a negative voltage shift in both
N and P-channel MOS transistors. The trapped holes cause an accumulation of positive charge in
MOS and bipolar devices during irradiation. This positive charge can be neutralized by tunneling
or thermalized electrons injected from the silicon: the normal bonding structure is restored, and the
defect is “annealed out” [37].

Radiation-induced buildup of interface traps at the Si/SiO2 interface

Radiation-induced interface traps at the Si/SiO2 interface cause voltage-dependent threshold shift
(positive or negative according to the applied bias). These shifts decrease carrier mobility and increase
the rate of surface recombination. Interface traps are localised states with energy levels in the silicon
band-gap. These traps are highly dependent on oxide processing, temperature and applied field [35].

3.4 Displacement Damage Dose Effects (bulk damage)

Displacement damage dose describes the physical damage to a semiconductor crystal structure caused
by NIEL (non-ionizing energy loss).

NIEL is the part of the energy lost by a traversing particle that does not go into ionization and can
lead to displacement damage (DD); it strongly depends on the particle energy and is usually expressed
in units of MeV·cm2/g or as a cross section in units of MeV-mb. Only a fraction of NIEL leads to DD,
because part of the impinging particle energy is dissipated in phonons. Figure 3.5 shows calculated
values of NIEL cross sections for different particles [31].

According to the NIEL hypothesis, the radiation damage effects scale linearly with the NIEL, in spite
of the energy and space distribution of the primary displacements. Therefore, NIEL scaling is useful
to make predictions of displacement damage in complex radiation fields.

The DD is caused by an incident particle with sufficient energy to knock a silicon nucleus off its
initial location in the crystal lattice, which is referred to as primary knock-on atom (PKA). After
the nucleus is released, a localised vacancy is left in its place, and the interstitial defect, which is
the displaced silicon nucleus, is free to move in non-lattice positions. Together, the vacancy and the
nearby interstitial form a Frenkel pair; the energy required to create a vacancy by displacement (∼
15 eV in Si) is higher than that required to create electron/hole pairs (∼ 3.6 eV in Si). After its
production, the PKA can induce further displacement damage by Rutherford or nuclear scattering:
thus lattice defects are produced by PKAs and any energetic recoils that they create afterwards.

Figure 3.2: Scheme of creation of a Frenkel pair (vacancy and interstitial) in silicon crystal lattice by
an incident energetic particle [38].
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If the defects produced are far apart, they are called point defects; if they are produced closely together,
they form a local region of disorder called a cluster [1].

Figure 3.3: Illustration of damage caused by an incident energetic particle (at zero on the x-axis and
aimed upward): multiple individual displacements and larger defect clusters are created [1].

Figure 3.4: Calculation of damage caused by a 50 keV Si ion in silicon using SRIM software2. Left:
transverse view of an area of 1200Å × 1200Å of silicon. Centre: view of the defect clusters along the
y-axis. Right: view of the defect clusters along the z-axis.

DD is a volumetric effect, i.e. the entire silicon volume accumulates damage, which results in changes
to the optical and electrical properties of the bulk, whereas TID, as already said in the previous
section, consists in the accumulation on the surface of trapped charge and interface states.

Heavy particles such as protons, neutrons, ions, charged pions, and energetic electrons are all respon-
sible for DD damage; very-high-energy X-rays and γ-rays can produce secondary electrons with the
sufficient kinetic energy to cause DD too. However, according to the so-called NIEL hypothesis, bulk
damage caused by irradiation depends only on the KERMA (Kinetic Energy Release in MAtter), an

2SRIM (Stopping and Range of Ions in Matter) http://www.srim.org/
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energy dependent quantity that accounts for the kinetic energy deposited by particles in the lattice [39]
. This quantity can be calculated as:

KERMA[MeV] = Φ[#/cm2] · wt[g] ·NIEL[MeV cm2 g−1] (3.1)

or:

KERMA[MeV] = Φ[#/cm2] ·Natoms · 10−27[cmmb−2] ·D[MeVmb] (3.2)

where Φ is the flux of incident particles per cm2, wt is the weight of the target, and D is the damage
function, which is defined as:

D(E) =
WA

NA
NIEL(E) (3.3)

where WA is the atomic weight and NA is the Avogadro’s number.

The NIEL hypothesis is based on the assumption that the generation of bulk damage is only due
to non-ionizing energy transfers to the lattice, that the concentration of the defects is independent
of the properties of the incident particle, and that the amount of the defects is proportional to the
NIEL. This implies a scaling hypothesis: any particle fluence can be scaled and reduced to that of an
equivalent 1 MeV neutron fluence that produces the same bulk damage in a specific semiconductor.
The bulk damage can be compared and scaled if the particle energy E and the corresponding NIEL, or
its damage factor D, are known. The damage factor of 1 MeV neutrons is defined to be 95 MeV-mb.
Hence, it is possible to compare damage induced by high energy neutrons, that make large clusters,
with the damage induced by low energy neutrons, that displace just one atom, or with the damage
due to charged pions. In Figure 3.5, the damage function D(E) for different particles is shown.

Figure 3.5: Damage function normalized to that of 1 MeV neutrons (95 MeV-mb) 3, as a function of
energy, for protons, neutrons, pions, and electrons [31].

Displacement Damage effects

The main effects due to displacement damage are [1]:

- reduction of recombination lifetime and diffusion length;

- decrease of generation lifetime;

- increase of majority and minority carrier trapping, which affects charge collection efficiency;
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- changes of majority-carrier concentration, due to carrier removal4, which affects the overall
performance of the device;

- increase of thermal generation of electron-hole pairs under the effect of a sufficiently high electric
field, which leads to an increase of the dark current;

- reduction of carrier mobility.

The impact of radiation-induced defects on silicon sensors performance can be described using the
Shockley-Read-Hall (SRH) statistics and the impact of each defects can be calculated, knowing the
capture cross section for holes and electrons, the position in the bandgap, the type of defect (donor
or acceptor) and the defect concentration [40].

In the SRH framework, three main effects on the detector performance level can be identified [31]:
leakage current, effective space charge, and trapping.

Leakage current

Defect levels close to the middle of the bandgap increase leakage current, because these levels are very
efficient charge carrier generation centers. The leakage current comes from the detector bulk.

An increase of leakage current causes an increase of power consumption and an increase of noise in
the amplifiers. The leakage current is proportional to the temperature [41] according to the following
expression:

Ileak ∝ T 2 exp

(

− Eg

2kBT

)

(3.4)

where T is the temperature, Eg is the silicon bandgap energy and kB is the Boltzmann constant.

This means that, in order to mitigate the detrimental effects, cooling the device is helpful.

The radiation-induced increase of the leakage current is independent of the type, resistivity, and
impurity content of the silicon material, but only depends on the particle fluence. The current related
damage factor α is defined as:

α =
∆I

V ϕeq
(3.5)

where ∆I is the radiation-induced current increase, V is the volume contributing to the current and
ϕeq is the particle fluence. The α value decreases with increasing annealing time.

Figure 3.6: Leakage current increase induced by radiation as a function of particle fluence for various
silicon detectors: the current was measured after a heat treatment of 80 min at 60 °C [31].

4Carrier removal consists in the introduction of centres that compensate for donors.
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Effective Space Charge

The effective space charge Neff is used to refer to the bulk doping. A change in the effective space
charge is induced in irradiated sensors, and this leads to a change of the electric field distribution
inside the device and a shift of the depletion voltage Vdep to higher or lower values. In the former case,
higher voltages are needed to deplete the active area, to avoid signal loss (which is not always possible,
for example if breakdown of sensor is at risk). Assuming that the space charge is homogeneous, which
is not always the case, the depletion voltage is given as:

Vdep =
q|Neff |d2

2ϵϵ0
(3.6)

where q is the elementary charge, d is the thickness of the device, ϵ is the relative permittivity of
silicon and ϵ0 is the vacuum permittivity. It has been demonstrated that space charge changes in
silicon strongly depend on the material (e.g. the amount of oxygen present in the device volume) and
on the type of particle used for the irradiation (for example, neutrons or protons). The change of
impurity content can reduce some of these effects.

Irradiation causes the formation of negative space charge, compensating the initial positive space
charge in n-type sensors; in p-type sensors the initial space charge is already negative. Increasing
particle fluence causes the net space charge to decrease and reach very low values, that correspond to
almost intrinsic silicon. The point where this happens is called type inversion or Space Charge Sign
Inversion (SCSI). The more the fluence is increased beyond the SCSI point, the more the net space
charge becomes negative, and the depletion voltage increases, until it reaches values that could cause
the breakdown. Therefore, the detector is operated in underdepleted mode, and the signal measured
is lower than it could be.

