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Abstract

The ALICE experiment at the Large Hadron Collider at CERN will upgrade the
innermost three layers of the currently installed Inner Tracking System (ITS2) to
the ITS3 during Long Shutdown 3 (LS3), starting in 2026. The ITS3 introduces a
groundbreaking detector design based on wafer-scale curved monolithic active pixel
sensors. Each of the three silicon layers, thinner than 50 um, will be bent around the
beam pipe and supported by lightweight carbon-foam structures. The detector will
be air-cooled. This configuration achieves an unprecedented material budget of just
X /X, ~ 0.09% per layer. This material reduction, combined with a decrease in the
distance of the innermost tracking layer from the interaction point, results in a factor-
of-two improvement in pointing resolution at transverse momenta below 10 GeV/c
compared to the current detector. The ALICE core physics programme, requiring
excellent secondary vertex reconstruction and low-mass tracking, will strongly benefit
from this upgrade. To enable wafer-scale sensors up to 9.8 x 27 cm?, the design
employs stitching — a technique evaluated using the Monolithic Stitched Sensor
(MOSS), a 14 x 259 mm? prototype fabricated in 65 nm CMOS technology. This work
focuses on characterising MOSS in terms of fabrication yield, mechanical handling,
and sensor performance. Custom hardware and software were developed for detailed
characterisation, and a fault-diagnosis method was introduced to identify and resolve
unexpected sensor failures. Finally, the performance of the final ITS3 in terms of
pointing resolution and tracking efficiency was simulated assuming malfunctioning
substructures on the sensor planes. Both qualitative and machine-learning-based
approaches to optimising the geometrical arrangement of the layers are discussed,
and the impact of reduced tracking efficiency on the A7 benchmark observable
is investigated.






Preface

Large-scale particle physics experiments at the LHC are inherently collaborative efforts,
as constantly evolving discovery and measurement tools are built on decades of
experience, teamwork, and fruitful discussions. My contributions during my doctoral
research are outlined below in roughly chronological order.

For the ATLAS experiment, earning me authorship, I worked on the ITk upgrade.
I developed an FPGA-based interlock system for the Oxford low-temperature pixel
sensor module qualification setup, including design and construction of a relay PCB,
temperature controller, graphical user interface, and a database interface for envi-
ronmental logging. I wrote the ATLAS-internal document for interlock requirements
for testing site-qualification [1]. I studied bump-bond delamination induced by
thermal stress, revealing clear vendor differences that allowed for vendor processing
improvements. I contributed to the resulting ATLAS internal bump-stress report [2],
which was part of the final design review. This work was performed at Oxford, and is
not documented in this thesis.

Over the following two years at CERN, I was part of the ITS3 project within
the ALICE experiment. I took part in two test beam campaigns for the Analogue
Pixel Test Structure (APTS) chip, a 65 nm prototype and technology-validation
chiplet with results published in [3, 4]; this work is not further described here.
My main contributions, described in this thesis, revolve around the characterisation
and performance evaluation of the first-ever Monolithic Stitched Sensor (MOSS)
prototype for high-energy physics. I was one of the first contributors to establishing
the characterisation environment, taking on key responsibilities in its development:

* Contributed significantly to the custom tooling and procedures for handling,
mounting, glueing, and bonding the MOSS sensor. I designed mechanical parts,
including jigs, tooling components, chip covers and storage boxes, as well as
3D-printed parts. I developed and built a vacuum pump and control system,
as well as a control system for semi-automated, motorised wafer positioning
with a joystick interface — both based on microcontrollers with custom firmware.
I proposed the use of a glue robot and implemented a high-precision glueing
procedure, which I validated experimentally. I designed and built a custom
UV-curing box to accelerate the curing process.



* Wrote the first Data Acquisition (DAQ) software interface for the Proximity
boards, and contributed to the associated FPGA firmware. This enabled testing
of the Proximity board functionality and on-board components such as DACs,
LDOs, ADCs via I°C and SPI communication protocols, and verification of pinouts.
I identified bugs and solutions that were subsequently implemented by the
electronics engineer, and a new board was produced.

* Served as one of the main contributors to the complete DAQ software framework
for the MOSS functional characterisation, developing a versatile API that served
as the foundation for subsequent testing scripts [5].

* Built a multiplexer-based impedance setup and developed an automated power
ramping setup, incorporating a thermal camera. I also wrote corresponding
data acquisition software for testing [5].

* Performed extensive measurements on wire-bonded MOSS sensors, including
in-depth data analysis and iterative refinement of test procedures. I contributed
to initial wafer-probing measurements.

* Proposed the inclusion of NTC temperature probes on the MOSS carrier PCB. I
designed and implemented an external ADC board for the NTC readout to plug
onto the FPGA readout board. I included an additional level-shifter board for
feeding external trigger signals to the FPGA board and added the first version
of the required firmware extension.

* Developed a failure analysis method to identify on-chip metal stack short-circuit
faults. This method integrated semi-automated image processing, impedance
measurements, and power ramp-up data, all correlated with chip design files.
This approach successfully pinpointed the failure mechanism and enabled
corrective action.

* Proposed the use of Focused Ion Beam Scanning Electron Microscopy for failure
analysis, and validated the hypothesis by identifying defects consistent with the
failure mechanism.

» Simulated the impact of dead areas in the final ITS3 sensor layout on detector
performance. I introduced a machine learning based approach for optimising
layer geometry and evaluated its feasibility. I also assessed the effect of reduced
tracking efficiency on the AT benchmark channel.

The first MOSS yield and functional measurements, which I performed, were pub-
lished as a key component of the ITS3 Technical Design Report [6]. A comprehensive
article on the MOSS chip characterisation [7], and a dedicated paper — where I am
lead author - on the metal stack analysis method I developed [8] are being prepared.
Both papers are being reviewed at the time of writing.

Vi
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Introduction

In the continuous pursuit of expanding the boundaries of our current understanding of
particle physics, appropriate tools are essential for testing the limits of our theoretical
models, challenging our state of knowledge, and uncovering new directions. Following
the impressive success of the Standard Model (SM) as the governing theory of
fundamental particle physics [9-11] - for decades serving as a guide for measurements
and completed with the discovery of the Higgs boson in 2012 [12, 13] — the current
data-driven era relies on instrumentation and tools providing the best information
to advance the field. In addition to the many open questions not described by the
SM - including neutrino masses, the origin of the matter—antimatter asymmetry;,
dark matter, and dark energy, to name a few — and continued testing of the SM’s
predictive power, the Quantum Chromodynamics (QCD) sector describing the strong
interaction relies on an extensive measurement programme [14, 15]. The ALICE
experiment at the Large Hadron Collider (LHC) at CERN is focused on the study of
strongly interacting matter at extreme energy densities [16, 17]. Ultra-relativistic
heavy-ion collisions at the LHC give access to the study of the Quark-Gluon Plasma
(QGP) - a state of matter arising from asymptotic freedom (the running of the strong
coupling a,(Q?)), in which quarks and gluons, the carriers of the strong interaction,
are deconfined. This is in contrast with ordinary nuclear matter, where quarks and

gluons exist only in bound states such as the proton or neutron. To probe parameters



1. Introduction

and characteristics of the QGP — which cannot be directly observed and must be
inferred — ALICE requires precision measurements and reconstruction of particles
down to very low momenta p; < 1 GeV/c. To facilitate these measurements at the
challenging high track multiplicities of heavy-ion collisions, novel silicon tracking
and vertexing detectors are being employed and developed. Quoting Ian Shipsey,
instrumentation is the great enabler of science, with advanced silicon detectors for

high-energy physics experiments being a crucial tool among many [18].

The inner tracking system of the ALICE experiment was upgraded to the Inner
Tracking System 2 (ITS2) in 2021 [19]. With 10 m? sensitive area, it is the largest
silicon pixel detector built for a high-energy physics experiment, based on Monolithic
Active Pixel Sensors (MAPS). With the reduction of the material budget (to X /X, =
0.36% per layer in the inner barrel), decrease in pixel size, and reduction of the
distance between the innermost layer and the interaction point, a factor of 3-5
improvement in pointing resolution was achieved [20].

The proposed Inner Tracking System 3 (ITS3) will improve on this design, re-
placing the innermost three layers of the ITS2 [6, 21]. This novel vertex detector
is based on wafer-scale stitched monolithic active pixel sensors and is fabricated
using a commercial 65 nm CMOS imaging process. The wafer-scale sensors, of up
to 27 x 9.8 cm? in size, are thinned to a thickness below 50 pum, allowing them
to be bent into a (half-)cylindrical shape, and placed even closer around the beam
pipe. The resulting cylindrical geometry is sufficiently rigid that only an ultralight
carbon-foam support is needed when using air cooling, reaching X /X, ~ 0.09% per
layer, and achieving another factor-of-two improvement in pointing resolution for
transverse momenta p; S 10GeV/c.

An extensive R&D programme is dedicated to the development of three key areas
pioneered in the ITS3 project: (a) use of 65 nm CMOS technology for MAPS, (b)
bending of silicon, and (c) stitching. Stitching is a manufacturing technique that
allows the fabrication of silicon sensors larger than the design reticle size. It is realised

by designing structures with periodic boundaries, and electrically interconnecting
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the repeated structures on-chip across the stitching boundaries at the metal-stack
level. A prototype sensor, the Monolithic Stitched Sensor MOSS, was designed to
evaluate the feasibility of this technique for high-energy physics, with the primary
goals of determining the crucial yield parameter and understanding the factors and
performance characteristics which contribute to a successful design [22]. The MOSS
sensor characterisation — including the development of novel tooling, procedures,
and measurement methods — is the focus of this work, complemented by simulation
of the final detector performance accounting for imperfect sensor layers. Novel
technologies require extensive testing to identify limitations and the root causes of

associated failures, enabling their mitigation in later iterations toward the final design.

The development of wafer-scale, flexible MAPS for ultra-low material budget
tracking systems is well advanced, offering unique potential for future detector systems.
Beyond its first application in the ALICE ITS3 vertex detector, the technology will
be adopted for the silicon tracking system of the ePIC detector at the Electron-Ion
Collider (EIC) [23]. The proposed ALICE 3 detector’s vertex system will rely on
flexible, radiation-hardened, and low-material-budget MAPS [15]. Future e*e”
collider experiments, such as the proposed Future Circular Collider (FCC-ee), will
require low-mass precision trackers to fully exploit the physics potential, sharing
similar vertex-detector requirements [24]. As the first of its kind, ITS3 will pave the
way for the development of exciting new tracking systems capable of unprecedented

performance, enabling previously out-of-reach measurements.

This work is structured as follows. Chapter 2 introduces the LHC, discusses the
ALICE physics programme and detector concept, before describing the principles for
high spatial resolution tracking. The last section discusses the ITS3 upgrade and the
expected improvement using the AT benchmark measurement. In Chapter 3, the
working principle of silicon as a particle detector is discussed, monolithic active pixel
sensors — including fabrication techniques relevant to this work — are introduced,

the MOSS sensor is described in detail, and the conceptual ITS3 sensor layout is
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referenced. Chapter 4 describes the development and use of custom tooling and
procedures required for the successful handling, mounting, and interconnection of the
MOSS sensor. In Chapter 5, the characterisation setups that were developed in this
work and the corresponding measurements performed are discussed. The results of
the measurements are discussed in Chapter 6, focusing on the observed short-circuit
failure and its origin, and concluding with a discussion of the yield implications for
future devices. A detailed discussion of the root cause and fault mechanism of the
observed failure is given in Chapter 7'. In Chapter 8, studies on the ITS3 physics
performance are described, assessing the impact of malfunctioning sensor sub-parts
in the final system, discussing practical implications for the detector construction, and
investigating the feasibility of a machine-learning-based geometry optimisation. The
effect of reduced tracking efficiency on the AT benchmark observable is estimated.

Finally, conclusions and outlook are given in Chapter 9.

In this spirit:

Measure what is measurable and make measurable what is not so.

— Galileo Galilei

!Given the nature of its contents, Chapter 7 might not be available to you at the time of reading.
Contact the author or Bodleian Libraries, Oxford, for further information.



LHC, ALICE, and ITS3

This chapter introduces the Large Hadron Collider (LHC), A Large Ion Collider
Experiment (ALICE) and its physics goals and detector systems, before discussing
general considerations on tracking detectors. Finally, the ALICE Inner Tracking System

3 (ITS3) upgrade and the A’ benchmark measurement are discussed.

2.1 The Large Hadron Collider

With a circumference of 26.7 km, the Large Hadron Collider (LHC) at the European
Organisation for Nuclear Research (CERN) is the largest, most powerful hadron
collider ever built [26]. Located between 45 m and 170 m below the surface, and
crossing the border between France and Switzerland close to Lake Geneva, two
counter-propagating hadron beams are held on-path by a superconducting magnet
lattice and brought to collision at four Interaction Points (IP). The accelerator complex
at CERN is depicted in Figure 2.1, with the LHC the last piece in the accelerator
chain. The first collisions were recorded at the LHC in 2009, and the systems are
continuously upgraded between data-taking periods, known as ‘Runs’. The current
Run 3 started in 2022 and will last until 2026, when the next upgrade period, the
three-year Long Shutdown 3 (LS3), is planned. Parameters for Run 3 are quoted

unless otherwise noted. In the current configuration, for proton-proton collisions (pp),
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Figure 2.1: The LHC accelerator complex at CERN. Adapted from [25]. The four LHC
interaction points are indicated as yellow dots, where the four large experiments are located
(see text). Unconnected or open transfer lines (TT) indicate paths to additional experiments
and are omitted for clarity.

the LHC injection chain starts with hydrogen anions (H™) from an ion source that are
accelerated with the Linear Accelerator (LINAC 4) up to 160 MeV energy [27]. The
H™ anions are stripped of their two electrons at injection to the Proton Synchrotron
Booster (PSB), where they are accelerated to 1.4 GeV energy, before being accelerated
to 26 GeV by the Proton Synchrotron (PS). At this stage, protons are ‘bunched’ and
spaced for further acceleration in the Super Proton Synchrotron (SPS) up to the LHC
injection energy of 450 GeV. Two transfer lines connect to the LHC and inject the
beams into the two circular beam lines. Each beam consists of 2,808 bunches (of
which 2,464 are filled), with 25 ns spacing between bunches. Each bunch contains
approximately 1.6 x 101! protons. The two counter-propagating beams are accelerated
by eight radio frequency cavities each. The beams are kept on their circular path by
1,232 superconducting dipole magnets, each 14.3 m long, operating at a nominal field

of 8.33 T. In addition, more than 4,800 higher-order corrector magnets are used to
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maintain and control the beam quality. Apart from protons, ions (e.g. Pb-nuclei) are
accelerated by the LINAC 3 and Low Energy Ion Ring (LEIR) before being coupled into
the PS, where they follow the common LHC injection path (albeit with an adapted
filling scheme). Beams are brought to collision at four interaction points, achieving
peak centre-of-mass energies of /s = 13.6 TeV and ,/syy = 5.36 TeV (per nucleon-
pair) for pp and Pb-Pb collisions, respectively [28, 29]. At each interaction point,
one of the four large experiments, ATLAS (A Toroidal LHC ApparatuS) [30], CMS
(Compact Muon Solenoid) [31], ALICE (A Large Ion Collider Experiment) [16], and
LHCb (Large Hadron Collider beauty experiment) [32] is located. ATLAS and CMS are
considered multi-purpose detectors at the energy frontier, with the most prominent
measurement the observation of the Higgs boson in 2012 [12, 13]. LHCb specialises
in decay studies of b and ¢ hadrons, investigating the matter-antimatter asymmetry
with a unique forward spectrometer detector layout. ALICE is a purpose-built detector
studying the properties of strongly interacting matter, in particular the Quark-Gluon
Plasma (QGP), as further discussed below.

The number of expected events N,,, in time interval t is calculated as the product

of the cross-section of interest o, and the integrated luminosity %,,,,:

t
Nexp = Oexp* Lint = Oexp J L(t)dt (2.1
0

The instantaneous machine luminosity £, commonly stated in units of cm s, is

written as

NN, o Nimfres 2.2)
4noio’ 4me, B+ )

where N, N, = N} is the number of particles per bunch, and the collision frequency

is f.o;1 = Npfrev, With n, bunches at a revolution frequency f,,,. The Root Mean Square

(RMS) transverse beam sizes at the interaction point are characterised by aza; o

€,B*y.". Here, p* is the beta function at the interaction point describing the final focus,

v, is the relativistic Lorentz factor, and €, is the normalised emittance. The factor

Z < 1 describes the reduction in instantaneous luminosity due to geometrical effects
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such as the crossing angle, finite bunch length, and focusing of the two beams [26,
33]. In recent runs, peak instantaneous luminosities above 2.1 -10** cm™2s™! have
been achieved for pp collisions, twice the LHC design value (recent values at [34]).
The total integrated luminosity is commonly reported in inverse (femto)barns, e.g.
1fb™' = 107* cm™2. In the ongoing Run 3 (up until July 2025), ATLAS recorded a
total integrated luminosity of 206 fb™! at /s = 13.6 TeV, with a mean number of
interactions per bunch crossing (called pile-up) of (u) = 54 [35] at a nominal 40 MHz
interaction rate. In ALICE, during Pb-Pb collisions in Run 3 (up to July 2025), data
were taken at a reduced (‘levelled’) instantaneous luminosity of 6.4 - 10?7 cm™2s™*
and a nominal interaction rate of 50 kHz. With a maximum of 1,240 bunches per
ring at 50 ns spacing (in the 2024 configuration), a total integrated luminosity of
3.08 nb! at ,/syy = 5.36 TeV was recorded [36, 37]. ALICE also records pp, p-Pb,
and special-run nucleon collision data (such as Xe-Xe [38], or O-O [39]). Because of
the reduced interaction rate, lower luminosity, and shorter overall run time compared
to experiments such as ATLAS and CMS, the radiation hardness requirements of ALICE
— particularly for detectors in the central region — are significantly less demanding.
For example, the expected displacement damage in silicon sensors is lower by about
three orders of magnitude. This more benign environment enables the development
and deployment of novel, cutting-edge technologies, such as those planned for the

future ITS3 detector discussed in this work.

2.2 The ALICE experiment

In this section, after a brief and qualitative introduction to quantum chromodynamics
and ALICE physics goals and observables most relevant to this work, the ALICE

detector — with a focus on the tracking system — will be described.

2.2.1 ALICE physics goals

ALICE is designed to study the strong interaction sector of the Standard Model of
Particle Physics (SM), described by Quantum Chromodynamics (QCD) [11, 17, 33,

40, 41]. A simplified overview of the fundamental SM constituents is illustrated in
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Figure 2.2a. Three generations of particles, split into leptons and quarks, are classified
as fermions with spin % (their charge-conjugated partners — antiparticles — shall be
considered included). Vector bosons, or gauge bosons, with spin 1, represent the
force carriers. The single spin-0 scalar boson — the Higgs boson — allows for the bare
mass generation of the other massive fundamental particles via the Higgs mechanism.
Fundamental forces, excluding gravity, are mediated by the SM vector bosons: the
massless photon mediates the electromagnetic interaction, W*, Z bosons mediate the
weak interaction, and gluons mediate the QCD strong interaction.

Particles interact with the strong force if they carry colour charge, as indicated in
Figure 2.2a. Gluons themselves carry colour charge and are, therefore, self-coupling.
Strongly interacting hadrons, such as protons and neutrons, are composite particles
made of quarks. They carry integer electric charges and have a net colour charge of
zero. They are further classified as either mesons, which consist of a quark-antiquark
pair and have integer spin, or baryons, which consist of three quarks and have
half-integer spin. Colour-charge, as an additional quantum number, allows Pauli-
excluded hadron states with three identical flavour-spin quarks, such as e.g. the
AT1(1232) = uuu.

A distinct feature of QCD is the behaviour of the running of the strong coupling
a,(Q?), which describes the strength of the interaction as a function of the momentum
transfer scale Q2. Qualitatively, a, is large at small Q or large distances, and decreases
approximately as 1/InQ? at large Q or small distances. This results in ‘asymptotic
freedom’ of strongly interacting constituents at high energies and ‘colour confinement’
at large distances. As a consequence, at high densities or temperatures, quarks and
gluons become quasi-free and form a deconfined phase of matter termed the Quark-
Gluon-Plasma (QGP) [42]. The characteristic phase diagram of nuclear matter is
shown in Figure 2.2b, where the net-baryon density nj, is zero for an equal number
of baryons and antibaryons. Lattice QCD predicts that, at zero net baryon density, the
transition between hadronised matter and the QGP is a smooth crossover. However,
the nature of the phase transition at higher net baryon densities remains an open

question [44]. It is believed that the universe, between approximately 10 ps and 10 pis
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Figure 2.2: (a) Standard Model constituents with electrical and colour charges indicated. (b)
Phase diagram of nuclear matter. From [43].

after the Big Bang, existed in the form of a QGP. Similar conditions — characterised
by low net baryon densities and extremely high temperatures — are recreated in
heavy-ion collisions at the LHC [42].

ALICE is focused on the study of the properties of the QGP and its temporal
evolution. During the pre-equilibrium phase, after the collision of the ions and particle
formation from hard scattering processes, the system thermalises and the QGP forms.
The following expansion of the QGP system is well described by hydrodynamics [45].
At decreasing density and temperature, hadronisation — the phase transition from a
deconfined QGP to a hadronic state — occurs. First, the ‘hadron gas’ forms, where
inelastic collisions persist until the ‘chemical freeze-out’, fixing particle abundances.
Elastic scatterings then dominate until the ‘kinetic freeze-out’, fixing the momentum
distributions, and the hadrons then stream freely from the interaction point Given
the small size O(fm) due to confinement and short lifetime < 10fm/c of the QGB it
can not be directly observed, but its existence and properties must be inferred via

appropriate QGP probes [46].

A range of QGP signatures and corresponding probes exist, as described, e.g.,
in [47] - selected examples are provided here. Probes, which do not interact strongly
with the QGB such as direct photons or dileptons (e*e™ or u*u™), serve as penetrating

probes of the medium. Low invariant-mass di-electron pairs, for example, as produced

10
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by internal conversion of virtual photons, are used for the measurement of electromag-
netic radiation produced by the thermal QCD medium, providing access to its tempera-
ture and space-time evolution. A detector with acceptance for the lowest possible e*e™
invariant masses and transverse momenta, down to atleast M,, ~ py ., ~ T ~ 150 MeV
—with electron detection down to p; < 100 MeV/c —is required. However, suppression
of thermal dilepton production and a large background from semi-leptonic charm
decays and photon conversions before the first track measurement point make this
measurement very challenging [47, 48]. These difficulties underline the requirement
for very low material budget in the innermost part of the ALICE detector for reduction
of photon conversions and improved low-p; tracking capabilities (see also Section 2.3).
The measurement will, therefore, benefit from the ITS3 upgrade (see Section 2.4),
with improved low-p; reconstruction efficiency of photon conversions to reduce the
combinatorial background, and improved pointing resolution enabling the efficient
tagging of electrons from semi-leptonic charm decays [21].

Heavy-flavour physics concerns the study of hadrons containing charm or beauty
quarks and their use as probes of the collision system and QGP development [49].
Heavy-flavour quarks — due to their large masses — are primarily produced in hard-
scattering processes before the formation of the QGB and given their lifetime larger
than the QGP itself, they experience the full evolution of the medium. Light-flavour
hadrons, in contrast, are light enough that they can be created within the QGE and
their abundance is not constant over time. Charm and beauty quarks interact with
the medium constituents, preserving, however, their flavour identity during energy
exchanges. They are used as markers, resolving medium constituents and allow to
build a connection between microscopic local partonic interactions and global medium
characteristics — in particular, the medium’s transport properties [50]. For example,
the nuclear modification factor R,,(py), the scaled ratio of Pb-Pb over pp cross sections
of an observable, is considered a sensitive observable for the study of the interaction
of hard partons with the medium [49]. Furthermore, insights into hadronisation
processes can be gained from production yields of heavy-flavour hadrons such as the

A}, as further discussed in Section 2.4.2. As heavy-flavour hadrons often have short
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2. LHC, ALICE, and ITS3

lifetimes O(ct ~ 100 um), excellent secondary vertex reconstruction capabilities are
required for efficient background rejection.

ALICE is also primed for measurements of hypernuclei. Hypernuclei contain at
least one strange baryon such as the A, substituting a proton or neutron. Hypertriton
SH is the lightest known hypernucleus as the bound state of one proton, one neutron
and one A. The measurement in ALICE is performed via the reconstruction of mesonic
decay channels, e.g. iH —3 He + ©*. Production yield and lifetime measurements
offer unique insights into the formation and hyperon-nucleon interaction mechanisms.
Hypernuclei decaying before the innermost detector layer of ALICE rely on efficient
primary ®He background rejection — improved with better impact parameter reso-
lution (see Section 2.3). For example, the hyperhelium %He —3He+p+ n~ decay
will strongly benefit from the inner tracker upgrade discussed in this work, with a
signal-to-background ratio improvement by more than a factor of 3'. Additionally,
measurements or new constraints of not-yet observed c-deuterons — nuclei containing
charm quarks such as a potential neutron-A’ bound state — will improve [50].

Overall, a wide range of measurements relies on low-momentum track recon-
struction, posing an interesting challenge to detector design that requires innovative

technologies to advance performance further.

2.2.2 ALICE Detector system

The ALICE detector, shown in Figure 2.3, consists of a central barrel, which measures
hadrons, electrons, and photons, and a forward muon spectrometer. The central
part is embedded in a water-cooled, room-temperature solenoid magnet with a 0.5 T
field strength, inherited from the L3 experiment at LEB covering polar angles from
45° to 135°. In the forward spectrometer, the dipole magnet, with a horizontal
field perpendicular to the beam axis, has a field integral of 3 Tm in the forward
direction. The barrel part, from the inside out, consists of an Inner Tracking System

(ITS), a cylindrical Time Projection Chamber (TPC), Particle Identification Detectors

IThe first measurements of A=4 (anti)hypernuclei at the LHC with ALICE were recently published
with first evidence for %He at 3.5 o significance and %H at 4.5 o significance [51].
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o EMCAL | Electromagnetic Calorimeter

a FIT | Fast Interaction Trigger

o HMPID| High Momentum Particle
Identification Detector

o ITS| Inner Tracking System

e MCH| Muon Tracking Chambers
e MFT| Muon Forward Tracker

a MID| Muon Identifier

e PHOS/CPV| Photon Spectrometer
© oF| Time Of Flight

@ TPC| Time Projection Chamber
@ TRD| Transition Radiation Detector
@ ZDC| Zero Degree Calorimeter

@ Absorber

@ Dipole Magnet

@ L3 Magnet

Figure 2.3: The ALICE detector in Run 2 configuration. Its overall dimensions are 16 x 16 x
26 m® with a mass of approximately 10,000 t. After [52].

(PID) from Time-of-Flight (TOF), Transition Radiation Detector (TRD), and the
High-Momentum Particle Identification Detector (HMPID) based on Ring Imaging
Cherenkov (RICH) technology. These are followed by two electromagnetic calorime-
ters: the Electromagnetic Calorimeter (EMCAL) and the Photon Spectrometer (PHOS).
In the forward muon region, covering polar angles from 2° to 9°, 14 layers of Muon
Forward Tracking Chambers (MCH) and Muon Identification Detector (MID) chambers
are installed following the Muon Forward Tracker (MFT) and an arrangement of
absorbers. An additional set of smaller detectors (ZDC, PMD, FMD, TO, VO) is used
for event characterisation and measurements at small angles from the beam axis [16].
Detector systems are continuously upgraded, and the configuration after LS2 and
beyond operates in a continuous readout mode at a 50 kHz Pb-Pb interaction rate [52].

The upgraded TPC [53], which surrounds the central ITS (further discussed below),
is a large-volume gas chamber that provides precise tracking and, importantly, also
PID information. It consists of a cylindrical drift volume of 88 m® with a Ne-CO,-N,

gas mixture, a central high voltage electrode at 100 kV (400 Vcm™') and a maximal
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2. LHC, ALICE, and ITS3

drift length of 250 cm. Traversing charged particles leave a track of ionisation,
and liberated e~ drift towards the end plates where Gas Electron Multiplier (GEM)

detectors are used for readout.

Inner Tracking System

High-resolution vertex reconstruction and particle tracking close to the IP are per-
formed with the ITS. The currently installed ITS2, as shown in Figure 2.4, is an
upgrade installed in LS2 (2019-2022) [52, 54].

It is a silicon-only inner tracker based on Monolithic Active Pixel Sensors (MAPS,
see also Chapter 3), with a total of 12.5 billion pixels and about 10 m? instrumented
area. The ALICE Pixel Detector (ALPIDE) chip [55] with 512 x 1024 pixels, dimensions
of 1.5 x 3.0 cm and a thickness of 50 um was developed for use in ITS2. The Inner
Barrel (IB) consists of 3 sensor layers (432 ALPIDE chips), with the Outer Barrel
(OB) comprising 4 layers of sensors (23,688 ALPIDE chips). Sensors are mounted
on an ultra-light carbon fibre support structure and water-cooled. It is the largest
MAPS-based pixel detector built for a collider experiment [56].

Compared to the previous ITS, the material budget was significantly reduced from
X /X, = 1.14% per layer to X/X, = 0.36% per layer (IB), while increasing the readout
rate from 1 kHz to 50 kHz for Pb-Pb collisions. Together with a reduction of the
innermost layer radius from 39 mm to 23 mm (reduction of beam pipe radius from
28 mm to 18 mm), the pointing resolution (see Section 2.3) is improved by a factor
3 in the transverse plane, and a factor 6 in the longitudinal plane.

These improvements are crucial for suppressing backgrounds in dielectron mea-
surements and for reconstructing decays of heavy-flavour hadrons, enabling previously
inaccessible measurements of heavy-flavour production. They are also essential for
reconstructing very low-momentum tracks (e.g. py ~ 80 MeV for pions [57]) and

secondary vertices.
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Outer barrel

— Inner barrel

Figure 2.4: Installed upgrade of the Inner Tracking System (ITS2) [54].

2.3 Particle tracking

Measures of particle tracking performance and variables for optimising the impact-
parameter (pointing) resolution are introduced here. The coordinate system used is
shown in Figure 2.5a. For particle tracks, cylindrical coordinates are preferentially
used, with the beam line aligned along the z-axis. The particle’s three-momentum p

has a longitudinal component p; = p, (along the beam) and transverse momentum

magnitude p;y = ,/p2 + p§ . The pseudorapidity, 1, is defined as

1 +
7 :=—In (tang) = —ln(lm—pL) (2.3)
2 2 Ipl —pv

where 6 is the polar angle between p and the positive z-axis. In the high-energy

hed L) becomes the pseudorapidity [58]. Rapidity

limit E ~ p, the rapidity y = %ln( o

is particularly useful because differences in y are invariant under Lorentz boosts
along the beam direction.