Figure 3.7: Depletion voltage as a function of the particle fluence [31].

Trapping

Defect levels can trap charge carriers, and if the release time of the charge carriers is long with respect
to the collection time or if the concentration of the trapping centres is high, the total signal is reduced.

As particle fluence increases, more and more charge carriers get trapped, causing a decrease of the
charge collection efficiency (CCE). This effect can be described using the effective trapping time τeff

5,
assuming that the charge loss depends only on transport time of charge carriers inside the sensor:
Q(t) = Q0 exp(−t/τeff ). The inverse effective trapping time linearly depends on the particle fluence,
and is given by:

1/τeff = 1/τ(eff,0) + βϕeq (3.7)

5The effective trapping time can be measured for electrons and holes separately.
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Figure 3.8: Inverse trapping time as function of particle fluence, measured at 0 °C after an annealing
of 30 to 60 min at 60 °C [31].

where τ(eff,0) is the effective carrier lifetime before irradiation, and β is the proportionality factor
(effective trapping damage constant). This constant depends on the annealing status of the sensor
after irradiation.
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Table 3.1: Summary of radiation damage processes and effects caused by different particles in silicon.

Particle Process Micro-effect Macro-effect Type of effect

heavy charged
particles

(protons, ions)
direct ionization

sudden localized
large ∆Eioniz

deposition

Single Event
Effects (SEEs)

stochastic

energetic heavy
particles
(protons,
neutrons,

energetic ions)

secondary
ionization by

recoil atoms and
nuclear

fragments

sudden high large
∆E transfer to a
single nucleus

Single Event
Effects (SEEs)

stochastic

neutrons, low
energy ions (near
end of range)

non-ionizing
energy loss

creation of
primary

knock-on atoms
(PKA)

Displacement
Damage Dose
(DDD) effects

cumulative

charged particles,
photons

direct ionization
or by conversion

small ∆Eioniz

deposited
uniformly,

delivered over
time by many

particles

Total Ionizing
Dose (TID)

effects
cumulative
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Chapter 4

Experimental setup

This chapter aims to explain the experimental setup used to test irradiated silicon pixel detectors.
These tests represent a crucial part in the upgrading process of the ITS, because they allow a better
understanding of which level of irradiation these detectors can withstand, i.e. if the main properties
of the detectors, such as charge collection efficiency, are significantly degraded or not.

Before going into details of the experimental setup, a brief overview of the different sensors flavors
and processes is given.

4.1 MLR-1

Generally, the reticle size used in CMOS manufacturing restricts the size of the chip to a few cm2.
For the ITS3 upgrade, however, the target is to build 300 mm wafer-scale chips using the stitching
technique, which allows the fabrication of sensors larger than the field of view of the lithographic
equipment used in the production process. This is done exposing parts of the mask in a periodic,
aligned fashion to create a circuit that continues across several exposures.

Moreover, for the new ITS, 65 nm Imaging Sensor Chip process will be used (the currently working
ALPIDE chips are implemented in Tower Semiconductor 180 nm Imaging Sensor Chip process). Mov-
ing from the 180 nm to the 65 nm technology node will allow a lower power consumption and a more
dense circuitry.

Several technology qualification structures have been produced and tested, to prove the 65 nm process
to be fully compatible with the ITS3 needs in terms of charge collection behaviour under the ITS3
radiation environment.

Test structures with several levels of pixel technology optimisation, transistor test structures and
building blocks have been designed and submitted in a first multi-reticle-layer run (MLR-1) in 2021,
containing 55 different structures.

The pixel test structures contain matrices of pixels and allow the qualification of the pixel cell in terms
of charge collection efficiency depending on radiation, pixel size, reverse bias and process optimisation.
Three different structures have been fabricated:

• Analogue Pixel Test Structures (APTS): a 4×4 pixel array, with parallel analogue readout for the
whole matrix, comes in 4 variants of pixel pitches (10, 15, 20, 25 µm), two output buffer versions
(source follower SF and OPAMP), three design variations (for more details, see section 4.2);

• Digital Pixel Test Structures (DPTS): a 32×32 pixel array with a 15 µm pixel pitch and asyn-
chronous digital readout;

• Circuit Exploratoire 65 (CE65): a pixel matrix with a rolling shutter readout, single analogue
output, comes in two different sizes (64×32 and 48×32, with pixel pitch 15 and 25 µm, respec-
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tively); it is divided in 3 sub-matrices, each with different in-pixel electronics (AC OPAMP, DC
OPAMP, source follower).

Figure 4.1: The MLR-1 reticle floor plan highlighting the APTS (orange), CE65 (green) and DPTS
(blue) chips [8]. The bottom part is an array of transistors test structures (TTS) used for radiation
damage studies on electronics.

Three process options are being tested to study the charge collection properties of the CMOS process:
the standard, the modified and the modified-with-gap (see Figure 4.2).

In the standard process, the depletion layer is balloon-shaped. It extends from the junction at the
collection electrode, and does not reach the pixel edges. Charge is collected from outside the depletion
layer primarily by diffusion, but this collection is relatively slow and subject to charge trapping in
defects generated by exposure to non-ionizing radiation.

The modified process and the modified-with-gap version (already described in section 2.4) are designed
to fully deplete the epitaxial layer, reducing charge sharing and improving the radiation tolerance to
non-ionizing radiation.

The three process modifications implemented in the MLR-1 (shown in Figure 4.2), have been manu-
factured in four different process variations (referred to as splits) with different doping profiles (more
details can be found in [42]). The split 1 chip, is the one built with the standard process without mod-
ifications; the split 2 chip, is the one built with the modified process with the deep p-well to improve
isolation between circuitry and sensor. The split 3 chip, adds to split 2 a deep n-well adjustment in
the pixel to allow full depletion, and the split 4 chip, adds to split 3 a deep p-well modification to
prevent potential well created by the additional in-pixel circuitry. Split 3 and split 4 have a smaller
input capacitance, which results in a larger signal at the input node of the in-pixel front end, and
leads to lower power consumption, because a lower amplification is required. Split 4 has been chosen
as baseline for further studies.

Figure 4.2: The three process options implemented in the MLR1 chips [8].
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4.2 Analogue Pixel Test Structures

The Analogue Pixel Test Structures (APTS) are the tools used to study the properties of the sensors
designed for the next ITS3 upgrade. Each APTS chip measures 1.5 mm × 1.5 mm. The pixel matrix
is composed of 4×4 active pixels, surrounded by a ring of dummy pixels (for a total of 6×6 pixels).
All the 16 pixel outputs are buffered and routed individually to their dedicated pads.

The output buffer has been implemented in two versions: a source-follower (APTS-SF, see schematic
in Figure 4.3) and a fast operational amplifier (APTS-OA).

The sensors were produced with 4 different pixel pitches (10, 15, 20, 25 µm) and with 3 processes
(standard process, modified process with additional deep implant and modified process with gap in
the additional deep implant, see Figure 4.2).

The overall sensor thickness is of 50 µm; the p-type epitaxial layer is ≈ 10 µm thick; its resistivity is
such that it is fully depleted with few Volt of reverse bias (≲ 4.8 V).

APTS tested in laboratory

Some APTS versions were studied in our laboratory using radioactive sources, before and after ir-
radiation. All the sensors tested feature a source follower front-end (APTS-SF), come from split 4
and implements the process variant modified with gap. The pixel pitch was 10 µm (AF10P W22B57,
AF10P W22B58, AF10P W22B61, AF10P W22B63) and 15 µm (AF15P W22B23). The chip with 15
µm pixel pitch has not been irradiated, whereas all the others have been irradiated at the JSI TRIGA
neutron irradiation facility: in these cases we expect only bulk damage.

The JSI TRIGA neutron irradiation facility is a global reference centre for silicon detector irradiation;
it has a dedicated irradiation channel for radiation damage studies of large size Si detectors along
with the associated electronics, that can vary the temperature using a heating/cooling module installed
inside the channel [43]. The irradiation levels start from 1×1014 neq/cm

2 and go up to 5×1015 neq/cm
2.

During the irradiation process, due to the gamma background, the chips were exposed to a TID of
approximately 1 kGy at 1014 neq/cm

2, linearly scaling with fluence, which is lower than the radiation
load for the ITS3 of 10kGy.

Figure 4.3: Schematic of APTS source follower (SF) version: the SF gain is ≲ 1 and the output voltage
is proportional to the input voltage.
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Table 4.1: Summary of information about the tested APTS: pixel pitch, irradiation level (neutron
fluence), split, thickness, wafer and location where the measurements were taken.