Charged particles of charge g in a magnetic field B, such as the one generated
by the L3 solenoid in ALICE, experience the Lorentz force F = g (v x B). From the
measurement of parameters of the charged particle’s helical trajectory in a magnetic
field (here, a homogeneous field along the beam axis is assumed), its momentum can
be calculated. For a reconstructed radius of curvature R, the transverse momentum

pr is given by [59]:
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n=+o0

\ center of

the LHC

(a) Coordinate system. (b) Pseudorapidity.

Figure 2.5: (a) Coordinate system definition for experiments at the LHC. (b) Examples of
pseudorapidity and corresponding angle from the beam axis. Adapted from [60].

pr=1q|BR — p;[GeV/c]=0.3|z| B[T]R[m] (2.4

with z = g/e the particle charge in units of the elementary charge, and the
velocity of light ¢ ~ 0.3 - 10°m/s.

An important measure of the performance of the inner tracking system is its ability
to resolve secondary vertices. Short-lived particles, produced at the Primary Vertex
(PV) in the collision and with lifetime 7, may decay far before reaching the first
detection layer after a decay length [ = y[Bct. The impact parameter d, is defined as
the perpendicular Distance of Closest Approach (DCA) between the primary vertex
and a given particle track, as illustrated in Figure 2.6a. If the impact parameter
resolution (or pointing resolution) is sufficient, the secondary vertex is resolved by
measuring > 2 tracks, and the decay length [ can be computed. The contributions to
the impact parameter resolution o, can be discussed with a simplified model
of two detector layers.

Charged particles traversing a medium scatter in the Coulomb fields of nuclei

according to the Rutherford cross section. The Multiple Scattering (MS) deflection

RMS
Gplane

(the RMS of the Gaussian describing the angular scatter distribution) by many

small-angle scatterers, well described by the theory of Moliére [61], is approximated by

13.6 MeV X
_ npRMS __
GMS - eplane - 2\ ¥ (

X
1+0.038 In —) (2.5)
Pcp Xo X

0
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Particle tracks

)

Jplane
\

:.. Hélane

A

(a) Secondary vertex reconstruction. (b) Multiple Coulomb scattering.

Figure 2.6: (a) Illustration of particle tracks originating from the primary vertex and from
a short-lived particle decaying at the secondary vertex. The transverse (xy-plane) view of
a tracking detector with the first layer (and/or beam pipe) at r; and the second layer at r,
is shown. The shaded area indicates the resolution degradation due to multiple scattering.
Adapted from [59]. (b) Multiple Coulomb scattering of a particle traversing material of
thickness x [33].

with p, B¢, z the momentum, velocity, and charge number of the incident particle,
respectively. The traversed medium thickness is written in radiation lengths X /X,
with X = X, defined as the mean path length over which a high-energy electron
loses all but 1/e of its energy by Bremsstrahlung [33]. The term X /X, is a common
descriptor of material budget, and minimisation yields a reduction in MS-induced
deflection of tracks. Especially for low momenta p, the contribution becomes highly
significant (0,,5 o< 1/p)?. The MS contribution to the impact parameter resolution
for the innermost layer radius r; becomes

(&} ~ GMS 1’1 . (2.6)

MS
DCA
The geometrical contribution to the impact parameter resolution is illustrated in

Figure 2.7, which schematically shows the beam axis, beam pipe, and two detector

layers at radii r; and r, with intrinsic spatial resolutions o, and o ,, respectively. The

2An interesting measurement of the ITS2 impact parameter resolution at 0.2 < p < 0.3 GeV/c,
sensitive to individual electronic components and mechanical structures on a single ALPIDE sensor-level
in the innermost tracking layer, can be found in [62].
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Figure 2.7: Effect of detector resolution on the measured geometrical position resolution o,.
A perfect detector 2 with o, = 0 is assumed on the left, with a perfect detector 1 with o; =0
on the right-hand side. Adapted from [59].

intrinsic spatial resolution o; of a pixel detector (such as ALPIDE, and sensors discussed

in Chapter 3.5) with binary readout (hit/no-hit) and pixel pitch d, is given by [63]:

o
1 2 d
o= — x?dx — 0, = ——. 2.7)
L4 f—%’ V12

Assuming planar detectors 1 and 2, and a perpendicular particle track, the two
limiting cases, where the intrinsic resolution of either detector is perfect (o, = 0

or o, = 0, respectively), can be expressed as:

O

0,

) Og
= and —
ro—nr Oy

- 2.8)
ro—n

o,=0 o,=0

such that the geometrical contribution % ., to the pointing resolution yields [59,

63]:

r 2 r 2
g 2 1
o = o + o (2.9)
bea (rz—r1 1) (rz—r1 2)

Combining the contribution from multiple scattering (originating in the beam
pipe or innermost layer) with the geometrical contribution by summing them in

quadrature, the total impact parameter resolution is given by:

g MS
O-DCANO-DCA®O-DCA' (2.10)
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2.4. ITS3 upgrade

From this simplified model, the following design objectives therefore yield the

best pointing resolution:

* Minimisation of the material budget X /X, to reduce the multiple scattering

contribution (especially for the beam pipe and first detector layer).

* Smallest possible inner detector radius r;, to decrease the weighting term of

the intrinsic detector resolution in (2.9).

* Smallest intrinsic detector resolution o; (small pixel pitch d, for a binary
detector), especially for the innermost detector layer (where the resolution

term is weighted by the radius r,).

* Large ‘lever arm’ (r, — ry), reducing the intrinsic detector resolution scaling

factor.

This leads to a complex optimisation problem. For semiconductor pixel tracking
detectors, factors such as power density (and hence temperature), readout band-
width, cost (particularly for large-area outer layers), redundancy, and fabrication
and technology constraints all need to be considered. For the ALICE ITS2, 3 IB
tracking layers and 4 OB tracking layers were chosen as discussed above. A more
exhaustive discussion on impact parameter resolution, including multiple layers,
the magnetic field, and track geometry, can be found in [59, 64, 65]. The impact
parameter resolution, as the dispersion of DCA for tracks originating at the PV — in
both the transverse plane (‘DCAxy’) and longitudinal plane (‘DCAz’) — will be used
going forward (as also defined in [65]).

2.4 ITS3 upgrade

To further improve on the impact parameter resolution (and tracking efficiency) at
low transverse momenta p; < 10 GeV/c, the Inner Tracking System 3 (ITS3) upgrade
is being developed. The inner barrel (i.e. the innermost three layers) of the currently
installed ITS2 will be replaced by the ITS3. In the remainder of this thesis, the

following naming convention will be used: ITS refers to the inner tracking system as
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2. LHC, ALICE, and ITS3

a whole, ITS2 to the currently installed configuration (wherever this differentiation is
needed), and ITS3 to the standalone inner barrel upgrade. ITS, in this text, never
refers to the inner tracking system installed for the initial ALICE Run 1 configuration.
The simplified schematic drawing of the ITS3 is shown in Figure 2.8b.

The ITS3 vertexing and tracking detector consists of two half barrels, each with
three layers LO, L1, and L2 of monolithic, cylindrically bent, wafer-scale pixel sensor
planes (green). They are held in place by carbon foam structures: two ‘half rings’ at
each end, and two ‘longerons’ along the beam axis. The sensors are air-cooled. Below
a thickness of about 50 pm, silicon sensors become flexible, and required bending radii
were shown to be easily achieved [66], while the devices stay fully operational [67].
Wire bonding on a curved surface was demonstrated successfully [68].

The ITS3 sensors will be manufactured in 65 nm CMOS TPSCo (Tower Partners
Semiconductor Co.) imaging technology, employing a so-called stitching fabrication
technique (see Section 3.4). This approach enables the production of the large
monolithic sensor planes required. Compared to the ITS2 inner barrel, the ITS3
achieves a drastic reduction of about a factor 4-5 in material budget from (X /X,), =~
0.36% to (X/X,), =~ 0.09% per layer (sensor-only contribution: min(X/X,), =
0.07%). This is illustrated in Figure 2.8, showing the components, design, layout and
material budget contribution for the ITS2 inner barrel (a, c, e) and ITS3 (b, d, f),
respectively. Removal of (most) mechanical support, the cooling plate, and Flexible
Printed Circuit (FPC — integrated on-chip for the ITS3 sensors) allows for the ultra-light
design of the ITS3. The general parameters of the ITS3 are summarised in Table 2.1.

An exploded view of one innermost half layer, LO, of ITS3 is shown in Figure 2.9,
illustrating the interconnection, mounting, and cooling strategy. The sensor is electri-
cally interconnected via wirebonds to two FPCs: one provides power only, and the
second provides both power and data communication. The sensor is mechanically
glued and held in place by carbon foam structures. The half-ring support structure
doubles as a heat radiator, since the power density in the chip periphery, where the
data links are located, can reach up to 1,000 mW cm 2. For air cooling to be sufficient,

the average power density in the sensitive area of the chip is limited to approximately
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Figure 2.8: (a) ITS2 single inner barrel stave with 9 ALPIDE pixel chips, carbon fibre support
frame, cooling plate with pipes, and Flexible Printed Circuit board (FPC) [54]. (b) Simplified
ITS3 detector layout [6]. (c) One half of the currently installed ITS2 inner barrel with layer
mean radii indicated. The outer beam pipe diameter is 36.0 mm. (d) One half of the ITS3
inner barrel as engineering model (dummy silicon layers). The cylindrical support structure
is made from carbon fibre. (e) ITS2 IB material budget. Adapted from [52]. (f) ITS3 LO
material budget (silicon here includes the on-chip copper metal stack, see Section 3.5.2, and
is therefore slightly larger than in (e)). Adapted from [6].
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40 mW cm 2. To verify the thermal performance, a dedicated test setup was built
using copper serpentines embedded in a polyimide-silicon sheet stack to simulate the
ITS3 layer power dissipation. At the target power levels in both the periphery and the
sensitive area, the resulting thermal gradient along the chip remained below 5 K. A
temperature increase of below 5 K above the air inlet temperature was achieved at
an 8 m/s freestream velocity between layers [69]. Aeroelastic performance studies
showed a maximum radial sensor displacement induced by air flow at 8 m/s remained
below £0.5 um peak-to-peak (integrated RM S¢/,,, < 0.4 um), which is well within the
specification envelope of RMS,,,,; < 2.0 um for the total short term displacement [6,

70]. The Coefficients of Thermal Expansion (CTE) of the used materials are closely

Table 2.1: General ITS3 parameters [6].

Beampipe inner/outer radius (mm) 16.0 / 16.5
ITS3 parameters Layer 0 | Layer1 | Layer2
Radial position (mm) 19.0 25.2 31.5
Length (sensitive area) (mm) 260 260 260
Pseudo-rapidity coverage® +2.5 +2.3 +£2.0
Active area (cm?) 305 407 507
Pixel sensors dimensions (mm?) 266 x 58.7 | 266 x 78.3 | 266 x 97.8
Number of pixel sensors / layer 2
Equatorial gap (top—bottom) (mm) 1.0
Material budget (% [X /X,] / layer) 0.086
Silicon thickness (um / layer) <50
Pixel size (um?) 20.8 x 22.8
Single point resolution (um) S5
Fractional sensitive sensor area (%) > 92
Detection efficiency (%) > 99
Fake-hit rate (pixel™ s1) <0.1
Fake-hit occupancy (pixel™! frame™) < 107® (@ 10 pus frame duration)
Frame duration (programmable) (ys) 2-10
Power density (mW/cm?) <40/<1000 (sensitive area/periphery)
NIEL (1 MeV n,, cm™>) 10"
TID (kGy) 10
Target operating temperature (°C) 15-30
Pb-Pb interaction rate (kHz) 50/164 (average/peak w. 2x safety)
Total particle flux? (MHz cm™2) 3.204+2.55 (QED electrons + Hadronic)

¢ For tracks originating from a collision at the nominal interaction point (z = 0).
b At 164 kHz interaction rate, Layer 0, z = 0.
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(a) Exploded view of one half-layer LO. (b) Assembled integration model.

Figure 2.9: (a) Exploded view of one half-layer L.O with annotated components [6]. (b)
Assembled integration model with three dummy silicon layers, power and data FPCs, air
distributor, and cylindrical support structure [71].

matched to limit stress induced by thermo-elastic deformation, and thermal cycling
of dedicated model assemblies was successfully performed between 10-40°C [6].
Discussion of the sensor technology follows in Sections 3.3-3.6. A fully assembled
ITS3 integration model (one half-barrel) is depicted in Figure 2.9b.

The ITS3 design leads to an improved impact parameter resolution by:
* reduction of the material budget by a factor ~ 5 compared to the ITS2 (IB),
* reduction of the innermost layer radius from 23.0 mm — 19.0 mm,

* reduction of the wall thickness of the beryllium beam pipe from 0.8 mm — 0.5 mm.

2.4.1 Physics performance simulation

Physics performance studies of the ITS are based on a full Monte Carlo (MC) and track-
reconstruction algorithm, developed within the ALICE 0? framework for Run 3 [6,
72, 73]. The ITS3 geometry and material (including carbon foam, glue, sensor dead
zones, and support structure) are implemented. The simulation and reconstruction

sequence consists of four main steps:

1. Generation of particles by simulation of physics events using PYTHIA 8 [74] for

pp collisions and HIJING [75] for heavy-ion collisions.
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2. Particle transport through the detector using GEANT 4 [76] and hit production.

3. Digitisation by simulation of the detector response from the particle energy loss

in the active material.

4. Track-reconstruction (see below).

To assess the ITS standalone tracking performance, the existing ITS2 software
was adapted to include the ITS3 inner barrel [ 77]. It utilises all seven ITS tracking
layers. After seed finding with the three ITS3 layers, candidates are identified by
possible connections across layers, and tracks are fitted using a Kalman filter (including
MS and energy losses), with the best candidates selected by y? based evaluation.
The same framework and simulation sequence are used in the performance studies
discussed in Chapter 8.

In addition to the ITS standalone tracking performance, the overall ALICE tracking
performance will improve. The secondary vertex reconstruction capability is well
measured by the track impact-parameter resolution, as discussed above. For transverse
momenta below p; < 10 GeV/c, a factor 2 improvement in both transverse (DCAxy)
and longitudinal (DCAz) impact parameter resolution is expected, as shown from
simulations in Figure 2.10a and Figure 2.10b, respectively [6]. Only pion tracks
with |n| < 1 and hits in all ITS layers were selected. At high p;, the impact
parameter resolution is expected to approach the intrinsic sensor resolution of O(5 pm).
The difference in impact parameter resolution between transverse and longitudinal
simulations is attributed to the transverse-momentum resolution of the ITS, which
is significantly improved by extrapolating the tracks with the TPC. A Fast Analytic
Tool (FAT), based on a simplified detector model, was used to estimate this effect.
For p; > 0.5 GeV/c an improvement in DCA resolution in the transverse plane is
visible due to the improved p; resolution.

From the full simulation, the ITS3 achieves a track reconstruction efficiency above
90% for transverse momenta down to 100 MeV/c, as shown in Figure 2.11. At lower
momenta, an improvement of the track-reconstruction efficiency of approximately

30% is expected with the ITS3 over the current ITS2 configuration. A slightly higher
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fake rate, where a track is reconstructed with a hit not associated with the charged
particle producing the track, is expected for the ITS3. When requiring hits in all ITS
tracking layers (see Figure 2.11b), an even higher track reconstruction efficiency of

95% is achieved down to transverse momenta of 100 MeV/c.
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Figure 2.10: Comparison of the ITS performance with the currently installed ITS2 and after
the ITS3 upgrade [6]. (a) Impact parameter resolution in the transverse plane. (b) Impact
parameter resolution in the longitudinal plane.
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Figure 2.11: Comparison of the ITS tracking efficiency with the currently installed ITS2 and
after the ITS3 upgrade [6]. (a) For all primary charged pions. (b) For tracks with hits in all 7
ITS tracking layers.
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2.4.2 Aj measurement

One benchmark channel for ITS performance is the measurement of A’ baryon
production. The AT is the lightest charmed baryon, with a mass of m(A) = 2286.46+
0.14MeV, proper decay length ct ~ 60.75um, and quark content A7 = udc [33].
Measurements of the production yield and flow of charm (and beauty) baryons are
of interest for the thermalisation and hadronisation mechanisms of ¢ and b quarks
in the QCD medium. If heavy quarks thermalise and hadronise via recombination
with light-flavour quarks in the QGP or its phase boundary, an enhancement in
charm (and beauty) baryon production is expected in the momentum region below
about 10 GeV/c, when comparing Pb-Pb and pp collisions. Such enhancement of the
baryon-to-meson ratio was already measured in the light-flavour sector. However,
precise measurements in the charm sector are still lacking and would provide crucial
insights into charm-quark thermalisation and hadronisation in the QGB as well as
the relative roles of recombination and radial flow [21]. First measurements of
the Aj /D° ratio at p, < 10GeV/c in Pb-Pb (at VSyy = 5.02 TeV) and Au-Au (at
VSnny = 200 GeV) collisions [78, 79] indicate an enhancement with no modification
for higher p,. However, the statistical precision of these measurements is insufficient
to draw firm conclusions [80].

The most convenient decay channels are AT — pK~n*, which suffers from a large
three-prong combinatorial background, and A7 — ng which does not allow for
precise decay vertex determination given the long decay length of the neutral kaon.
Recently, machine learning techniques have been employed to exploit the ng channel
as well [81]. Focusing on the three-prong AT — pK~n" decay, outstanding impact
parameter resolution is required for successful secondary vertex reconstruction, given
the short decay length (ct ~ yfct for [p(A)| ~ m(A])). This makes it an ideal
benchmark for evaluating the performance of the ITS3.

Topological cuts on the secondary vertex allow stronger rejection of combinatorial
backgrounds and larger efficiency for signal selection. The performance with the
ITS3 compared to the ITS2 was simulated as outlined in [21, 54], and illustrated

in Figure 2.12a and Figure 2.12b showing the statistical significance S/+/S + B and
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Figure 2.12: Statistical significance (a) and signal-to-background ratio (b) as a function of
pr for AT — pK~ ™ in central Pb-Pb collisions, comparing the performance of the ITS2 and
after the ITS3 upgrade [21].

signal-to-background ratio S/B, respectively. An improvement of approximately a
factor of four in statistical significance and a factor of ten in S/B is observed. Especially
at low transverse momenta, this improvement will be crucial for precise AT production
yield measurements and for determining the total cc cross-section, which is a key
input to model charmonium re-generation in the QGP [21].

In Section 8.5.3 of this thesis, the Af three-body decay to pK~n* is used to
study the performance loss in tracking efficiency, if parts of the ITS3 sensor planes
malfunction. To isolate the p;-dependent tracking loss of the daughter particles, a
simplified Monte Carlo (MC) simulation chain is used. The parent A: momentum is
sampled from a FONLL D° prediction, scaled by the measured A /D° ratio [82] for
prompt production in pp collisions at 4/s = 5.02 TeV. The resulting A] p,-spectrum
is shown in Figure 8.23a. The decay chain is simulated with PYTHIA (see also
Section 8.5.3), exclusively enabling the decay modes given in Table 2.2 — with the
corresponding branching ratios as indicated. The three-body decay may occur via reso-
nant intermediate two-body states, which are assumed to decay promptly in this study.

The kinematic phase space of a three-body decay can be illustrated with a Dalitz
plot as shown in Figure 2.13. The resonant structures appear over the non-resonant

phase space, which is otherwise flat, with all points equally probable within the allowed
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Figure 2.13: Dalitz-plot illustrating the A:r kinematic phase space for pK~n* final states as
used in the simulation. On the smooth, non-resonant phase space, the resonant decays are
visible and annotated.

kinematic boundaries. The decay rate of a particle (A:) with invariant mass M is given

in terms of the Lorentz-invariant, spin-state-averaged matrix element .# by [33]:

S
~ (2m)3 32M3

| A |2dm?, dm3, (2.11)

where the two-body invariant masses are defined as mizj = pl.zj and p;; = p; +p;.
Here, m?, = m*(pK~) and m2, = m*(K~n*), which correspond to the Dalitz plot axes.
From momentum-energy conservation m?,+m2, +m?, = M*+m?+m3+m? follows,
and any two miz]. fully specify the three-body decay kinematics. A uniform event
distribution in the Dalitz plot corresponds to a constant |42, while deviations from
uniformity directly reflect the dynamics of the decay through W The quantities

ml.zj = (p; + p;) are readily measurable in experiments and allow for the determination

Table 2.2: Decay modes of AT — pK~n* used in the simulation. From [83].

I Intermediate state | L/T (%) |
K (892)° > K " 1.96 +0.35
A(1232)" - p 1.08 £0.31

A(1520) - pK~ 2.2+0.8
non-resonant phase space 3.5+0.4

Inclusive B(AT— pK™n*) 6.28+0.32
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of resonant structures and amplitude measurements. A recent AT — pK~ 7" decay
study at LHCb in [84], provides an example of such an analysis, presenting a Dalitz

plot representation and amplitude measurement of the resonant contributions.
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Monolithic Active Pixel Sensors, MOSS,
and ITS3 sensors

In this chapter, after an introduction to the interaction of charged particles with
matter and silicon, the working principle and fabrication of semiconductor-based
monolithic active pixel sensors are discussed. The prototype MOnolithic Stitched
Sensor (MOSS) is described in detail, followed by a discussion of the layout and

geometry of the final ITS3 sensor layers.

3.1 Interaction of particles with matter

Particle detection requires interaction of particles with matter. For silicon detectors,
the most relevant mechanism is ionisation of a medium by a traversing charged
particle. The mean rate of energy loss (or stopping power) of a moderately relativistic

heavy charged particle is described by the Bethe equation [33]:

dE Z 11, 2m,c*p%*y*w,
< >:K22——[—1n MeC™ Py Winax 3.1)

_5(/57’)]
2 12 )

_/52 5

Here, the stopping power is expressed in units of MeV g~ 'cm™2

, and the equation
is valid to within a few percent for 0.1 < By (= p/Mc) S 1,000. The coefficient
K [MeVmol'ecm?] = 4nN,r?m,c?, and z is the charge number of the incident particle

of mass M. The atomic number and atomic mass of the absorber material are Z and

31



3. Monolithic Active Pixel Sensors, MOSS, and ITS3 sensors

Alx  (MeV g" cm:)
050 1.00 1.50 2.00 2.50

1 100
LO 500 MeV pion in silicon 095 =
640 wm (149 mg/em?®) 1 0.90 ﬁ 3
2 1 E
08 320 pm (74.7 mgfcul;) 085 ]
160 wm (374 mg/em~) 1 = 7 F E
—_ 80 um (18.7 mgt’cmzi ] ,_E 0.80
=06 - S £ \
<] i | = E 25—
= 1 307 il 330 m (4T mglem )
i 1 2070 F Pt e E
04 W a < E Mo - 2y ]
r N Mean energy 1 N 065 - =Y . 1
loss rate 1 F ., I ]
02+ o 4 060 £ SISREE £
] ] 055 £ e
/ | E ]
0.0 Ll el LN IR N 050 E v vuviil L . | M

100 200 300 400 500 600 03 1 3 10 30 100 300 1000

Alx  (eV/um) By (= p/m )
(a) Silicon straggling functions. (b) Scaled most probable energy loss.

Figure 3.1: (a) Straggling functions for 500 MeV pions in silicon, scaled to unity at the
Most Probable Value (MPV) A, /x. (b) Most probable energy loss, in the standard Bethe
representation, when scaled to the mean loss of a minimum ionising particle (388 eV/um).
Figures from [33].

A, respectively. The maximum possible energy transfer to an e~ in a single collision
is denoted by W, .. The mean excitation energy is given by I, and 6(B7y) accounts
for the density effect correction to the ionisation energy loss.

The energy loss via ionisation in a medium is inherently stochastic, given that
each elastic collision can be treated as an independent event. Therefore, a Probability
Density Function (PDF) is used to describe the most probable energy loss A,/x and
its fluctuations, known as straggling functions. For very thin (e.g. < 300 um for
silicon) absorbers, such as the silicon devices discussed in this work, Bichsel functions
provide a very good description [85]. In Figure 3.1, such straggling functions are
illustrated for multiple silicon thicknesses and 500 MeV incident pions. Therefore,
in a sensitive silicon layer with O(10 um) thickness and a mean electron-hole (eh)
pair creation energy of ~ 3.65 eV, about 50 eh/um are generated by a Minimum
Ionising Particle (MIP), as discussed below®.

For photons (i.e. electromagnetic radiation), the most relevant energy loss
mechanisms are the photoelectric effect, Compton scattering, and pair production [87,
88]. The contributions of these processes to the total photon cross section in silicon

are shown in Appendix A.1 as a function of photon energy, based on data from [89].

!An extension to the model illustrating the energy loss in e.g. 10 um thin silicon can be found
in [86].
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3.2. Silicon as detector material

3.2 Silicon as detector material

Semiconductors, and specifically silicon, are commonly used as a material for particle
detectors in high-energy physics. Silicon crystallises in a diamond lattice structure,
with each silicon atom covalently bonded to four nearest neighbours [59, 90]. Given
the dense periodic lattice arrangement, energy levels of individual atoms are split by
the influence of many neighbouring atoms, and grouped into energy bands.

Energy bands are separated by a band gap, with the highest energy bands the
Valence Band (VB) and Conduction Band (CB) separated by the bandgap energy E,.
For silicon E, ~ 1.12 eV at room temperature (300 K) as illustrated in Figure 3.2 (left).
Within a band, energy levels are so closely spaced that transitions to unoccupied levels
occur easily. Conduction, therefore, depends on the band occupation. Owing to the
small energy band-gap, (weaker bonds between neighbour atoms than insulators),
electrons can rise to the conduction band through thermal excitation or external
electric fields. A broken bond leaves a mobile hole h in the VB and a mobile
electron e in the CB.

In thermal equilibrium, for an intrinsic (undoped) silicon semiconductor, the
concentration of holes in the VB and electrons in the CB is equal, and described by
the charge carrier density n; = n, = n, (or, as generation-recombination rates are
equal, ni2 = ny-n, = const.). The intrinsic carrier concentration is highly temperature
dependent as n; o< T*?exp(—E,/2k,T), with a value for silicon at 300 K of n; ~
1.01 - 10"%cm™ [91]. With carrier mobilities u, = 1,350 cm*V's™! and u, =

480 cm?V~1s7!, the resistivity is given by [92, 93]:

1 1

p[Qm]= = :
e (e +npuy)  en; (U, + uy)

(3.2)

The average energy w; required for the generation of an eh-pair at 300 K (this
value is also temperature dependent), such as by energy loss of an incident particle,
is (w;) = 3.65 eV [94]. This value is higher than the band gap energy E,, as part of

the deposited energy is lost to lattice phonon excitations [59].
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Figure 3.2: Band-model for undoped (left), p-doped (centre), and n-doped (right) silicon.
See text.

With controlled introduction of impurities, the conduction properties of silicon
can be altered. A pentavalent element (e.g. P), called a donor, placed in tetravalent
silicon creates an excess of conduction electrons. This is referred to as n-doping.
Doping with a trivalent element (e.g. B), called an acceptor, creates an excess of
holes, and is referred to as p-doping.

The alteration in energy band structure is illustrated in Figure 3.2 (centre, right),
showing the introduced acceptor level E, (p-doped), and donor level E;, (n-doped).
The mass-action law nl.2 =ny-n, is still valid for doped (extrinsic) semiconductors,
as the increase in one type of carrier density is compensated by a corresponding
decrease in the other. If impurities are uniformly distributed, the net charge density in
every volume element is zero. For p-doped silicon, holes become the majority charge
carrier, while in n-doped silicon, electrons are the majority. Other impurities, such as
radiation-induced defects, can create additional energy levels that act as generation-

recombination centres and lead to an increase in detector leakage current? [88, 95, 96].

3.2.1 p-n junction and charge carrier transport

To create a functioning semiconductor detector, the interface between n-doped and p-
doped silicon is exploited. A p-n (or pn) junction is schematically shown in Figure 3.3.
At the p-n interface, recombination of the two carrier types — electrons from the
n-layer and holes from the p-layer — occurs, creating a charge carrier-free ‘space

charge region’, commonly called the ‘depletion zone’. While there are no free charge

2Defined as the steady state current of a reverse biased p-n junction — see next section — which is
also strongly temperature dependent J oc T2e F:(T)/2ksT [88],
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Figure 3.3: Schematic illustration of a p-n junction with band model, charge, electric field,
and potential along the device.

carriers, the p-layer and n-layer feature a negative and positive space-charge density
p(x), which only depends on the respective doping concentration. The opposite space
charge in the p and n layer leads to the formation of an intrinsic electrical field, with
drift and diffusion currents I, and Iy (as indicated in Figure 3.3 in equilibrium
(drift and diffusion are discussed further below). The resulting built-in potential Vj;

(from derivation via Poisson’s equation) is given by [59]:

Vbi

e n;

keT . (NN, s
=2 n( AzD) X 0.4-08V, (3.3)

with N,, N, the acceptor and donor concentrations in the p and n regions, respec-
tively.

If an external voltage V; is applied in ‘reverse bias’ configuration (with the electric
field directed from n+ to p-), the depletion region free of charge carriers is enlarged.

For a planar junction, the total space charge width is computed as [92]:

2€, NA+ND) ]1/2
W= APy, +V, 3.
[ e ( NAND ( bi R) ) ( 4)

where ¢, is the silicon permittivity. The junction capacitance for area A, in the
planar case, is written (analogous to a parallel plate capacitor) as C = es%. Therefore,

an increase in reverse bias decreases the device capacitance.

Once an electron-hole pair is created in silicon, the charge carriers migrate through

two transport mechanisms: drift — movement due to electric fields, and diffusion
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— flow of charge due to density gradients. The moving charges generate currents,
described by the current density equation J = Jy + J4i- Propagating charge carriers
are subject to scattering or collision, dominated by lattice (phonon) scattering and
(ionised, defect) impurity scattering. The carrier mobility, u, for electrons and u;, for
holes, is used to describe these effects, and is strongly dependent on temperature and
impurity concentration [92, 97]. Drift, as the induced movement of charge carriers

by an electric field E, is characterised by the average drift velocity

Varift {e,h} = Wie,n E » (3.5)

and the total drift current density as the sum of the electron and hole drift current

densities (and related to the resistivity p from Equation (3.2)):

Jarite = Jarite, e + Jarisen = € (Melhe + Nyt ) E = p'E . (3.6)

Diffusion, conversely, is governed by the spatial variation of carrier concentration
in the material and thermal random walk. A diffusion current flows from the high
concentration region to the low concentration region along the direction of the e, h

density gradients Vn,, Vn, [92, 98]:

Jaiee = Jaite e T Jaiee,n = €D, Vn, —eDy Vi, (3.7)

The diffusion constants Dy, ;, are related to the charge carrier mobilities by the
Einstein relation Dy, 5, = kBTT,u{e,h}.

Another ingredient is the average carrier lifetime (7) of a generated eh-pair.
Annihilation or recombination of an eh-pair can occur at trapping or recombination
centres, such as impurities or defects, which are capable of capturing the carriers.
To ensure efficient charge collection, the collection time in a detector must be much
shorter than (), which is generally the case for the sensitive volumes of the devices
discussed below® [95]. The dependency on the doping concentration and general

statistical treatment of recombination are found at [99, 100].