CHIP Pixel pitch neutron fluence Split Thickness Wafer

AF15P W22B23 15 µm not irradiated 4 50µm 22
AF10P W22B25 10 µm not irradiated 4 50µm 22
AF10P W22B57 10 µm 1×1014 neq/cm

2 4 50µm 22
AF10P W22B58 10 µm 1×1015 neq/cm

2 4 50µm 22
AF10P W22B61 10 µm 2×1015 neq/cm

2 4 50µm 22
AF10P W22B63 10 µm 5×1015 neq/cm

2 4 50µm 22

To greatly reduce annealing, the chips are stored in a freezer at temperature T ∼ −20 °C. To perform
measurements, the chips are transferred into a cold box set at T ≤ 14 °C; once the chips are in thermal
equilibrium (less than an hour), they are measured. The cold box is used in order to keep under control
the radiation induced leakage current, as described in section 4.4.

Figure 4.4: From left to right, carrier boards with chips AF10P W22B57, AF10P W22B58 and
AF10P W22B61.

4.3 DAQ, Proximity and Carrier boards

A dedicated DAQ system has been developed within the ALICE ITS3 project, that it is compatible
with the existing ALPIDE (ITS2 sensor) DAQ. It controls the bias parameters (currents and voltages)
that bring the sensor to the proper working point, manages the data provided by the sensor and allows
data transfer to a computer for processing and storage. The system consists of:

• a carrier board, on which the APTS is bonded.

• a proximity board, connected to the carrier board. It hosts 16 ADC converters, required to
readout the analogue signal for each channel of the sensor, and provides the proper voltage
levels and current biasing to the chip.

• a custom DAQ board, connected to the proxity board and equipped with a programmable
FPGA. It is used to control the DUT and to read and process the digital signals coming from
the proximity board; it communicates to a computer via a USB cable.

A Keysight E36313A power supply is remotely controlled and used to provide the bias to the DAQ
board and the sensor. A voltage of 5 V and 900 mA current limit are set for the DAQ board. Different
voltage values (in negative polarity) and 1 mA current limit are sent to the proximity to reverse bias
the sensor.
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Figure 4.5: DAQ, proximity and carrier boards.

4.4 Cold box and chiller

Irradiated APTS must be operated at a temperature T ≤ 14 °C. For this reason the RTE-4DD
Refrigerated Bath Circulator was used to keep the temperature at the desired value inside the cold
box (see Figure 4.6 and Figure 4.8). For the scope of this thesis only the refrigerated bath circulator
was used to lower the temperature, but it is also possible to use Peltier cells.

Table 4.2: Specifications for the RTE-4 Constant Temperature Bath

Specifications RTE-4

Temperature Range -30 °C to +100 °C
Temperature Stability ± 0.01°C

Bath Work Area (L×W×D) 2.5 cm × 12.1 cm × 22.9 cm
Bath Volume 5.0 L

Unit Dimensions (H×W×D) 44.5 cm × 40.6 cm × 43.2 cm

To prevent condensation, which could threaten the performance of the chips, dry air is fluxed inside
the cold box and a fan makes it circulate.

To check the temperature and the humidity inside the cold box, the Temperature Sensor Probe TSP01
has been used.

Figure 4.6: Left: Temperature and Humidity Sensor Probe TSP01. Centre: cold box. Right: RTE-
4DD Refrigerated Bath Circulator.
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In Figure 4.7, the trends of temperature and humidity inside the cold box, over a period of 90 minutes:
this check was performed to be sure that the temperature and the humidity levels would be quite stable
when doing acquisitions with irradiated chips.

Figure 4.7: Temperature and humidity measurement during data acquisition.

Figure 4.8: Setup: cold-box and chiller.
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Measurement Procedure

The characterisation process of the APTS consists in the following steps, repeated for different reverse
bias voltages Vbb (0.0 V, -1.2 V, -2.4 V, -3.6 V and -4.8 V):

1. test pulse (TP): to check if all the pixels are working;

2. threshold scan: to set the hardware threshold in order to be able to detect the right signals;

3. gain: check baseline and working point conditions;

4. source measurements : data acquisition with radioactive sources (55Fe, 90Sr);

5. leakage current tests (LT): tests to measure the leakage current.

Not all chips were available at the time of writing. All the tests performed at Padova are reported
in Table 5.1. Unfortunately for the sequence of tests with 90Sr, the chip that received the highest
fluence was never sent to Padova. Similarly one of the non-irradiated chips was measured at CERN
with the 55Fe source, but it too was never sent to Padova and couldn’t be pulse tested nor could the
leakage current be measured. We hope to receive the chips soon so that they too can be included in
an upcoming article.

Table 5.1: Summary of tests performed with the chips.

Chip Neutron fluence Test Location

AF15P W22B23 not irradiated TP, 55Fe, 90Sr, LT Padova
AF10P W22B25 not irradiated 55Fe CERN
AF10P W22B57 1×1014 neq/cm

2 TP, 55Fe, 90Sr, LT Padova
AF10P W22B58 1×1015 neq/cm

2 TP, 55Fe, 90Sr, LT Padova
AF10P W22B61 2×1015 neq/cm

2 TP, 55Fe, 90Sr, LT Padova
AF10P W22B63 5×1015 neq/cm

2 55Fe CERN

5.1 Test pulse

In order to check the proper functioning of every pixel in each APTS, it is possible to use a test pulse
procedure. The test pulse procedure consists in applying a step voltage of 1200 mV to an injection
capacitor, put in parallel with the pixel input. This mimics a voltage signal at the input of the front-
end circuitry and therefore allows to test the electrical functionality of the pixel cell. The test pulse
can be enabled for the whole matrix, for the 4 central pixels, or for the 4 corner pixels. We pulsed all
the pixels in the matrix, and repeated the procedure for all bias voltage values Vbb.

Figure 5.1 shows the 16 pixel outputs for the matrix irradiated to 1×1014 neq/cm
2, when the test

pulse is applied, in a time window of 25 µs before the test pulse and 25 µs after it, for all Vbb values.
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5.1 Test pulse Chapter 5. Measurement Procedure

Figure 5.2 and Figure 5.3 show the same results for the chips irradiated to 1×1015 neq/cm
2 and 2×1015

neq/cm
2, respectively. No test pulse data are available for the chip irradiated to 5×1015 neq/cm

2.

Comparing the three irradiation levels available, it is possible to see that all the pixels are properly
working after irradiation. For Vbb = 0.0V the pixel signal amplitude gets smaller with increasing
levels of irradiation, compatible with an increase of the pixel input capacitance after irradiation. This
difference is however compensated for at Vbb = -4.8V, i.e. when the detector is depleted. What is
changing with the fluence is the time response of the pixel signal, which gets slower at higher irradiation
levels, with a wider spread among pixels.

(a) Vbb = 0.0V.

0 6.25 12.50 18.75 25.00 31.25 37.50 43.75 50.00

Time [µs]

(b) Vbb = -1.2V.

0 6.25 12.50 18.75 25.00 31.25 37.50 43.75 50.00

Time [µs]

(c) Vbb = -2.4V.

0 6.25 12.50 18.75 25.00 31.25 37.50 43.75 50.00

Time [µs]

(d) Vbb = -3.6V.

(e) Vbb = -4.8V.

Figure 5.1: Test pulse AF10P W22B57 (1×1014 neq/cm
2).
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(a) Vbb = 0.0V. (b) Vbb = -4.8V.

Figure 5.2: Test pulse AF10P W22B58 (1×1015 neq/cm
2).

(a) Vbb = 0.0V. (b) Vbb = -4.8V.

Figure 5.3: Test pulse AF10P W22B61 (2×1015 neq/cm
2).

5.2 Threshold scan

Before any measurements with any kind of source, a threshold scan has to be performed in order to
find a proper value for the hardware threshold (in ADC counts) to be used for the data acquisition.
If the hardware threshold is too low, even noise will trigger the acquisition; if, instead, the threshold
is too high, the pixel signals will not be acquired and will be lost. A global hardware threshold value
that corresponds to a count rate of ≤ 1 Hz is found and properly set. The rate is calculated as the
number of counts measured in 10 s. This procedure is repeated for every Vbb value, for every chip. In
Figure 5.4, an example of the threshold scan graph is shown, with the threshold value (in ADC counts)
in the x axis and the trigger rate (in Hz) in the y axis. A threshold at 170 ADC counts (∼6.5mV)
corresponds to a trigger rate ≤ 1 Hz as requested, as can be seen in the plot on the right, which is a
zooming in the interesting portion of the plot.
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5.3 Gain Chapter 5. Measurement Procedure

Figure 5.4: Threshold scan graph for the chip AF10P W22B58 (1×1015 neq/cm
2) at Vbb=-4.8V to

check what hardware threshold value in ADC (1 ADC = 38µV) corresponds to a count rate ≤ 1 Hz:
in this particular case the value of 170 ADC (∼ 6.5 mV) was chosen.