3For high doping concentrations, such as in the collection electrode and substrate of the sensors
discussed below, the recombination contribution becomes relevant.
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Qualitatively, a silicon tracking and vertexing detector such as that used for the
ALICE ITS should meet several key requirements. It should be thin, to minimise the
material budget, and provide high intrinsic spatial resolution. Charge collection should
be fast, relying primarily on drift (rather than diffusion) and a large depletion volume.
The signal generated must be significantly larger than intrinsic thermal excitations,
which requires low leakage current — achieved through low operating temperatures
and/or high-resistivity silicon. The device capacitance should be small, enabling low
power consumption, a large charge-to-capacitance ratio (Q/C), and a high signal-
to-noise ratio. Finally, the detector must provide the required radiation hardness to

withstand both non-ionising energy loss (NIEL) and total ionising dose (TID) effects.

3.3 Monolithic Active Pixel Sensors — MAPS

Monolithic Active Pixel Sensors (MAPS), as discussed in this text, are based on
commercial CMOS (Complementary Metal-Oxide-Semiconductor) imaging technology.
This technology allows for the integration of both the detection volume (based on
a depleted p-n junction) and readout circuitry on the same piece of silicon — in
contrast to the widely used hybrid pixel detectors (e.g. in ATLAS and CMS), where
the sensor and readout elements are manufactured separately and then physically
bonded. The manufacture of < 50 um thin (low material budget), low-power (air
cooling is sufficient) pixel detectors required for the tracking and vertexing targets
of the ALICE ITS becomes feasible with this approach.

The schematic cross-section for a single MAPS pixel is shown in Figure 3.4a
as manufactured for the ALPIDE chip installed in the ITS2 [54, 55, 101, 102]. It
is fabricated on a highly doped (p*, N, ~ 10'® cm™3) substrate, on which a high-
resistivity (> 10 kQcm) epitaxial layer (p~, N, ~ 10'®) is grown. A small-area
(~ 2 um diameter) n-doped collection electrode is embedded near the top of the
epitaxial layer. By applying a reverse bias (< 10 V), a spherically shaped depletion
zone forms, where charges, as generated by an incident particle track, are collected via
drift. Outside the depletion zone, charge carrier transport relies solely on diffusion. A

crucial development in this technology was the introduction of a deep p-well structure,
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Figure 3.4: Schematic cross section of a single MAPS pixel (a) partially depleted, with particle
track and electron drift and diffusion indicated, and (b) fully depleted after introduction of a
low-dose n-type implant below the collection electrode (this implant does not extend over
the full pixel width but has a small ‘gap’ on each side). The epitaxial layer has a thickness of
approximately 10 um. Drawings not to scale. Discussion in text. Adapted from [4].

shielding the n-well of PMOS-transistors from competing with charge collection via
the n-well collection electrode, and enabling full CMOS circuitry on-chip [103]. When
an incident particle traverses the sensor, it liberates eh-pairs in the silicon. The
liberated eh-pairs drift towards the collection electrodes within the electric field, and
the movement of these charges induces a measurable signal on the electrodes (where
the charge is ultimately collected), which is processed by the on-chip circuitry.

In the most recent iteration, the MAPS fabrication node was reduced from 180 nm
(as used for ALPIDE) to 65 nm TPSCo (Tower Partners Semiconductor Company)
imaging technology, as used for the sensors now discussed in this work. By introducing
a low-dose n-type implant below the collection electrode, as shown in Figure 3.4b,
the space charge region now immediately extends across the full epitaxial layer.
This leads to substantially faster charge collection speeds, which can be further
increased by applying reverse bias*.

The smaller technology node allows for a smaller collection electrode (therefore

smaller device capacitance and decreased power consumption), and a smaller pixel

*Faster charge collection solely by drift also increases the radiation hardness of a device, given
the reduced trapping probability. Additionally, less charge sharing across pixels leads to an increased
signal-to-noise ratio [59, 104, 105].
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pitch. Furthermore, 300 mm diameter wafers, necessary for manufacturing the large-
area sensor planes for the ITS3, as further discussed below, are available in this
technology. An exhaustive program on test chips, manufactured in this technology [4,
104, 106], was conducted, validating its suitability in terms of charge collection
efficiency, detection efficiency, radiation hardness, spatial resolution, fake-hit rate,

and in-matrix power consumption required by the final ITS3 sensor [3, 107, 108].

3.4 Fabrication

CMOS device fabrication is a highly complex industrial process that undergoes con-
tinuous technological evolution. After a brief conceptual introduction to lithography,
this section discusses two specific fabrication processes and device properties relevant
to this work. For further details on CMOS fundamentals, fabrication techniques, and

failure analysis, the reader is referred to [109-116].

3.4.1 Lithography

For the discussed technology node, photolithography is the primary tool to transfer a
design pattern onto a silicon wafer, layer by layer. Conceptually, the process is depicted
in Figure 3.5. From the chip design files, the stack of optical masks also referred to as
design reticle(s), is manufactured. A widely used tool is 193 nm wavelength Deep-
UltraViolet (DUV) immersion lithography, which enables sub-wavelength resolution.
The field of view of such systems is usually a few centimetres on each side (corre-
sponding to the effective reticle size), and the wafer is physically moved (‘stepped’)
from one exposure field to the next. Individual regions of the reticle can be exposed
at a time. On the wafer itself, depending on which layer is being manufactured,
a photoresist is deposited before exposure with the UV lithographic system. After
exposure, the photoresist is developed, and the pattern is etched (as an example in

Figure 3.5b, into a dielectric layer of SiO,), before the photoresist is removed.
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(a) Projection printing. (b) Pattern transfer.

Figure 3.5: (a) Schematic illustration of DUV projection printing. (b) Lithographic pattern
transfer. Adapted from [115].

3.4.2 Chip interconnect technology and metal stack

The on-chip metal stack is a crucial component, interconnecting the silicon device
structures — such as transistors, (collection) diodes, resistors, and capacitors — to form
a functional circuit. It is somewhat analogous to a multi-layer Printed Circuit Board
(PCB) with metal layers and vertically connecting vias. An illustration of a MAPS
pixel including the metals stack is shown in Figure 3.6a, with an electron microscopy
cross-section image of a real device metal stack (not a MAPS) shown in Figure 3.6b.
Cross-section images generated during failure analysis of the chips studied in this
work, exposing their entire metal stack, cannot be disclosed here. With a smaller
structure size (and therefore a smaller metal line cross-section area), such as in the
65 nm technology node and below, high conductivity is essential. Hence, copper
(Cu) is used for metal interconnects instead of aluminium, which was used in the
ALPIDE chip fabricated in 180 nm technology. Copper, however, cannot be effectively
anisotropically etched chemically. To fabricate the copper-based metal stack, the
so-called ‘dual-damascene’ process is employed (described below).

Metal layers (M#) are numbered, starting above the transistor level with ‘M1’
as they are built upwards. The lowest metal layers (or simply ‘metals’) form the
local interconnects, realising short-distance circuit functions between transistor gates,

sources, and drains. Given the short routing distance, a smaller line cross-section
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Figure 3.6: (a) Illustration of a MAPS pixel with a metal stack on top. The actual devices have
a larger number of metal layers. A wire bond pad and wire bond are indicated. Metals (M)
are numbered from the transistor level upwards, with Vias (V) in between. (b) Cross-section
electron microscopy image of an 8-layer metal stack in the Intel 32 nm node [117].

resulting in higher resistivity can be tolerated. Global, or long-distance interconnects,
on the other hand, are routed on the uppermost metals covering large distances
between circuit blocks. These upper layers carry the power grid that distributes supply
voltage to all chip regions, as discussed further in Section 3.5.2 for the chip described
in this work. Vertical connections between metal layers are termed Vias (V#), with the
numbering scheme following the metals. The metal stack is embedded in dielectric, or
Inter-Metal-Dielectric (IMD), which in its simplest form can be SiO,. Modern devices,
however, use so-called low-k dielectrics with a lower dielectric constant to reduce
parasitic line-to-line capacitance, thereby improving the RC-limited switching speed
of the device. It is important to note here that dielectrics can and do vary between
metal layers, as the requirements for lower and higher metals differ.

One variation of the dual damascene process flow is illustrated in Figure 3.7. Dual,
in this context, refers to the fact that vias and metal lines of one layer are manufactured
in one iteration. The steps are as follows: (1.) On a previous metal layer (here, M1),
two dielectric layers are deposited with etch stop layers (e.g. SisN,, SiCN) on either
side, and an additional hard mask layer on top. (2.) Using photolithography, the
pattern which will become the metal 2 (M2) pattern is transferred and etched into

the hard mask (stopped by the uppermost etch stop layer). (3.) A second round of
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Figure 3.7: Dual damascene process steps and illustration of Chemical-Mechanical-Polishing
(CMP). Adapted from [115].

photolithography (new application of photoresist layer) is performed, transferring
the via 1 (V1) pattern into the upper dielectric layer, with the etching stopped by the
middle etch stop. (4.) The photoresist is removed, and another anisotropic etching
step is performed, such that the hard mask pattern (for M2) is transferred to the upper
dielectric layer, and the previous V1 pattern (in the upper dielectric) is transferred
to the lower dielectric. Both the via (for V1) and trench (for M2) are now formed,
and the lower and middle etch stop layers are removed, exposing M1. (5.) A barrier
layer (e.g. TaN/Ta) is deposited, serving as a Cu diffusion barrier, preventing copper
from penetrating the (low-k) dielectric (‘copper poisoning’). The TaN/Ta layer also
increases the dielectric adhesion and Cu wettability. Next, a Cu seed layer is deposited,
acting as a base for (6.) the electroplating of the bulk Cu. These are global processes;
the entire wafer is now covered with a copper layer, and all V1 and M2 via/trench
structures are filled. (7.) Chemical-Mechanical Polishing (CMP) is used to polish back
the Cu to the planar surface, where the uppermost Nitride-based etch stop layer can
act as a polishing-stop indicator. CMP is a mechanically aggressive yet highly sensitive
process, fine-tuned to achieve high yield on wafers of up to 300 mm in diameter [118].

Dielectric layer deposition is typically performed by variants of Chemical Vapour
Deposition (CVD), with the metal barrier and seed layers deposited by sputtering,

a form of Physical Vapour Deposition (PVD). Due to the significant difference in
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Figure 3.8: Illustration of the stitching concept to manufacture silicon devices larger than the
design reticle size. Adapted from [125].

the Coefficient of Thermal Expansion (CTE) between copper and the dielectric (by
roughly a factor of 10), substantial tensile stress is induced in the constrained copper
during processing at temperatures above 2 300°C. Precise process control and e.g.
device annealing are therefore required to prevent both void and hillock (growth
of copper structures at grain boundaries) formation, otherwise detrimental to the

device functionality (see also Chapter 7) [115, 119-123].

3.4.3 Stitching

The maximum design reticle size for the 65 nm technology node used in this work,
and more generally for the ITS3 sensors, is about 20 x 30 mm? [124]. However,
the largest monolithic sensor planes required for the ITS3, fabricated as a single
continuous piece of silicon, measure 98 x 266 mm?. A processing technique — stitching
— is therefore employed for the first time in high-energy physics, to fabricate these
large-area, ‘wafer-scale’ devices. The concept is illustrated in Figure 3.8.

In stitching, the photolithographic mask set is split into sub-frames (A, B, C, D),
which are selectively exposed onto adjacent positions during the lithography process
steps. This requires highly precise wafer stepping to align the exposures. At the

abuttment boundaries, the metal wiring is designed such that interconnections are

>Stitching has been previously demonstrated for CMOS imaging sensors, e.g. in [125-128], and
recently for a dedicated machine-learning processor termed Wafer-Scale Engine WSE [129].
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3. Monolithic Active Pixel Sensors, MOSS, and ITS3 sensors

joined, forming a connected circuitry over the entire stitched device area larger
than the reticle frame size.

Designing such a device requires a periodic design in the central repeated area,
and specific design rules for the metal lines to extend across stitching boundaries [ 130,
131]. As illustrated, stitched devices can be manufactured both as 1D stitched and 2D
stitched chips. One crucial parameter is the functional device yield, as all individual
stitched units need to be functional (at least to a certain degree, such as powering,
see further below). To assess the feasibility of using stitching, test chips have been
developed and are characterised in this work. The chip is introduced in detail in the

next Section 3.5. The layout for the final sensor is discussed in Section 3.6.

3.5 Monolithic Stitched Sensor MOSS

The MOnolithic Stitched Sensor (MOSS) is a prototype chip, manufactured in 65 nm
TPSCo CMOS imaging technology. It is designed to study the yield and performance
characteristics of a wafer-scale stitched sensor. This section discusses the design

characteristics of the MOSS chip, as used in this work.

3.5.1 MOSS design and architecture

Stitching is employed to manufacture a monolithic pixel sensor of 14 x 259 mm? size.
Three design structures of the Engineering Run 1 (ER1) design reticle (see Figure 3.9a)
are used to construct one MOSS chip: the Left-Endcap (LEC), the Right-Endcap (REC),
and the Repeated Sensor Unit (RSU). Ten RSUs are stitched together, and the chip is
completed with each one LEC and REC on the left and right ends, respectively.
The MOSS sensor is a 1D stitched device. Each ER1 wafer contains 6 MOSS chips
(see Figure 3.9b). A schematic of the MOSS sensor is shown in Figure 3.9c. Each
RSU is split into a top and a bottom half, referred to as Half Unit (HU), with 4 pixel
matrices (within ‘regions’) each. The top 4 pixel matrices have a pixel pitch of 22.5 pm
and 256 x 256 pixels each, while the bottom 4 pixel matrices have a pixel pitch of
18 um and 320 x 320 pixels. The analogue front-end design power densities of the

2

top and bottom matrices are 7 mW cm ™2 and 11 mW cm™2, respectively.
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(c) Stitched MOSS sensor including naming conventions and labelled substructures.

Figure 3.9: (a) ER1 design reticle with MOSS RSU, MOSS REC, MOSS LEC highlighted. (b)
Fully processed ER1 wafer (300 mm diameter) with 6 MOSS chips in the centre. (c) Stitched
MOSS sensor: ten RSUs are stitched together, completed with each one LEC and REC structure.
Stitching Boundaries (SB) are indicated. Each RSU has a top and bottom Half Unit (HU) with
each four pixel matrices. Wire-bond pads are located around all four edges of the chip for
individual characterisation of HUs. The long and short edges of the chip are referred to as
‘long edge’ and ‘short edge’.

In total, one MOSS chip has approximately 6.72 million pixels. Each of the 20
HUs (10 top HUs, 10 bottom HUs) can be operated independently by interfacing
the top or bottom periphery wire-bond pads along the ‘long edges’ of the chip. This
allows individual characterisation of HUs, and in case of failures, avoids rendering
the entire MOSS unusable. Stitching across the RSU boundaries, exclusively on the
metal lines of the sensor, allows the transfer of signals to and from the individual
RSUs to the LEC (including power lines to the LEC and REC).

Two main operational schemes exist as schematically shown in Figure 3.10: (a)

individual powering, control, and readout of the 20 HUs from each set of top/bottom

45



3. Monolithic Active Pixel Sensors, MOSS, and ITS3 sensors

$l $l Control and Readout § } Power
‘— HUTTOP] | | | [HU3TOP [ [ [ [ [ [ [ e (1§
HU 6 BOT | HU 7 BOT HU 10 BOT
LEC- RSU1 $ 4t $t  “-REC
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(b) Short edge communication and mixed powering.

Figure 3.10: (a) Powering, control, and readout of individual HUs via top and bottom wire
bond pads along the long edge of the chip. (b) Control and readout of all, or individual HUs
via the LEC (short edge). Powering via the long edge for all HUs. Optionally, RSU1 (HU1
TOB HU1 BOT) and RSU10 (HU10 TOB HU10 BOT) can be powered from the LEC and REC,
respectively.

wire bond pads (‘long-edge’), and (b) control and readout of the 20 HUs via the LEC,
and powering via LEC and REC. Given the known limitations in the on-chip metal
stack of the MOSS sensor in terms of voltage (IR) drops, additional powering via
top and bottom wire bond pads is required for RSUs 2-9.

Unless otherwise noted, scheme (a), where each HU is interfaced with individually,
is used throughout this work.

The functional block diagram of one HU is shown in Figure 3.11. Each pixel
matrix has a dedicated analogue biasing block for the pixel front-end, as well as
row and column steering for pixel control. Each matrix also features unique Digital-
to-Analog Converter (DAC) control, pixel configuration, and region readout blocks,
forming a ‘region’ that interfaces with the top-level slow-control and readout systems.
Each matrix biasing block consists of 4 voltage DACs (vDAC, 8-bit) and 4 current
DACs (iDAC, 8-bit). An on-chip multiplexer and monitoring output pads along the
long edges of the chip allow for probing the output of each DAC. Each HU has
4(regions) - [4(VDAC) + 4(iDAC)] = 32 DAGCs, resulting in 640 DACs per full MOSS
chip. Override pads allow for externally biasing the chip front-end via wire-bond

pads in case of DAC failures.
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Figure 3.11: Functional block diagram of one bottom HU of the MOSS sensor, including LEC
and REC. Adapted from [6].

The pixel front-end is derived from the Digital Pixel Test Structure (DPTS) proto-
type [107] and shown for reference in Figure 3.12. Each pixel has its own front-end,
which is biased from one biasing block for each matrix (every pixel front-end is biased
the same way within one matrix), and a binary discriminator (a detailed discussion is
found in [106]). The configurable threshold level is therefore common to all pixels
of the same matrix. Analogue pulsing circuitry is included for characterisation and
calibration. The charge injected is varied by setting VPULSEH, and is at maximum
Q =258aF-1.2V ~ 1932 ¢~ (design value). Digital in-pixel logic controls digital
and analogue pulsing, and pixel masking (see Appendix A.2).

The binary hit information is stored as the coincidence of the pixel discriminator
output and a global ‘strobe’ pulse (of programmable duration). Each region readout
zero suppresses the matrix hit information and relays the row and column addresses
to the peripheral top readout. Hit data is transferred off-chip by the top-level readout
— either via the long-edge wire-bond pads (per HU) or via the stitched backbone
from the LEC. Per-HU configuration is done via a synchronous 1-bit-in, 1-bit-out
serial slow-control interface, with 40-bit commands specifying command type, ID,
address, and value. Readout occurs via an 8-bit synchronous parallel port upon

request. The word size is therefore 8 bits, and an event consists of a header, ID,
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Figure 3.12: Annotated analogue pixel front-end. Biasing voltages and currents are generated
by on-chip DACs, and are common to all pixels in one matrix. Adapted from [107].

data, and trailer [22]. The chip is operated at a clock speed of 33.3 MHz, translating
to a 33.3 MB/s data rate for data readout.

Each HU has 8 power domains, described in Table 3.1. The analogue domain
(AVDD, AVSS) supplies power to the analogue blocks, powering the pixel front-end.
The digital domain (DVDD, DVSS) powers the readout and control circuitry. The
IOVDD net supplies the peripheral level shifting circuitry (the off-chip signalling is
at 1.8 V potential compared to the 1.2 V on-chip signals). The backbone domain
(BBVDD, BBVSS), consisting of one pair of supply lines for each of the top and
bottom halves of the MOSS chip, powers the stitched communication backbone that
enables signalling between the HUs and the LEC. The chip substrate (PSUB) can
be reverse-biased (typically between O and —1.2 V) to increase the electrical field
in the detection volume of the chip. The backbone power nets and chip substrate
span the full chip, across stitching boundaries. In contrast, all other power nets
are designed to remain independent between HUs when each HU is powered via
its dedicated long-edge wire-bond pads.

Additional power distribution lines for AVDD, AVSS, DVDD, and DVSS for each

HU and spanning the full chip exist and are routed to the LEC and REC. The on-chip
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Figure 3.13: Concept of line-hopping to distribute power and signals across stitched structures
from the LEC to individual RSUs/HUs. As an example, the AVDD power distribution for the
first two RSUs (out of 10, and only one upper half of the chip) is illustrated: The power lines
effectively ‘hop’ by one power line, and each unit receives the same-numbered AVDD net at
the uppermost power line (as illustrated for AVDD 2). The hopping itself is periodic, and
each RSU has the exact same design (such that the same reticle structure can be used for
manufacturing the stitched sensor). Horizontal and vertical metal lines are routed on two
different layers of the chip metal stack, and can therefore cross. For the MOSS chip, this
powering scheme is not sufficient, given the known IR loss in the metal stack (only RSU1 from
LEC and RSU10 from REC can be powered in this way, and all other HUs must be powered
from the long edge). Signalling over the backbone to the LEC, however, functions the same
way and is fully functional.

metal stack is, however, only designed to sufficiently power RSU 1 from LEC and
RSU 10 from REC, according to the powering scheme illustrated in Figure 3.10b. The
concept of addressing or powering a specific HU from the LEC or REC is achieved
by ‘line-hopping’, as illustrated in Figure 3.13 for one arbitrary supply line (AVDD)
for 10 HUs (2 of which are illustrated). In this concept, each HU shifts the lines by
one using two metal layers, enabling the interfacing of individual HUs from a single
end [22]. The signalling and readout from the LEC is implemented in the same way
(including signal regeneration on-chip where needed).

Test-out pads for each HU allow reading out probe signals via a programmable

Table 3.1: MOSS power domains and nominal supply voltage.

| Ground net | Supply net | Functional domain | Nominal voltage [V] |

AVSS AVDD Analog 1.2
DVSS DVDD Digital 1.2
DVSS IOVDD Digital I/O 1.8
BBVSS BBVDD Backbone 1.2
BBVSS BBIOVDD LEC digital I/O 1.8
all PSUB Chip substrate Oor-1.2

49
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multiplexer. A total of 2192 wire bonds electrically interconnect the MOSS chip to
the readout PCB (see Section 4.3). One MOSS sensor has a total of 390 digital I/Os,
480 analogue 1/0s, and 107 individual supply nets. The highly granular design of the
chip allows for in-depth characterisation of chip performance and yield parameters
(independently for each HU), but it requires sophisticated and complex test systems.

Overall, 24 ER1 wafers were produced (6 MOSS sensors each). During transport,

thinning, and dicing, 4 wafers were destroyed, leaving 20 wafers for characterisation.

3.5.2 Metal stack and power grid

The copper metal stack of the MOSS chip is manufactured in a dual-damascene process
as described in Section 3.4, and schematically shown as a cross-section in Figure 3.14a.
There are 6 copper layers, M1-M4, M7, M8, and one aluminium-based grid on top
of the chip (ZA layer). The ZA grid is on PSUB potential (except at the wire-bond
pads). Wire-bond pads for electrical interconnection of the chip are fabricated on
the ZA layer. Layers M7 and M8 are approximately twice as thick as M1-M4. Their
dielectric composition also differs, although most intermetal dielectrics are lower-k
(2.5 S €, < 3.9) variants of SiO,. Exact layer dimensions and dielectric composition
are proprietary information and cannot be disclosed. The power grid, supplying each
MOSS HU uniformly with power, is routed on the uppermost two copper layers of
the copper metal stack: layers M7 and M8. A top-down view extracted from the
chip design is shown in Figure 3.14b, where power lines are routed horizontally on
layer M7 and vertically on layer M8. Vias (V7) connect layers M7 and M8 at the
intersections of power nets within the same domain. All other crossings are insulated
by the dielectric layer. The line-width and spacing ratio of M7/M8 in the bottom HU
compared to the top HU is 4/5 (i.e., 0.8). In the detailed view shown in Figure 3.14b,
which focuses on the boundary between the top and bottom HUs, the metal line
widths are 10 pm and 8 pm, respectively. While the routing density varies between
the top and bottom halves, the overall metal density is the same. Very conservative

line spacing, exceeding the minimum design rules, was chosen to maximise yield.
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Figure 3.14: (a) Schematic view of metal stack layers of the MOSS chip in a cross-section
view. (b) MOSS power grid of one RSU: The power nets are routed as a grid on metal layers
M7 (horizontal) and M8 (vertical). The detailed view on the bottom right shows the higher
routing density and smaller linewidth of the bottom HUs, compared to the top HUs of the
MOSS.

A top-down microscope image of a fully processed MOSS sensor is shown in
Figure 3.15. Given the transparency of the dielectric, it is possible to see metal layers
down to M1. To the left side of the dashed line, part of a pixel matrix is shown.
Individual pixels can be discerned, where no metals are covering the collection
diode to minimise the material budget locally. The aluminium-based ZA grid, as the
uppermost layer, is clearly visible, with the power grid routed on the M7 and M8
copper layers indicated. The ZA grid, M7, and M8 layers cover large parts of the
M1-M4 metal routing. On the right side of the dashed line, the matrix boundary,
i.e., the area between two pixel matrices, is partially shown. In this area, only M7
and M8 are routed. To keep the metal density across the MOSS sensor uniform,
dummy metal fill is added, which has no electrical connection to any power or signal-
carrying metal lines. The M7 and M8 metal lines visible have a linewidth of 10 um

and spacing of 12 um (cf. Figure 3.14b).
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Figure 3.15: (a) Pixel matrix gap areas, periphery, and microscope image location illustrated
on a MOSS RSU. (b) Top-down microscope image of a MOSS sensor. The boundary of the
pixel matrix (left) and the pixel matrix gap (right) is shown. The ZA grid on top (Al), vertically
routed M8 (Cu) and horizontally routed M7 (Cu) are clearly visible. Lower metals and single
pixels can be distinguished. In the gap region (in between two pixel matrices/regions), a
small patterned ‘dummy fill’ maintains a uniform metal density for a given metal layer across
the sensor.
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3.6 ITS3 sensor layout

The final sensor is conceptually similar in design to the MOSS; however with finer
powering granularity, increased fill factor, and a revised readout architecture. This
sensor is introduced here, as simulations in Chapter 8 are based on the ITS3 geometry
using this layout. At the time of writing, the sensor is in its final review stages before
submission to the foundry®. It remains a 1D-stitched chip incorporating LEC, RSU,
and REC design blocks, as shown in Figure 3.16. One fully independent structure,
consisting of one LEC, 12 RSUs, and one REC, is termed a ‘Segment’ as illustrated
in Figure 3.17. 1D stitching is chosen, allowing for a variable number of segments
to be cut out from a wafer (‘diced’), depending on the sensor layer of the ITS3
being fabricated. For the outermost layer L2, the full available area comprising
5 segments is diced to form one sensor plane. Two such layers are required, one
for the top L2 half-layer and one for the bottom L2 half-layer. For sensors used in
layers L1 and LO, four and three segments are diced from the wafer, respectively.
In total, 6 wafers are required to produce the sensors for a complete ITS3 barrel.
For L1 and LO sensors, since not all segments are needed, cuts can be optimised by
selecting among adjacent segments with the highest yield (two and three permutations,
respectively; see also Figure 8.14b).

Each RSU contains 12 tiles, which can be switched on, biased, and read out
independently. This provides a much higher design granularity, with the intention
of switching off malfunctioning tiles in the event of a fault. To support this, a very
conservative design with high yield is chosen for the switching circuitry, which in turn
allows for more aggressive routing and optimisation at the pixel level.

One segment contains 12 RSUs x 12 tiles = 144 tiles, each with 444 x 156 pixels
per tile (20.8 x 22.8 um pixel size), and a total of approximately 10 million pixels per
segment. The effect of malfunctioning tiles, which have to be turned off, on the ITS3

detector performance and geometry optimisation is further discussed in Chapter 8.

®For Engineering Run 2 (ER2). The final detector layers will be manufactured in an additional ER3
submission, which allows for minor bugfixes and removal of testing pads to maximise the fill factor,
but without forseen changes to the geometrical and conceptual sensor layout.
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The fill factor of the active sensor area is not 100%, due to cutting areas between
segments and areas surrounding each tile that are not covered with pixels. This
has been accounted for in the simulations. A fill factor of ~ 93% is currently
achieved, with an estimated value of 2 95.5% for the final iteration of the chip.

A more detailed discussion of the current status of this sensor development can
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Figure 3.17: Wafer map of the ITS3 sensor layout. One segment consists of one LEC, 12
RSUs, and 1 REC. Three, four, or five adjacent segments are cut out to produce sensors for
ITS3 layers L0, L1, and L2, respectively. Six wafers are needed for all sensors in one ITS3
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MOSS Handling and Mounting

The processed, 300 mm diameter ER1 wafers containing the MOSS sensors are
received from the foundry with a thickness of approximately 700 um. They are
thinned to a thickness of 50 um and diced (cutting of single MOSS sensors) at an
external company [136]. These thinned and diced wafers are delivered on a wafer
tape on a wafer frame. To handle the release of the 50 um-thick structures, measuring
14 x 259 mm?, as well as to pick them up and transfer them into a custom-designed
storage box, dedicated tooling was developed. In addition, the carrier Printed Circuit
Board (PCB) was specifically designed to allow through-PCB glueing, and specialised
procedures and tools are employed to mount the MOSS sensor onto the carrier PCB.
After mounting the MOSS sensor on the PCB, wire bonding is performed to connect
the sensor to the PCB electrically. This PCB is used for the full electrical and functional
characterisation of the MOSS sensor throughout this work. The custom tooling and

procedures are described below.

4.1 Pick-up system

The thinned and diced ER1 wafers are delivered mounted on a standard 300 mm
wafer carrier. To release the single diced MOSS sensors (and other design structures)

from the blue wafer tape (see Figure 4.1a), a commercial die ejector is used [137].
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Custom tooling was developed to exploit this device. The die ejector consists of a
circular aluminium disk with a patterned surface as shown in Figure 4.1c. The surface
features a pyramidal pattern with a 1.27 mm (0.05 in) pitch and is perforated with
evenly spaced holes approximately 1 mm in diameter to allow for vacuum application.
After the wafer carrier is placed on top (see procedure below), the aluminium plate is
heated to 70 °C with an attached heating element. This softens the glue between the
wafer carrier tape and the diced silicon sensors. After approximately 15 min, a vacuum
is applied through the holes in the patterned aluminium plate. The blue wafer carrier
tape is then sucked into the trenches of the pyramidal patterned aluminium disk. This
step releases the diced silicon chips from the blue tape, which are ready to be picked up.

Given the large dimensions and flexibility of the MOSS sensors (the sensor deforms
under gravity, given the 50 um thickness), it is not possible to use standard manual
picking procedures, e.g. using a pick-up pen. The pick-up system is shown in Figure 4.1.

It consists of multiple parts with different functionalities:

» Wafer frame carrier: An aluminium frame on a custom motorised z-stage receives
the wafer frame carrying the thinned and diced wafer. This allows for slowly
lowering the wafer frame onto the die-ejector while keeping both surfaces

parallel.

* Die-ejector: Mounted on a rotational plate, the die ejector is placed in the
middle of the pick-up system. The wafer frame is lowered onto the die-ejector,
and the motorised rotational stage allows alignment of the MOSS sensor (and

other structures) with the vacuum pick-up bar.