5.3 Gain

To ensure a good signal detection and amplification, the input of front-end circuitry in the pixel has
to be set to a proper voltage. This is done by applying an appropriate voltage value at the reset
transistor M0 (see Figure 4.3), so that the working point of the pixel will lie within its linear range.
Before the data acquisition, the gain must be checked, to ensure that the conditions at the working
point are well known for each pixel. In general, in the source follower (SF) configuration, the gain
g is expected to be ≲1 and the output voltage is expected to be proportional to the input voltage
(Vout = gVin). For the tested chips, the gain is checked by measuring the baseline value Vbaseline (i.e.
the output voltage), changing the reset voltage Vreset (i.e. the input voltage) from 20 mV to 900 mV,
with a step of 10 mV: the result should be Vbaseline = gVreset. An example of this measurement is
shown in Figure 5.5: on the left, the baseline value grows linearly with the reset voltage, and on the
right, the gain (calculated as the derivative of Vbaseline = gVreset with respect to Vreset) is ∼ 0.6-0.7.
Hence, it is safe to say that operating with Vreset = 500 mV, the output signal of each pixel is linearly
proportional to the signal measured as a particle crosses the detector.
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Figure 5.5: Gain control plot for each pixel for AF10P W22B57 (1×1014 neq/cm
2) at Vbb = -4.8 V.
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5.4 Radioactive source measurements

Measurements with radioactive sources, 55Fe and 90Sr, have been performed to characterise the avail-
able APTS test structures:

- The 55Fe is essentially a source of monochromatic X-rays; it emits X-rays when it decays via K-
electron capture to the ground state of 55Mn1. An electron from an higher shell fills the vacancy
in the K shell and the energy difference is released through the emission of Auger electrons or
X-rays (respectively 60% and 28% of all decays). The energies of the Kα1 and Kα2 X-rays are
so close that usually they are detected as monoenergetic (5.9 keV photons). There are also Kβ

X-rays with energy of 6.5 keV [44]. This source is typically used for calibration purposes, i.e. it
allow the conversion of voltage measurements into number of electrons created. The conversion
factor can be calculated knowing that on average it takes 3.6 eV to produce an electron/hole
pair in Si.

- The 90Sr source is used as a source of electrons; it decays by β− emission to the ground state
of 90Y with a decay energy of 0.546 MeV. The beta spectrum (the distribution of energy values
of the beta particles), is continuous as the decay energy is divided into three bodies: electron,
antineutrino, and the recoiling 90Y nuclide. The highest energy electrons are energetic enough
to produce signals in the devices under test that are a good approximation to those of minimum
ionising particles (MIP); these are typically selected by requiring a trigger signal in a scintillator
placed behind the device under test. The study of the response of the sensor to electrons emitted
by a 90Sr source provides information about the charge collection performance of the device.

The results of the analysis performed on the data acquired with these sources are shown in chapter 6.

5.4.1 Source acquisition

After the gain acquisition, a radioactive source is put on the chip and the acquisition is started. The
data is saved in raw files, which must be calibrated and analysed in order to get the signal distributions
and other results (see chapter 6 for analysed data).

In the data analysis, only the 4 central pixels of the 4×4 matrix are possible seed pixels, i.e. pixels
that measure a signal above the noise threshold and collect more charge with respect to nearby pixels
that make up the cluster. The rest of the pixels are not considered as possible seed pixels because of
their position: if the position of a seed is at the edges of the matrix, then the cluster reconstruction
would be incomplete and part of the signal would be lost.

An example of the hit map of the 4×4 matrix is shown in Figure 5.6. The hit map on the left
represents the number of hits registered by each pixel, each hit corresponding to a measured signal
above a threshold value of 10 mV. The seed hit map on the right represents the number of hits
registered by each pixel that measured a signal with a value equal to the maximum value measured
in the matrix.

1Electron capture is a process wherein a proton-rich nucleus of an atom absorbs an inner atomic electron, usually
from the K or L electron shells whereby a proton changes to a neutron with the simultaneous emission of an electron
neutrino.
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Figure 5.6: Hit map of the AF10P W22B63 (5×1015 neq/cm
2) chip at Vbb = 0.0V.

5.5 Leakage current

Similarly to the test pulse (see section 5.1), for the leakage current test a pulse is injected in the
capacitor put in parallel with the pixel input, changing the reset current Ireset from 20 pA to 140 pA,
with a step of 20 pA, for all reverse bias voltage values. The Ireset is one of the bias currents provided
to the pixel in order to set its working point; the lower the current, the lower the power consumption
but the slower the pixel response. The total Ireset current is set by software and is supplied to the
carrier board by the proximity; it is divided between all the pixels through circuitry, so that each of
them receives a current value of the order of nA.

A preliminary measurement (Figure 5.7) of the Ireset was performed to ensure that the current supplied
in µA corresponded to the current value set by software in µA. This current (and all the other bias
currents and voltages) can be accessed and measured through a breakout board, inserted between the
carrier and the proximity board.

Figure 5.7: Ireset measured using the breakout board as a function of the Ireset value set by software:
it is evident that the two values are almost the same. Therefore, the reset current set by software is
supplied to the chip without any current loss.
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The leakage current Ileak is obtained from the fit of the effective current Ieff , which in turn is obtained
from the fit of the output voltage V (t) of each pixel. To begin with, the current can be expressed as
follows:

I = Ieff · (1− e−V (t)/Vth) (5.1)

where V (t) is the output voltage measured from each pixel, Vth = nkBT/q, n=1.4, kB is the Boltzmann
constant, T is the temperature in K, q is the elementary charge, and Ieff is obtained from the fit of
V (t), using the following function (obtained solving dV = I

C dt):

V (t) = −Vth · ln
[

exp

(

Ieff · (t− t0)

Vth · C

)

+ 1

]

(5.2)

where t0 is the initial time, C is the chip capacitance, and t and Ieff are the parameters obtained
from the fit.

The fit performed for the chip AF10P W22B57 (1×1014 neq/cm
2), at Vbb=-4.8V, is shown in Figure 5.8:

the three curves in each plot correspond to the pixels that measured the minimum, the average and
the maximum effective current, in a time window of 20 µs (∼5µs before and ∼15µs after the pulse).
It is possible to see that for Ireset=20 pA, the response of the pixel is slower (see Figure 5.8a) than
for Ireset=140 pA (see Figure 5.8b). The fit is performed in a time interval that goes from 6 µs to
17.5 µs. For both reset current values, the fit is successful; however it was observed for all chips that
for |Vbb| < 4.8V and Ireset < 60 pA, the fit is not always good, therefore some data points are not
considered to extrapolate the Ileak with the procedure shown below.

(a) Ireset=20 pA (b) Ireset=140 pA

Figure 5.8: Waveform and fit for chip AF10P W22B57 (1×1014 neq/cm
2), with Vbb=-4.8V.

From the effective current measured in each pixel changing the reset current (the values obtained from
the fit presented above), it is possible to extrapolate the leakage current Ileak, using the following fit
function on data points showed in Figure 5.9:

Ieff = m · Ireset − Ileak (5.3)
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Figure 5.9: Effective current Ieff of all 16 pixels as a function of the reset current for chip
AF10P W22B57 (1×1014 neq/cm

2): the data points are obtained from the fit of the output signal
of each pixel with the Equation 5.2.

The results obtained from the fits are presented and discussed in chapter 6.
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Chapter 6

Results

The results of measurements using the 55Fe and 90Sr sources and leakage current tests are here shown
and discussed.

6.1 55Fe results

6.1.1 Signal distribution

In this section, the X-ray spectra obtained with different chips and different reverse bias values are
shown. The fit performed uses a bimodal function from two normal Gaussian distributions. The
parameters obtained from the fit of the data acquired with the 55Fe source - i.e. the centroids and the
standard deviations of the two gaussians - are used for the calibration in all the following analysis. The
mean of the main Gaussian population coincides with the 5.9 keV peak (the charge collection peak) and
corresponds to ∼1640 electron/hole pairs released inside the active volume of the sensor; the mean of
the smaller gaussian coincides with the 6.4 keV peak and corresponds to ∼1800 electron/hole pairs. A
clear separation between the two characteristic peaks shows low pixel noise and good energy resolution.
In Figure 6.1 the distributions of the seed values for the the AF10P W22B25 (not irradiated) and
AF10P W22B57 (1×1014 neq/cm

2) at Vbb = -4.8 V are shown.
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(a) AF10P W22B25 (not irradiated)
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(b) AF10P W22B57 (1×1014 neq/cm
2)

Figure 6.1: Distribution of the seed signal amplitude from 4 central pixels (2×2 matrix) at Vbb =-4.8V.
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6.1.2 Calibration

The output signal of each pixel is measured in ADC (1 ADC = 38 µV). However, it is useful to
convert the pixel signal in collected charge (electrons) because the signal measured in this way is
decoupled from the input capacitance, which changes with the reverse bias voltage applied and with
the collection diode geometry [45]. Hence, this calibration allows the direct comparison of the charge
collection properties for different reverse bias voltages. The means of the two Gaussian peaks (5.9 keV
and 6.4 keV) obtained from the fit of the data acquired with the 55Fe source (see subsection 6.1.1)
are used to convert the signal measured in mV to numbers of electrons. The conversion is obtained
as follows:

signal [e−] = signal [mV]× 1640[e−]/mean main Gaussian [mV] (6.1)

This charge calibration is used in the analysis of data obtained with the 55Fe source and the 90Sr
source (see section 6.2) for the conversion of the signal from mV to electrons.

The calibration plot for the non-irradiated chip with a 15 µm pixel pitch is shown in Figure 6.2a;
the calibration plot for the non-irradiated chip with a 10 µm pixel pitch is shown in Figure 6.2b; the
calibration plot for the AF10P W22B57 chip is shown in Figure 6.2c (1×1014 neq/cm

2). For a given
Vbb value, the calibration curves do not depend appreciably on neutron fluence, nor on pixel pitch
(see Table 6.1). All the plots show a good linearity between the input charge and the output voltage
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Figure 6.2: Calibration using the data points obtained from the fit performed for the spectra acquired
during the measurements with the 55Fe source.

Table 6.1: Fit parameters from the calibration plot showed in Figure 6.2.

Vbb AF15P W22B23 slope AF10P W22B25 slope AF10P W22B57 slope
[V] [mV/keV] [mV/keV] [mV/keV]

0.0 7.05 7.68 7.99
-1.2 13.38 13.25 13.61
-2.4 17.40 17.20 17.24
-3.6 19.47 19.22 19.11
-4.8 20.62 20.26 20.09
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6.1.3 Cluster size

Another parameter of interest is the cluster size, i.e. the number of pixels on which the charge
generated by each event is collected. The cluster size might depend both on the X-ray conversion
position (in the middle of a pixel, in between two pixels, on the corner among four pixels, etc) and on
the charge collection mechanism (either by drift or by diffusion). Also radiation-induced damage might
affect the cluster size. Taking into account the trapping effect caused by non-ionizing irradiation, a
cluster size decrease is expected: less charge is collected because some charges get trapped, so that
the pixel signal might fall below threshold. For all the chips tested (regardless of the neutron fluence
and of the pixel pitch) and in most (>90%) of events, the cluster size is 1, which means that the
charge is collected in a short period of time by the seed pixel1, which carries almost the whole cluster
energy. In Figure 6.3 the cluster size distributions are shown for the non irradiated chip and all the
four irradiated chips. Comparing Figure 6.3b and Figure 6.3e, it is possible to see a lower relative
frequency of the cluster size of 2 for the chip exposed to the highest irradiation level. However, the
cluster size distribution does not change noticeably increasing the irradiation level.
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(d) AF10P W22B61 (2×1015 neq/cm
2)

0 1 2 3 4 5 6 7 8 9
Cluster size

0.0

0.2

0.4

0.6

0.8

1.0

Re
la

tiv
e 

fre
qu

en
cy

ALICE ITS3 WIP
Fe55 source measurements
Plotted on 06 Nov 2023

APTS SF
AF10P_W22B63
pitch: 10 m
type: modified with gap
split: 4
Vsub =Vpwell
Ireset = 100 pA
Ibiasn = 5 A
Ibiasp = 0.5 A
Ibias4 = 150 A
Ibias3 = 200 A
Vreset = 500 mV

Vsub = -0.0 V
Vsub = -1.2 V
Vsub = -2.4 V
Vsub = -3.6 V
Vsub = -4.8 V

(e) AF10P W22B63 (5×1015 neq/cm
2)

Figure 6.3: Cluster size comparison with the 55Fe source.

1The pixel that measures a signal above the noise threshold and collects more charges with respect to nearby pixels,
for more details see subsection 5.4.1.
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6.1.4 Noise and baseline

The noise and the baseline of each pixel are measured individually. To calculate the baseline, 50
consecutive output pixel signals are measured (without any source). The distribution of these signals
is Gaussian, and the baseline value is the mean value. The noise is calculated as the RMS of the
baseline distribution and, using the charge calibration showed in subsection 6.1.2, the noise in mV is
converted in electrons. In Figure 6.4 the noise distributions for each pixel of the chip AF10P W22B25
(not irradiated) for all Vbb values: at 0.0 V, the noise value is ∼ 35 e−, and it decreases as the depleted
region increases, until it reaches a value of ∼ 25 e− with Vbb = -4.8 V. In Figure 6.5 are shown the
noise distributions for all irradiated chip for Vbb = -4.8 V. The noise values for all the irradiated chips
are summarised in Table 6.2: at Vbb=0.0V the noise increases with the irradiation level; however, for
Vbb=-4.8V the noise values reach ∼ 25 e− in all cases, except for the chip exposed to the highest
irradiation level, in this case the noise is ∼ 35 e−. It was observed that the noise distribution of the
chip exposed to a fluence of 1×1014 neq/cm

2 is similar to the non irradiated chip for all Vbb values.

Table 6.2: Noise values for all the irradiated chips, for Vbb=0.0V and Vbb=-4.8V.

Noise Noise Noise Noise
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2) (1×1015 neq/cm
2) (2×1015 neq/cm

2) (5×1015 neq/cm
2)

Vbb=0.0V ∼ 35 e− ∼ 40 e− ∼ 45 e− ∼ 70 e−

Vbb=-4.8V ∼ 25 e− ∼ 25 e− ∼ 25 e− ∼ 35 e−
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Figure 6.4: Noise distribution, chip AF10P W22B25 (not irradiated).
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(b) AF10P W22B58 (1×1015 neq/cm
2)
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(c) AF10P W22B61 (2×1015 neq/cm
2)
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(d) AF10P W22B63 (5×1015 neq/cm
2)

Figure 6.5: Noise distribution for all irradiated chips, Vbb = -4.8 V.
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6.1.5 Charge sharing

Charge sharing can affect the spatial resolution of the detector. The version of the APTS tested
was in fact optimized to reduce charge sharing. For each event, recalling the definition of cluster, a
part of the charge is collected by the seed pixel, the remaining is detected by the surrounding pixels
(neighbouring). When charge sharing is small, most of the total charge is collected by the seed, and
only a small fraction by the neighbouring pixels.

The plots below are 2D histograms showing the amount of charge collected by neighbouring pixels
versus the charge collected by the seed pixel. If charge sharing is small, the charge collected by
neighbouring pixels is ≈ 0 mV.

Figure 6.6 shows the effect of charge sharing for the non-irradiated chip (10 µm pixel pitch) for all Vbb
values; Figure 6.7 shows the effect for the chips after irradiation for Vbb = -4.8 V. Figure 6.8 shows
the effect of charge sharing for the non irradiated chip (15 µm pixel pitch) for Vbb = -4.8 V.

As can be seen in Figure 6.6, there is no evident charge sharing in the non-irradiated chip for |Vbb| >0:
indeed, the charge is collected mainly by the seed pixel, i.e. the cluster size is equal to 1 (this is in
line with the cluster size distribution showed in subsection 6.1.3), and in correspondence of the charge
collection peak, the sum of neighbouring signals does not give a significant contribution, i.e. the values
are around 0 V. Therefore, the increased lateral field generated by the gap in the low dose n-type
implant actually reduces the charge sharing and concentrates the signal charge on a single pixel.

For irradiation levels of 1×1014 neq/cm
2 and 1×1015 neq/cm

2, shown in Figure 6.7a and Figure 6.7b,
respectively, the charge sharing effect is not visible.