* Sliding pick-up stage: The pick-up stage is mounted on linear bearings, allowing
movement both horizontally and vertically. The horizontal movement is free-
wheeling and has a locking mechanism. The vertical movement is spring-loaded
and returns automatically to the ‘up’ position when letting go. The vertical
movement has an adjustable lower height limit, to avoid crashing the pick-up
suction cups into the wafer. These movements are performed manually by the

operator. Dedicated knobs to grab onto are located on the vacuum pick-up bar.
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Stage
controller

(¢) Vacuum pick-up bar with MOSS chip in mid-air. Patterned die-ejector visible through blue tape.

Figure 4.1: Picture of the pick-up system with annotated components (a), and in use (b). (c)
Close-up view of the pick-up bar featuring five bellowed vacuum suction cups mounted on a
spring-loaded and vertically travel-limited bar, used to safely pick up the chip.

* Vacuum pick-up bar: To pick up the MOSS sensor from the wafer tape (after
being released from the blue wafer tape with the die-ejector), five bellowed
vacuum suction cups [138] mounted on an aluminium bar are lowered and
brought in contact with the chip. The vacuum suction then lifts the chip from the
tape. Each line has an individual vacuum supply, such that loss of vacuum in one
line does not cause an unintended release of the chip. The chip is now held in
place securely and is moved horizontally towards the operator. The chip is then
lowered onto a custom storage tray (located on a manually operated z-stage),
and the vacuum and chip are released by pressing a button conveniently located
on the vacuum bar (see red button in Figure 4.1c). A guide laser (mounted

on a dual-axis goniometer) is used as a visual aid when lowering the vacuum

57



4. MOSS Handling and Mounting

58

suction cups onto the chip surface, indicating where contact will be made.

Vacuum system: The custom vacuum system is designed around 6 (5 used
+ 1 spare) miniature vacuum pumps driven by DC-motors [139] as shown in
Figure 4.2b. The pumps are held in place by a 3D-printed structure and mounted
inside the control box, decoupled by a foam layer to reduce vibration. Each
pump’s speed, and thus its flow, is regulated via a potentiometer and motor
controllers, which are interfaced by an Arduino Leonardo [140]. Two motor
controllers [ 141], each with four channels, are stacked (6 out of 8 total used).
The operating state of each pump (as a percentage of maximum speed) is shown
on a display. A small cooling fan is included to stabilise the vacuum pump
temperatures inside the enclosure. The block diagram of the system is shown in
Figure 4.2a. An external valve system, shown in Figure 4.2c, allows switching
all vacuum channels at once via the button mounted on the pick-up bar. The
valves used are normally open 3-way solenoid valves. The vacuum is always
‘on’ when lowering the pick-up bar onto the wafer for pick-up. After moving the
chip above the storage plate or carrier PCB, the chip is released by switching
all valves in parallel to the second position, connecting the vacuum lines to
atmospheric pressure while cutting off the vacuum pumps. A power MOSFET
is used to switch the valves simultaneously, and high-speed diodes protect the

MOSFET and power supply from voltage spikes induced by the valve coils.

Z-axis and rotation controller: A joystick-operated control system was developed
using an Arduino-compatible microcontroller board [142], as illustrated in
Figure 4.3. Vertical movement of the joystick controls the lowering and raising
of the wafer frame onto the die-ejector, by actuating a z-stage driven by a
stepper motor [143]. The motor is controlled via a driver board [144], which is
interfaced with the microcontroller. The movement speed is regulated through a
potentiometer, whose output is read by the Arduino’s ADC. Two safety switches
limit the z-stage travel distance and are wired to the interrupt pins of the

Arduino, stopping movement immediately if triggered. For rotational movement,
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Figure 4.2: (a) Block diagram of the vacuum pump system illustrating the used components.
(b) Opened vacuum pump system enclosure and annotated components. Each miniature
vacuum pump is controlled and set independently from 0 to 100% flow rate. (c) The external
valve block has an integrated power supply and power MOSFET for switching the 6 solenoid
3-way valves in parallel, releasing the picked-up chip with the push of a button.
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(a) Functional block diagram. (b) Finished controller.

Figure 4.3: (a) Block diagram of the z-axis and rotational movement controller illustrating
the used components. (b) Finished controller ready for integration in the pick-up test system.
An external 15 V wall power supply with a DC-barrel connector is used.
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4. MOSS Handling and Mounting

a motorised rotational stage [145] is used, which is interfaced via an RS232
interface and a corresponding shield mounted on the Arduino. The horizontal
movement of the joystick translates to left and right rotation of the die-ejector
and wafer carrier frame (allowing for fine-tuning the alignment of the MOSS
and other sensors to the vacuum pick-up bar). The rotational speed is again
controlled by reading a potentiometer input. Two additional buttons allow for

resetting and homing the stages, respectively.

The MOSS storage trays are custom-designed, each accommodating up to 6 MOSS
sensors from a single wafer. The pick-up system is also used to pick up the MOSS
sensors from the storage trays and place them onto the carrier PCB for mounting. Two
pad-wafers (dummy wafers with only top layer metal processing) were used to test,
validate, and commission the pick-up system. Overall, 84 MOSS chips (and additional

structures) from 14 wafers were picked successfully, without any breakage.

4.2 Mounting

Mounting the MOSS sensor to the carrier PCB is non-trivial. The dimensions and wire
bonding pads along all four edges of the chip make conventional glueing techniques

unfeasible. A new procedure was therefore developed, as described below.

4.2.1 MOSS carrier PCB

The MOSS carrier PCB has the function of securely holding the chip in place, and pro-
viding electrical interconnections for testing distributed to five high-density connectors
(see also Section 4.3). The PCB is purely passive, with decoupling capacitors, series
resistors and eight NTC probes as only components (excluding an I?C addressable
unique ID chip for automatic board identification). For a reliable wire-bonding process,
the chip (especially the chip edge, where the bond pads are located) needs to be

mechanically supported. The PCB has four important features:

* Gold-plated central chip support area: The Electroless Nickel Immersion Gold

(ENIG) surface finish must be of the highest quality, and without any nodules,
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[Beam opening] [Gluing holes]

150 mm

[High density connector pads] [Wire-bond area] [Fiducial]

Figure 4.4: The bare MOSS carrier PCB without components. The chip is mounted on the
gold-plated surface in the centre. A detailed view is shown on the right. The beam opening in
the centre (one per RSU) is clearly visible, with glueing holes located around the opening.
Wire bond pads are located around the perimeter of the chip mounting area. One fiducial,
used to align the chip during mounting, is indicated.

which can introduce mechanical stress when the chip is placed on top. The
drilling and milling direction (from top to bottom) is specified for fabrication,
avoiding sharp overhangs. Through-PCB vias were ultimately filled to avoid

solder seepage onto wire-bonding pads during component mounting.

* Beam opening: Each of the 10 RSUs of the MOSS sensor has a centred rectan-
gular beam opening below in the PCB. This allows for test beam measurements
without multiple scattering effects introduced by the PCB, relevant for high

precision spatial resolution and detection efficiency determination.

* Glueing holes: Around the chip support area and each RSU boundary, 193 2 mm
diameter through-PCB glueing holes are placed. These glueing holes are filled
with glue during mounting and hold the chip in place, mechanically connecting

the backside of the chip with the hole walls in the PCB.

* Fiducial holes: Four small holes with 0.5 mm diameter are placed at the corner
positions of the chip, and allow for precise alignment under the microscope

during the mounting procedure.

The PCB is industrially manufactured, and one out of three vendors delivered the

required surface quality for mounting the MOSS chips. The electronic components,
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4. MOSS Handling and Mounting

including connectors, are mounted at the CERN electronics workshop. After cleaning

and visual inspection, the MOSS carrier boards are ready to receive a MOSS chip.

4.2.2 Chip mounting

The steps for mounting the MOSS chip on the carrier PCB are outlined below. After
chip placement and alignment as illustrated in Figure 4.5, the chip is glued and

cured (see Figure 4.6).

1. The carrier PCB, fully assembled with components and connectors, is mounted

on an aluminium jig with screws (stand-offs).

2. The chip is picked from the storage box and placed in the centre of the carrier

PCB using the pick-up system.

3. The jig with the carrier PCB and MOSS chip on top is placed under a microscope,
and the chip corners are coarsely aligned with the fiducial holes (see Figure 4.5a).

Clean room swabs are used to gently move the chip.

4. A spring-loaded aluminium bar (‘fixation bar’) with Electro Static Discharge
(ESD) safe foam on the bottom is placed above the chip. The foam is not in
contact with the chip yet. Custom nuts on either side of the fixation bar allow to
slowly lower the bar and bring the foam into contact with the chip. The bar is
designed to permit lateral adjustment in both axes over a range of approximately
+2 mm, allowing for fine adjustment of the MOSS position on the carrier PCB

(see Figure 4.5b).

5. The chip corners are then precisely aligned with the fiducials on the PCB using
the optical microscope. Cut-outs in the bar allow looking at the chip corners

from above in a top-down view (see Figure 4.5c).

6. Once alignment is accurate, the nuts are tightened until the bar hits a pre-
defined mechanical height-stop. This ensures uniform and repeatable pressure

on the chip, securely holding it in place while limiting the pressure. A chip
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.

Aluminium jig

(a) MOSS on the carrier PCB and jig. (b) Fixation bar above MOSS sensor, before tightening.

Chip corners aligned
with fiducial holes

(¢) Microscope alignment. (d) MOSS chip corners aligned with fiducial holes.

Figure 4.5: Alignment of the MOSS chip on the carrier PCB: (a) Placement of the MOSS chip
on the fully assembled PCB (the five high-density electrical connectors are visible in black).
The PCB is mounted on an aluminium jig. The MOSS sensor corners are coarsely aligned with
the fiducial marks. (b) The fixation bar is placed above the chip. The bar is spring loaded and
tightened down (indicated by arrows), until the foam is touching the sensor. (c) Cut-outs in
the fixation bar allow for seeing the chip corners from above, allowing fine adjustment of the
chip position by gently moving the bar under a microscope. (d) Fully aligned MOSS sensor.
The fixation bar is tightened down until it hits a pre-set height stop.

alignment accuracy of O(100 um) along both axes is achieved. After tightening,

the alignment is checked (see Figure 4.5d).

7. The entire aluminium jig, holding carrier PCB, MOSS sensor, and tightened-
down fixation bar is then flipped by 180 degrees, such that the bottom of the PCB
is pointing upwards, and transferred onto a 3-axis glue robot (see Figure 4.6a).
The rectangular cutout in the centre of the jig allows access to all 193 glueing
holes. The sturdy aluminium jig ensures uniform height of the carrier PCB and

MOSS chip.
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4. MOSS Handling and Mounting

8.

10.

Using a custom-developed program and procedure, the glue robot is set up. As
the dispensing needle height changes with glue syringe replacement, the height
is manually set by lowering the needle onto the PCB with a clean room wipe in
between. Upon contact, the height is set. Horizontal alignment is performed
using pre-defined fiducials and a camera mounted on the glue robot head.
Using the fiducials, a correction to horizontal misalignment (small rotation) is
automatically applied, ensuring the correctly centred needle position in each
glueing hole. The needle is lowered into each hole to a distance of 0.5 mm
from the chip’s backside. A predefined amount of UV glue (by setting the needle
diameter of 0.5 mm, the dispensing time of 0.15 s, and a pressure of 1 bar)
is then automatically dispensed in every glueing hole (see Figure 4.6b). UV
glue [146] is used due to its re-workability and its ability to retain a degree
of flexibility after curing. This is desirable, as it allows for a slight potential
deformation of the chip without leading to stress or possibly cracking in the

large silicon sensor. Glueing studies are detailed further below.

. After all glueing holes are filled, the jig is unmounted from the glue robot

and placed under a custom UV lamp. The range of maximum absorption of
350-380 nm of the UV glue required for curing matches the emission spectrum
of commercially available UV bulbs with a typical wavelength of 368 nm, as
commonly used for insect lamps. A box with two UV fluorescent bulbs and a
metallic reflector was built to illuminate the full glueing area of the MOSS carrier
PCB at once (see Figure 4.6¢). The UV glue is cured for 30 min, mechanically

connecting the backside of the chip to the carrier PCB.

Wire bonding is performed in two steps (limited by the working area of the

wire-bond machine, given the size of the chip, see Section 4.3).

Three sets of custom mounting jigs were manufactured to enable parallel pro-

cessing and speed up assembly: chip placement and alignment, chip glueing, and

chip curing can be performed simultaneously for up to three MOSS sensors. Overall,

83 out of 84 MOSS sensors were successfully mounted using this procedure. In
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4.2. Mounting

(a) 3-axis glue robot. (b) Glueing close-up. (c) UV curing lamp.

Figure 4.6: (a) A MOSS sensor mounted in the aluminium jig, flipped such that the backside
of the MOSS carrier PCB and MOSS sensor is facing upward. The glueing holes are exposed.
(b) Detail of the automated glueing process with the glueing needle placed inside one glueing
hole. The chip backside is visible through the beam opening in the carrier PCB. High needle
placement accuracy is required. (c) The UV curing lamp uses two UV bulbs and an aluminium
reflector.

one case, the height setting step of the glueing needle was omitted by distraction,
and the glueing needle damaged the sensor (9 out of 10 RSUs of this sensor could

still be characterised).

Gluing validation

Glueing tests were performed to ensure a consistent and reliable connection of the

chip to the PCB. UV glue was chosen over epoxy glue:

* The UV glue does not harden until exposed to direct UV light. This allows for
easy adjustments and re-workability — for example, to salvage a sensor. This

did not occur during the MOSS assembly.

* No glue mixing is required for UV glue, and the UV glue viscosity stays constant
(during the 8-month shelf life). This saves time and ensures a consistent volume

of glue is deposited by the glue dispensing tool over time.

* The UV glue chosen exhibits flexibility when cured. This is beneficial in case

the PCB and therefore chip slightly bends, or expands and contracts during
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(a) PCB for glueing and cross-section studies. (b) Angled cross-section image.

Silicon piece

Figure 4.7: (a) PCB for glueing studies with three rows of glueing holes with diameters
ranging from 1 mm to 2 mm. The cross-section line is indicated. (b) Angled cross-section
image at the location indicated in (a). The glueing holes are filled with transparent, cured UV
glue. The silicon test piece is visible at the bottom.

handling or operation, decreasing the stress in the chip itself.

To ensure the reliability of the process, test samples were manufactured, and
cross-sections were fabricated. The testing PCB with multiple glueing holes and
hole diameters is shown in Figure 4.7a. A silicon test piece of about 1 x 2 cm? is
used. After glueing and curing, the entire sample is encapsulated in epoxy resin.
Mechanical abrasion and polishing down to the glueing hole enabled inspection of
the glueing quality (see Figure 4.7b). Initially, glueing was performed manually,
with a pressure-driven syringe, and the glue needle placed into the glueing hole by
hand under a microscope as illustrated in Figure 4.8a. This procedure consistently
resulted in air bubbles trapped at the chip surface due to the capillary effect within
the cylindrical glueing hole (see Figure 4.8c). Air bubbles potentially lead to issues
during wire-bonding if the adhesion of the chip to the PCB is insufficient (as the chip
is slightly pulled on), or if the MOSS chip were to be placed under vacuum (e.g. for
single event effect tests) the pressure difference could lead to a silicon break-through
given the 50 um thickness of the chip.

Therefore, and to speed up assembly while drastically reducing the risk of damage
to the chip by contact with the needle, I proposed the use of a 3-axis glue robot. The
use of the glue robot enabled precise control of glue deposition, resulting in repeatable
results and uniformly filled glueing holes. The needle is vertically inserted in the

centre of each glueing hole, at 0.5 mm distance from the chip surface, and glue spreads
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4.3. Interconnection

out uniformly, avoiding trapping of air bubbles (see Figure 4.8b and Figure 4.8d). Out
of 20 analysed glueing holes in two samples, 100% show no entrapped air bubbles

when using the automated procedure, confirming its repeatability.