For higher neutron fluences, however, charge sharing is more evident (for all Vbb values, here only
shown for -4.8V in Figure 6.7c and Figure 6.7d). Two peaks are clearly distinguishable: the charge
collection peak, visible in the higher part of the spectrum, and the charge sharing peak, visible in the
lower part of the spectrum. In Figure 6.7d it is possible to see two clearly distinguished regions.
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(a) Vbb = 0.0 V
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(b) Vbb = -1.2 V
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(c) Vbb = -2.4 V
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(d) Vbb = -3.6 V
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(e) Vbb = -4.8 V

Figure 6.6: Sum of neighbouring pixels for chip AF10P W22B25 (not irradiated) for all Vbb values.
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(a) AF10P W22B57 (1×1014 neq/cm
2)
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(b) AF10P W22B58 (1×1015 neq/cm
2)
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(c) AF10P W22B61 (2×1015 neq/cm
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Figure 6.7: Sum of neighbouring pixels at Vbb = - 4.8 V.

Figure 6.8 shows that there is no evident charge sharing effect for the chip with a pixel pitch of 15 µm
(non irradiated), and comparing this 2D histogram to the one showed in Figure 6.6e that corresponds
to the chip with a pixel pitch of 10 µm (non irradiated), it is possible to say that there is no significant
difference between the two pixel pitches.
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Figure 6.8: Sum of neighbouring pixels for chip AF15P W22B23 (not irradiated) for all Vbb values.
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6.1.6 Comparisons: non-irradiated vs irradiated

The following quantities are extracted from the 55Fe measurements: seed signal, capacitance, noise,
charge collection efficiency and mean cluster size. They are all compared before and after irradiation,
for all the different neutron fluences.

• Seed signal: the seed signal is the output signal of the pixel which collects the largest amount
of charge in the cluster. This signal increases as the reverse bias voltage increases. Indeed, when
the active area is not depleted (Vbb = 0.0 V), the capacitance C is higher than when the detector
is depleted (|Vbb| > 0.0 V), and knowing that the charge collected Q by the sensing diode is
approximately the same, the voltage seed signal V is higher when the capacitance is smaller
(V = Q/C). The seed value is therefore expected to increase with increasing |Vbb| values.

• Capacitance: the pixel capacitance Cp is formed by the junction capacitance of the collection
diode Cj and the input capacitance of the in-pixel readout circuit Cr. The pixel capacitance is
charged to operational level applying a reset potential Vreset, then it discharges when a charge
Q is collected, which leads to a voltage drop V = Q/Cp. The capacitance is calculated as:

C [F] =
1640× 1.6× 10−19[C]

µGauss seed [V]
(6.2)

where µGauss seed is the mean of the Gaussian fit performed on the seed signal distribution
for the 4 central pixels. In order to have larger voltage signal, it is necessary to reduce the Cp

value as low as possible [45], for instance by applying a reverse bias to the junction. The pixel
capacitance Cp is therefore expected to decrease with increasing |Vbb| values.

• Noise: the noise follows a Gaussian distribution and is calculated as the RMS of the baseline
(see subsection 6.1.4).

• CCE: the charge collection efficiency (CCE) is calculated as:

CCE [%] = 100× µGauss seed

µGauss matrix
(6.3)

where µGauss seed is the mean of the Gaussian fit performed on the seed signal distribution for
the 4 central pixels; µGauss matrix is the mean of the Gaussian fit performed on the matrix
signal distribution for events corresponding to a cluster size of 1. For CCE here we mean the
ratio between the charge collected by the seed and the total charge (i.e. the charge collected in
the matrix) created by the ionizing radiation. Therefore, an increase of the CCE is expected for
higher bias voltages for different reasons. Indeed, when the detector is depleted, the charge is
collected by drift (and not by diffusion) and in a short period of time, which result in more charge
collected by the seed. Moreover, for irradiated chips, the effect of the electric field inside the
sensing volume of the detector is even more crucial: in fact, if the charges drift to the collection
diode, the probability that they get trapped in radiation-induced trapping centres is lower, with
respect to the case when the charges diffuse freely inside the volume.

• Mean cluster size: the mean cluster size corresponds to the average number of pixels belonging
to a cluster, i.e. the pixels that collected a signal above the threshold.
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For the result comparison, the data of the chip AF10P W22B25 (not irradiated) have been used as
reference for the parameters used to characterise the performance of the irradiated chips.

Figure 6.9 shows the results for the non irradiated chip with 15 µm pixel pitch; Figure 6.10 summarizes
the results for the chips with 10 µm pixel pitch for all the different irradiation levels.

In Figure 6.9, it is possible to see that increasing the reverse bias voltage (i.e. increasing the depletion
region) the seed signal increases from 40 mV to 120 mV and the capacitance decreases from 6 fF to ∼2
fF (as a consequence of the relation between charge collected Q, the capacitance C and the voltage V ,
which is given by Q = CV ). The CCE is almost 100% for all Vbb values. The noise increases slightly
from 1 mV to 1.5 mV; the mean cluster size is below 1.5 for all Vbb values.

Figure 6.9: Result comparison of seed signal, capacitance, noise, CCE and mean cluster size for
AF15P W22B23 (pitch = 15µm, not irradiated) at different Vbb values.
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The result comparison between irradiated chips (see Figure 6.10) shows that for the lowest irradiation
level (1014 1-MeV neq/cm

2, an order of magnitude above the ITS3 radiation hardness requirement)
the performance of the chip is not degraded, i.e. all the parameters studied are compatible with the
non irradiated chip.

For higher irradiation levels, the seed signal distribution and the capacitance values follow the same
trend of the non irradiated chip, the difference is only visible for |Vbb| < 3.6 V, where the seed signal
is slightly higher (the difference is of the order of 10 mV), and the capacitance is a bit smaller (the
difference is of the order of 1 fF). Regarding the noise, all the irradiated chips have a higher noise
with respect to the non irradiated at 0.0 V; as the bias increases, the noise of all chips get to the same
value, except for the chip exposed to 5×1015 neq/cm

2, which continues growing up to ∼ 2.5 mV. The
CCE at 0.0 V is not included in the plot, since it is not possible to extract a reasonable value using
Equation 6.3. For the other Vbb values, the CCE for the chips exposed to the three highest irradiation
levels is ∼97%. The mean cluster size is < 1.4 for all irradiated chips.

Figure 6.10: Result comparison of seed signal, capacitance, noise, CCE and mean cluster size for
AF10P W22B25 (not irradiated) and all other irradiated chips at different Vbb values.
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In Figure 6.11, the seed and the matrix signal distributions in mV for chip AF10P W22B25 (not
irradiated) are shown for all Vbb values. It is possible to see that the signal amplitude shifts to higher
voltage values V as the reverse bias voltage increases, because the capacitance C decreases and the
charge collected Q is almost the same (V = Q/C). The charge collection peak is clearly distinguishable
at all Vbb values.
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Figure 6.11: Distribution of signal for chip AF10P W22B25 (not irradiated).
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In Figure 6.12, the seed and the matrix signal distributions in mV for chip AF10P W22B57 (1×1014

neq/cm
2) are shown for all Vbb values. It is possible to see that the signal amplitude shifts to higher

voltage values V as the reverse bias voltage increases, because the capacitance C decreases and the
charge collected Q is almost the same (V = Q/C). The charge collection peak is clearly distinguishable
at all Vbb values.
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Figure 6.12: Distribution of signal for chip AF10P W22B57 (1×1014 neq/cm
2).
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In Figure 6.13, the seed and the matrix signal distributions in mV for chip AF10P W22B58 (1×1015

neq/cm
2) are shown for all Vbb values. It is possible to see that the signal amplitude shifts to higher

voltage values V as the reverse bias voltage increases, because the capacitance C decreases and the
charge collected Q is almost the same (V = Q/C). The charge collection peak is clearly distinguishable
for |Vbb| >0.0V; the peaks are wider than the peaks seen in Figure 6.11 for the non irradiated chip:
this is a consequence of the radiation-induced bulk damage. At this irradiation level, we see in the
matrix signal distribution the charge sharing peak mentioned before in subsection 6.1.5.
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Figure 6.13: Distribution of signal for chip AF10P W22B58 (1×1015 neq/cm
2).
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In Figure 6.14, the seed and the matrix signal distributions in mV for chip AF10P W22B61 (2×1015

neq/cm
2) are shown for all Vbb values. It is possible to see that the signal amplitude shifts to higher

voltage values V as the reverse bias voltage increases, because the capacitance C decreases and the
charge collected Q is almost the same (V = Q/C). The charge collection peak is clearly distinguishable
for |Vbb| >0.0V; the peaks are wider than the peaks seen in Figure 6.11 for the non irradiated chip:
this is a consequence of the radiation-induced bulk damage.
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Figure 6.14: Distribution of signal for chip AF10P W22B61 (2×1015 neq/cm
2).

61



6.1 55Fe results Chapter 6. Results

In Figure 6.15, the seed and the matrix signal distributions in mV for chip AF10P W22B63 (5×1015

neq/cm
2) are shown for all Vbb values. It is possible to see that the signal amplitude shifts to higher

voltage values V as the reverse bias voltage increases, because the capacitance C decreases and the
charge collected Q is almost the same (V = Q/C). The charge collection peak is clearly distinguishable
for |Vbb| >0.0V; the peaks are wider than the peaks seen in Figure 6.11 for the non irradiated chip:
this is a consequence of the radiation-induced bulk damage. At this irradiation level, we see in the
matrix signal distribution the charge sharing peak mentioned before in subsection 6.1.5.
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Figure 6.15: Distribution of signal for chip AF10P W22B63 (5×1015 neq/cm
2).
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6.1.6.1 Vbb comparison

The calibration shown in subsection 6.1.2 is used to convert the signal from mV to electrons. Com-
paring the spectra, expressed in electrons and acquired at different bias voltage values, it is possible to
understand whether the chip is collecting the same amount of charge and if charge is spreading across
the matrix. In Figure 6.16, Figure 6.17, Figure 6.18, Figure 6.19 and Figure 6.20 the seed and the
matrix spectra are shown, after the conversion of the signal in charge, for different irradiation levels.

Figure 6.16 shows the spectra acquired with chip AF10P W22B25 (not irradiated): the calibration
peak is well distinguishable from the rest of the spectrum at all reverse bias voltage values, therefore
it is possible to say that the electric field spatially extends inside the whole sensor and the charge
collection is successful.
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Figure 6.16: Distribution of signal for chip AF10P W22B25 (not irradiated).
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Figure 6.17 shows the spectra acquired with chip AF10P W22B57 (1×1014 neq/cm
2): the calibration

peak is well distinguishable from the rest of the spectrum at all reverse bias voltage values, therefore
it is possible to say that the electric field spatially extends inside the whole sensor and the charge
collection is successful.
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Figure 6.17: Distribution of signal for chip AF10P W22B57 (1×1014 neq/cm
2).
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In Figure 6.18 are shown the spectra acquired with chip AF10P W22B58 (1×1015 neq/cm
2): the

calibration peak is well distinguishable from the rest of the spectrum for |Vbb| >0.0V.
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Figure 6.18: Distribution of signal for chip AF10P W22B58 (1×1015 neq/cm
2).
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Figure 6.19 shows the spectra acquired with chip AF10P W22B61 (2×1015 neq/cm
2): the calibration

peak is well distinguishable from the rest of the spectrum for |Vbb| >0.0V. The matrix signal distribution
is wider because the noise of each pixel adds in quadrature; moreover, the main peak shows a shoulder
towards lower values which is attributed to charge sharing between neighbouring pixels.
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Figure 6.19: Distribution of signal for chip AF10P W22B61 (2×1015 neq/cm
2).
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In Figure 6.20 are shown the spectra acquired with chip AF10P W22B63 (5×1015 neq/cm
2): the

calibration peak is well distinguishable from the rest of the spectrum for |Vbb| >0.0V. The matrix
signal distribution is wider because the noise of each pixel adds in quadrature; moreover, the main
peak shows a shoulder towards lower values which is attributed to charge sharing between neighbouring
pixels.
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Figure 6.20: Distribution of signal for chip AF10P W22B63 (5×1015 neq/cm
2).
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6.1.6.2 Irradiation comparison

Figure 6.21 and Figure 6.22 show the seed and matrix spectra acquired at Vbb = 0.0 V and Vbb = -4.8
V for all chips with same pixel pitch, comparing chips exposed to different irradiation levels.

When the detector is not depleted, i.e. Vbb = 0.0 V (Figure 6.21), only the spectra acquired with the
chip with irradiation level 1×1014 neq/cm

2 is compatible with the non irradiated chip. In Figure 6.21b
it is possible to see the matrix signal shifting to lower values as the irradiation level increases, which
is compatible with the radiation induced effects mechanism explained in section 3.4. It represents an
evidence of the increased number of trapping centres as well as of the changes in the electric field
configuration, due to changes in the effective doping level in the epitaxial layer. Since the charge is
collected mainly by diffusion when Vbb = 0.0V, the charge created as a particle crosses the detector
can be trapped, hence a lower signal is measured. The charge lost is roughly estimated to be ∼ 50%
for the highest irradiation level.
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Figure 6.21: Irradiation comparison at Vbb = 0.0 V. The threshold value of 750 e− is set by software.
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When the sensitive volume is depleted, i.e. |Vbb| > 0.0 V (Figure 6.22), the seed spectra better overlap
(Figure 6.22a, even though in this plot it is possible to see that, as the irradiation level increases,
the calibration peak height decreases; however the charge collection performance of chips exposed to
high irradiation level is still compatible with the non-irradiated one. In Figure 6.22b, which shows the
matrix signal, it is evident that for higher irradiation levels a secondary peak emerges due to a larger
charge sharing between neighbouring pixels. The main peak is still centred around 1640 electrons, for
all the irradiation levels.
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Figure 6.22: Irradiation comparison at Vbb = -4.8 V. The threshold value of 750 e− is set by software.
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6.1.6.3 Pitch comparison

The APTS chips tested were optimised to reduce charge sharing; evidence of the successful optimisation
is in the comparison of chips with different pixel pitches. If the electric field is not distributed uniformly
inside the whole pixel, then charges can diffuse to different collection diodes, leading to charge sharing
between neighbouring pixels. This effect is expected to be more evident for large pixel pitches, as it
is more difficult to have a uniform extended electric field inside the sensitive volume. As can be seen
in Figure 6.23, for pitches 10 µm and 15 µm, the seed signal calibration peaks (1640 e− and 1800 e−)
are well distinguishable and the charge sharing peak is not visible in the spectra.
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Figure 6.23: Pitch comparison at Vbb = -4.8 V. The chips compared are the following: AF10P W22B25
(pitch = 10 µm, not irradiated) and AF15P W222B23 (pitch = 15 µm, not irradiated).
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6.2 90Sr results

In this section we present the results of the analysis of the data acquired with the 90Sr source
for the following chips: AF15P W22B23 (not irradiated) and AF10P W22B57 (1×1014 neq/cm

2).
AF10P W22B58 (1×1015 neq/cm

2) and AF10P W22B61 (2×1015 neq/cm
2). At the moment of writ-

ing, the 90Sr source measurement was not performed with a non irradiated chip with pixel pitch 10
µm (see Table 5.1), therefore there is no reference for the evaluation of the performance of irradiated
chips.

6.2.1 Signal distribution

The spectra emitted by the 90Sr source contains a large fraction of low energy electrons that cause a
larger signal than that of a MIP and a particle stopped inside the sensor can result in larger clusters
(see subsection 6.2.3). A scintillator trigger could be used to select only higher energy electrons that
are not stopped inside the sensing volume and reach the scintillator. Unfortunately this setup was not
yet implemented at the time of writing. Therefore, for the scope of this thesis, the contamination due
to low energy electrons was reduced by selecting only events higher than a certain threshold set by
software during the analysis. Figure 6.24 shows the the β-spectra, obtained with the 90Sr source, at
Vbb=-4.8 V, of the non-irradiated chip (AF15P W22B23) and chip AF10P W22B57 (1×1014 neq/cm

2).
The signal amplitude is expressed in mV. The fits of the spectra are performed with a Landau function
(Equation 2.4).
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Figure 6.24: Distribution of the signal amplitude from 4 central pixels (2×2 matrix) at Vbb = -4.8 V

6.2.2 Calibration

For the conversion of the signal measured in milliVolts to a number of electrons, the same calibration
performed with the 55Fe source is used (see subsection 6.1.2).
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6.2.3 Cluster size

The cluster size due to electrons from β decays of the 90Sr is larger than the cluster size due to X-
rays showed in subsection 6.1.3: low energy electrons deposit more energy in the sensor as numerous
electron/hole pairs are created along the particle track as it crosses the sensitive volume. And this,
together with a small pixel pitch, leads to relatively large clusters.

Figure 6.25 shows the cluster size for all the tested chips, at different Vbb values. Increasing the
exposure to neutrons causes an increase of charge trapping, which leads to smaller cluster sizes and
reduced charge sharing: indeed, as shown in Figure 6.25c and Figure 6.25d, the relative frequency of
cluster size 1 for irradiation levels 1×1015 neq/cm

2 and 2×1015 neq/cm
2 is higher with respect to the

other cases.
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Figure 6.25: Cluster size comparison with the 90Sr source.
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6.2.4 Charge sharing

Figure 6.26 and Figure 6.27 show that the effects of irradiation with regards to charge sharing are far
less evident using 90Sr electrons compared to using 55Fe X-rays. The different sensitivity to charge
sharing is attributed to the intrinsic way electrons deposit charge along their tracks with larger cluster
sizes.
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(b) Vbb = - 4.8 V

Figure 6.26: Charge sharing, chip AF10P W22B57 (1×1014 neq/cm
2).
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Figure 6.27: Charge sharing, chip AF10P W22B61 (2×1015 neq/cm
2).
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6.2.5 Result comparison

This section presents and discusses the results about the amount of charge collected by the non irra-
diated chip (AF15P W22B23) and the comparison between the chips exposed to different irradiation
level.

As mentioned before in section 2.2, ∼80 electron-hole pairs per micron of path are generated by a
traversing MIP in silicon, therefore, for thicknesses of 300 µm, the expected number of pairs generated
is ∼22000-24000. However, for thinner pieces of silicon, ∼60-70 pairs are expected to be created.
Hence, since the sensitive layer in the tested structures is ∼10µm thick, we expect to see a signal of
∼600-700 electrons when the detector is depleted (for the non irradiated chip) and an even smaller
number in the case of irradiated sensors.

6.2.5.1 Vbb comparison

From the fit of the matrix signal it is possible to extract the MPV of the Landau distribution, which
corresponds to the most probable value of charge released by a traversing particle. The fit is performed
on the data measured by the matrix, because, as shown in subsection 6.2.3, the charge is collected not
just by the seed pixel, but also by neighbouring pixels.

Figure 6.28 shows the matrix signal distribution for the chip AF15P W22B23 (not irradiated, pixel
pitch = 15 µm) at Vbb = -2.4 V, -3.6 V and -4.8 V. The results obtained from the fit of the matrix
signal distribution at |Vbb| >2.4 V show that, for these bias voltages, the MPV is stable at ∼630
electrons, which is in line with the expected number of pairs generated in silicon volume 10 µm thick.
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Figure 6.28: Distribution of the matrix signal for chip AF15P W22B23 (not irradiated).

6.2.5.2 Irradiation comparison

Figure 6.29 shows the seed and the matrix spectra, after the conversion in charge, at Vbb=-4.8V, for
all the irradiated chips with the same pixel pitch (10 µm).

When the sensitive volume is depleted, i.e. |Vbb| > 0.0 V (Figure 6.29), the signal measured by the
chip exposed to the lowest irradiation level is higher than the signal measured with the other chips:
this means that for higher neutron fluences, less charge is collected, as a consequence of charges being
trapped in trapping centres induced by radiation. In Table 6.3 are summarised the MPV obtained
from the fit at Vbb=-4.8V: the chip exposed to the lowest irradiation level collects more charge as
expected, the other two chips collect ∼ 20% less charge.

Table 6.3: MPV obtained from the Landau fit for Vbb=-4.8V.

AF10P W22B57 AF10P W22B58 AF10P W22B61
(1×1014 neq/cm

2) (1×1015 neq/cm
2) (2×1015 neq/cm

2)

MPV seed 439.88 e− 301.44 e− 328.53 e−

MPV matrix 523.40 e− 413.77 e− 411.08 e−
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Figure 6.29: Irradiation comparison at Vbb = -4.8 V. The threshold value of 175 e− is set by software.
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6.3 Leakage current

In this section we report on the leakage test performed with the following chips: AF15P W22B23 (not
irradiated), AF10P W22B57 (1×1014 neq/cm

2), AF10P W22B58 (1×1015 neq/cm
2), AF10P W22B61

(2×1015 neq/cm
2). The leakage current is determined for each pixel in the matrix, using the following

fit function already discussed in section 5.5:

Ieff = m · Ireset − Ileak (6.4)

During the testing procedure, the chip AF10P W22B58 stopped working as usual (the current that
was being supplied to the substrate was above the current limit set on the power supply to operate
in safe conditions), and it was possible to conclude the measurements only for Vbb = 0.0, -1.2, -2.4 V
(Figure 6.30c). For the chip AF10P W22B61, the fit at Vbb = 0.0 V was not successful, therefore it
was not possible to give an estimate of the leakage current. The results are summarized in Table 6.4.

(a) AF15P W22B23 (not irradiated) (b) AF10P W22B57 (1×1014 neq/cm
2)

(c) AF10P W22B58 (1×1015 neq/cm
2) (d) AF10P W22B61 (2×1015 neq/cm

2)

Figure 6.30: Linear fit of the effective current for pixel [1][1].
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Table 6.4: Leakage current values obtained from linear fits for different chips at all reverse bias voltage
values, for pixel [1][1].

Ileak [pA] Ileak [pA] Ileak [pA] Ileak [pA]
Vbb AF15P W22B23 AF10P W22B57 AF10P W22B58 AF10P W22B61

(not irradiated) (1×1014 neq/cm
2) (1×1015 neq/cm

2) (2×1015 neq/cm
2)

0.0 V 1.6 ± 0.1 2.3 ± 0.3 5.0 ± 0.9 -
- 1.2 V 1.1 ± 0.2 0.9 ± 0.2 9.3 ± 0.5 15.7 ± 0.8
- 2.4 V 0.9 ± 0.1 1.3 ± 0.2 10.5 ± 0.3 18.0 ± 0.6
- 3.6 V 0.9 ± 0.2 1.2 ± 0.1 - 19.6 ± 0.3
- 4.8 V 0.8 ± 0.1 1.6 ± 0.3 - 19.4 ± 0.2

Comparing all the pixels in the matrix, uniformity is good: there is no significant difference between
the leakage current measured in each pixel as expected (the values vary at most 15% from the mean
current value). An example of the leakage current variation in the matrix can be seen in Figure 6.31.

Figure 6.31: Leakage current values of each pixel in the matrix of chip AF10P W22B57 (1×1014

neq/cm
2), at Vbb=-4.8 V.

Figure 6.32 shows the leakage current values at all Vbb values, for all the irradiated chips. The
leakage current increases of one order of magnitude: for the lowest irradiation level (1×1014 neq/cm

2)
Ileak <2.5pA, for the highest irradiation level (2×1015 neq/cm

2) Ileak <20pA.
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Figure 6.32: Leakage current values of pixel [1][1], for all irradiated chips, for all Vbb values.
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Conclusions

This thesis work presents the performance study of irradiated Monolithic Active Pixel Sensors (MAPS)
test structures, designed and fabricated for the future upgrade of the Inner Tracking System (ITS3)
of the ALICE experiment at CERN. The final ITS3 sensor will feature a thickness ≤ 50 µm, a pixel
pitch about 20 × 25 µm2, as well as the capability to withstand radiation loads of 1013 1 MeV neq/cm

2

of Non Ionizing Energy Loss (NIEL) and 10 kGy of Total Ionising Dose (TID).

My work focused on the Analog Pixel Test structures (APTS) chips, arrays of 4 × 4 active pixels,
coming in various combinations of pixel size, pixel design, process types, reverse biasing scheme and
peripheral analog output buffer, which proved to be an effective vehicle to study the charge collection
properties of the different variants.

For my thesis, I studied APTS-SF chips: they are DC-coupled chips, with 10 µm and 15 µm of pitch,
a simple front-end electronics base on a source follower, analog output, with a substrate modification
(modified-with-gap) to ease charge collection by drift.

One non-irradiated chip, with 15 µm pixel pitch, was used as a reference; in view of future HL-LHC
upgrades, four other chips, all with 10 µm pixel pitch, were exposed to different very high neutron
fluences, one to two orders of magnitude greater than the expected fluences for the ITS3 upgrade:
1×1014 neq/cm

2, 1×1015 neq/cm
2, 2×1015 neq/cm

2 and 5×1015 neq/cm
2.

To compare and characterise the behaviour of the irradiated chips with respect to the reference one, I
used 55Fe and 90Sr sources. All measurements were taken in a cleanroom, in a cold box at a controlled
temperature T ≤ 14 °C, to keep the leakage current under control. Parameters like noise, gain, cluster
size and charge collection efficiency have been quantified for all the radiation loads and for different
bias conditions.

The results prove that the tested APTS-SF maintain good charge collection efficiency and low noise
even when irradiated to very high neutron fluence values. The results obtained provide encouraging
evidence that the modified-with-gap process is well suited to have the radiation tolerance for the next
ITS3 upgrade and future ones.

81



82



Bibliography

[1] JR Srour, , and JW Palko. Displacement damage effects in irradiated semiconductor devices.
IEEE Transactions on Nuclear Science, 60(3):1740–1766, 2013.
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