Glue needle —a Glue needle —

PCB

= PCB

= PCB
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(a) Manual gluing. (b) Robotised gluing.

/ Glue boundary
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!

(c) Entrapped air bubble. (d) Uniform glue filling.

Figure 4.8: Illustration of the manual glueing process where the glueing hole wall is used as a
guide (a), and resulting air bubble entrapment given the capillary effect on the UV glue visible
in the cross-section image (c). The 3-axis glue robot allows for centred, repeatable placement
of the glueing needle (b), with uniform glue deposition without air bubble entrapment, visible
also in the corresponding cross-section image (d).

4.3 Interconnection

After glueing and curing, the MOSS sensor is wire-bonded in two steps (1140 + 1052
wire-bonds), as the working area of the bonding machine limits the bonding process
to one half at a time. Wire-bonds are located around all four edges of the MOSS chip.
A detailed view of a wire-bonded MOSS chip from the LEC (rotated 180 degrees) is

shown in Figure 4.9. Wire-bond pull tests were performed on a pad-wafer chip (non-
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Figure 4.9: Close-up, focus-stacked image of a wire-bonded MOSS sensor. Wire-bonds are
located along all four chip edges. The LEC, RSU1, RSU2, and part of RSU3 are visible (the
board is rotated 180 degrees compared to the usual orientation).

functional silicon dummy with uppermost metal layer for mechanical tests). Overall,
30 pulls were made, with all tests passing, breaking at a mean of 10.71+0.22 g.
The MOSS sensor is now ready for electrical and functional characterisation
using the measurements described in Chapter 5. Five high-density connectors with
560 pins each are located around the MOSS carrier PCB, used to power, control,
readout, and monitor the MOSS chip. As discussed in Section 3.5.1, two powering
and communication schemes exist. As illustrated in Figure 4.10a, four of the high-
density connectors allow access to each HU individually via the long edge of the
MOSS chip. To test the LEC communication, the fifth high-density connector is used
as illustrated in Figure 4.10b, allowing the interface of all top and bottom HUs. In
this communication scheme, power still needs to be provided to individual HUs (of
RSU2-RSU9) via the long edge connectors. The global PSUB and backbone power

can be supplied via any connector!.

IThe separate backbone nets for the top and bottom half of the chip are supplied from any top and
bottom half connector, respectively
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(b) HU communication via the short edge connector and LEC.

Figure 4.10: Fully mounted and wire-bonded MOSS sensor on the MOSS carrier PCB. The
two interfacing schemes are illustrated: (a) Communication via the long edge of each HU,
and (b) communication via the short edge (LEC).
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MOSS Test Systems and Measurements

To characterise the MOSS sensor performance (excluding test beam measurements),

three main test systems were developed. These will be discussed below.

5.1 Impedance measurement

Impedance measurements are performed to detect potential short circuits between
power nets, possibly indicating manufacturing defects. Each HU (Half Unit) of the
MOSS chip is treated as an individual sensor with independent power domains.
Eight power nets per HU are driven from the corresponding bonding pads on the
top/bottom edge of the chip (including the global backbone and PSUB nets spanning
the entire sensor, see Section 3.5.1).

To measure the impedance between any of the power net combinations, a Source
Measure Unit (SMU) [147] in combination with a channel multiplexer [148] is
used. The circuit diagram is shown in Figure 5.1a for one HU. For a given net
combination, the corresponding multiplexer channels are closed programmatically
and connected to the SMU output (highlighted example in red and blue for the power
net combination AVDD-DVDD). In the testing setup, one breakout board allows access
to 5 HUs at a time (see Figure 5.1b). The multiplexer is therefore configured for

5 HUs in parallel to minimise testing time. Altogether 5 (HUs) - 8 (Power Nets) -
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(a) Schematic. (b) Measurement.

Figure 5.1: (a) Schematic diagram of the impedance measurement setup for one HU. An
example configuration for the AVDD-DVDD path is highlighted in red and blue. (b) MOSS
testing PCB with light cover, and the breakout board for the impedance measurement (red)
connected on the top left. 5 HUs are measured subsequently with the setup, before the
breakout board is plugged into the next high-density connector. The flatband cable in the
centre of the board is used to measure the board temperature via NTCs.

2 (Connections) = 80 (Multiplexer Channels) are required!. Two flatband cables
are used to connect the breakout board to the channel multiplexer. An additional
flatband cable (connector located between the high-density connectors) provides
access to two NTC thermistors on the PCB, enabling the recording of the board’s
temperature during the impedance measurement. The multiplexer instrument features
an onboard Analogue-to-Digital Converter (ADC), allowing the direct measurement of
the (converted) NTC temperature on two separate channels. Diode structures between
chip power nets lead to non-ohmic temperature-dependent measurements. Although
a temperature correction was not required for the type of analysis conducted, the
measured temperature enables error estimation given fluctuating lab temperatures
on the order of 10% (see below). The measurement is performed with a protective
light cover over the chip. Illumination of the chip leads to an offset current for
some power net pair combinations, generated by diode structures acting as parasitic
photodiodes. The lead wire resistance contributes on the order of 1.0-1.5 Q2 to the

value measured, depending on multiplexer routing.

!In the present implementation, the number is reduced to 60, given the global PSUB net, and global
top and bottom backbone nets not requiring per-HU interfaces.
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Figure 5.2: Example of impedance measurements between power net pairs, and classified as
(a) ‘ok’, and (b) ‘short’.

The test system is controlled with custom Python code that interfaces the instru-
ments (SMU, channel multiplexer). Parameters, including voltage range, current
limit, step size, and automatic data visualisation, are configured at run-time. During
the series testing of the MOSS chips, the values quoted below were fixed.

For each HU, 8 power net pairs are tested, which equates to (2) = 28 possible
combinations per HU, and a total of 560 measurements per MOSS chip. For each
power net pair, a small voltage is applied and ramped in steps of 5 mV between
0 to =50 mV and 0 to +50 mV. This range was chosen to stay below a threshold at
which transistor structures become highly conductive. The current is measured for
each voltage step using the SMU. If a current of 1 mA is exceeded, the measurement is
stopped. The resulting current-voltage diagram gives an indication of the impedance,
and a linear fit is performed to approximate the resistance between the nets under
test using Ohm’s law U = R-I. Based on the distribution of impedance measurements,
a global cut of 30 Q2 was chosen, where a lower value is classified as a ‘short’ (see
Section 6.2.1). Examples of power net pairs considered ‘ok’ and ‘shorted’ are shown
in Figure 5.2. Note: The term impedance is chosen over resistance, given the non-
ohmic nature of silicon devices. However, an ohmic approximation is considered
reasonable within the small voltage range applied in this test. Non-shorted net-pairs
may exhibit rather low O(Z 50 2) impedances given the cumulative effect of on-chip

diode connections, leakage paths, and interacting device circuitry.
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Figure 5.3: (a) Variation of measured impedances for one power net pair combination (AVSS-
AVDD) on 5 HUs with varying lab temperature over a span of 24 hours. (b) Effect of exposing
the sensor to light during the impedance measurement: On a subset of power net pairs a
current is generated, here shown for the AVSS-PSUB power net pair on one HU, and generated
by (parasitic) diode structures effectively acting as photo diodes.

For reference, the effects of varying lab temperature and measuring a light exposed
sensor are shown in Figure 5.3a and Figure 5.3b, respectively: The impedance on one
power net pair combination (AVSS-AVDD) on 5 HUs, repeatedly measured over a span
of 24 hours is shown together with the lab temperature. A clear correlation is observed
with an impedance variation of O(10%) for a temperature change of O(1.5°C) for the
given power net pair. This temperature dependence, which varies across power net
pairs, does not affect the detection efficiency of shorts, and is therefore not discussed
further. Similarly, the effect of exposing the sensor to light is not relevant, as tests were
performed with a light protective cover. However, the measurement of a light-exposed
sensor reveals a shift of the I-V curve. Specifically, a non-zero current is observed
even when no external voltage is applied, due to parasitic photodiode effects. As
a result, the curve is offset by this zero-point current, and the resulting linear fit —
constrained to pass through the origin - fails, as illustrated in Figure 5.3b. Neither

of these effects impacts further measurements.

5.1.1 Wafer probing

On a subset of 12 wafers, impedance measurements were (additionally) performed
using a probe card. The probe card gives access to all pads of one HU at a time. There

are no active components on the probe card, similar to the testing PCB. Impedance
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measurements were performed before the wafers were thinned and diced. One HU is
contacted at a time, before moving the wafer to the next HU position. The impedance
measurement follows the same procedure as described above, using the same type of
measurement instruments. An image of the wafer prober with installed probe card
and loaded ER1 wafer is shown in Figure 5.4. The probe card allows to fully operate

one MOSS HU, and is not limited to impedance or powering measurements.

Figure 5.4: ER1 wafer mounted in the wafer prober with the installed probe card. One HU
can be contacted at a time. All pads are contacted and routed off the probe card via flat band
cables.

5.2 Power ramping with thermal camera analysis

The initial power-on of the MOSS chip is performed with a dedicated setup. For
each HU, each of the power nets is ramped up to nominal voltage sequentially. This
approach was chosen to better understand potential failure modes on a limited
number of sensors, as discussed below. The ramp-up sequence was empirically
defined while considering chip design constraints. All ground nets (AVSS, DVSS,
BBVSS) are connected together (off-chip). First data were taken with the substrate
(PSUB) on the same ground potential (0 V). At a later stage, the power ramp-up
included a PSUB ramp to —1.2 V as a first step. All ramps are performed in 12 steps,
starting at O V (0.1 V step size for 1.2 V nominal voltage). Current limits are set
programmatically for each power net, and the power ramp is stopped if limits are
exceeded. Current limits were iteratively increased after gaining understanding of the

chip behaviour, as discussed in Section 6.3. The full sequence is given in Table 5.1.
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Figure 5.5: (a) Schematic diagram of the power ramping setup for one HU. If PSUB is at 0V,
the PSUB power supply is not used, and PSUB is connected to ground via the multimeter (see
black dashed line). A multiplexer is used to measure 5 HUs connected via a breakout board.
(b) Power ramping setup. The red breakout board is used to provide power to the MOSS HUs.
A thermal camera on a linear stage is positioned over the HU under test. A light-shielded
enclosure protects the chip from being illuminated.

Step I is omitted when PSUB = 0 V. In Step II, the DVDD net is ramped to its nominal
voltage and subsequently set back to 0 V. In Step III, the analogue domain (AVDD) is
powered up, and kept powered on if the nominal voltage is reached within current
limits. Step IV then ramps up the digital domain (DVDD), such that both AVDD and
DVDD are powered on. Similarly, IOVDD and BBVDD are powered up in Step V and
Step VI, respectively. The HU under test is fully powered after completing Step VI
within current limits. In Step VI the HU is kept powered on for 5 seconds to test for a
non-fluctuating current consumption. An example of a ramp-up sequence is shown in
Figure 5.6 at PSUB = 0 V. In this example, a transient high current is observed during
the ramp-up of the analogue domain (AVDD). After an ohmic (linear) current increase

starting at O V, a sharp drop is visible, and the current follows the expected power-on

Table 5.1: MOSS power ramp-up sequence.

| Powernet | Stepl | I | m | Iv. | Vv | VI | vI |
PSUB [V] 0--12 | 0/-12 | 0/-1.2 | 0/-1.2 | 0/-1.2 | 0/-1.2 | 0/-1.2
DVDD [V] 0 0-1.2 0 0-1.2 1.2 1.2 1.2
AVDD [V] 0 0 0-1.2 1.2 1.2 1.2 1.2
IOVDD [V] 0 0 0 0 0-1.8 1.8 1.8
BBVDD [V] 0 0 0 0 0 0-1.2 1.2
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5.2. Power ramping with thermal camera analysis

shape. Such a non-repeatable current drop following an ohmic increase is termed a
‘burn-through’. It indicates a low-impedance power net pair caused by a short fault in
the chip metal stack as discussed later in Chapters 6 and 7. It should be noted that
the power consumption and final steady-state currents vary significantly between HUs
and MOSS sensors at this stage. This variability arises because proper chip reset and
configuration can only be achieved by writing to multiple configuration registers.
The schematic connection diagram is shown for one HU in Figure 5.5a. Currents
are measured with the 4-channel power supply [149] for the power nets AVDD,
DVDD, IOVDD, and BBVDD (return currents are not measured). The PSUB current is
measured with a digital multimeter [150]. If PSUB is applied, an additional power
supply is used. A multiplexer is used to switch between connections of 5 HUs, each
contacted with the breakout board plugged to one high-density connector of the
MOSS testing PCB. The setup and instruments are controlled by custom Python code,
and parameters for power ramp-up are defined in a configuration file and loaded
at runtime. Five HUs are measured automatically, before an operator moves the

breakout board to the next position on the MOSS testing PCB.
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Figure 5.6: Power-on ramp of one HU at PSUB: 0 V. Each plot corresponds to a step as
outlined in Table 5.1. The rightmost plot shows the stable currents with all nets at nominal
voltage. A high transient current, or ‘burn-through’, is visible during the AVDD ramp-up. This
corresponds to the ‘burn-through’ of a short circuit structure in the MOSS chip metal stack.

5.2.1 Hotspot localisation with a thermal camera

Following the observation of low impedance power net pairs in the impedance
measurement, and non-repeatable high transient currents during power ramp-up, a

thermal camera [151] was added to the power ramping setup (Figure 5.5b). The
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thermal camera allows for the identification of areas of high current consumption
through localised heat signatures. Mounted on a motorised linear stage, the position of
the thermal camera is software-controlled. With a field-of-view corresponding to about
one RSU, the thermal camera is automatically positioned above the HU under test
(inside the light-shielded enclosure). The thermal camera sensor has 640 x 480 pixels,
resulting in an approximate 50 um resolution using a close-up infrared lens [152].

Short-circuit failures are located as hotspots visible during the power ramp-up
of a given HU. Correlation with the impedance measurement and power-on curves
enables conclusions to be drawn about potential failure modes.

A semi-automated procedure was developed to identify the hotspots, determine
their position, and map the locations to the MOSS sensor design coordinates. It
was observed that hotspots often disappear, relating to a burn-through of a local
short, permanently changing the impedance of the affected net from low to high
(cf. Figure 5.6, and discussion in Chapter 6).

The following steps are performed to extract the coordinates of a hotspot location
matched to the MOSS global coordinate system. Thermal camera images are recorded
with an interval of 150 ms during the power ramp. These are greyscale (one channel)
images which are stored with a 14-bit depth. The duration of a full power ramp is
approximately 70 s, with approximately 530 images stored. An automated procedure
is used to detect images with hotspots and extract the coordinates semi-automatically.
A user confirms the suggested locations, which are visually marked on-screen during
analysis. An example is shown in Figure 5.8. The primary goal is to accurately

determine the hotspot location.?

0. As an initial step, fiducials on the MOSS chip are defined once and are easily

recognised by computer vision software using the OpenCV framework [153].

2While the temperature of the hotspot can be extracted by converting raw counts per pixel to
temperature via a formula provided by the manufacturer of the thermal camera, the resulting number
is only a rough approximation. The temperature measurement depends on the emissivity and reflectivity
of the object. For example, even at thermal equilibrium, the MOSS sensor and its structure can be
clearly distinguished from the gold-plated copper traces on the PCB and the PCB itself (see Figure 5.8
(a)), although all components are at the same temperature. As an estimate, in the most extreme case,
a hotspot surface temperature of 10 °C above the surrounding MOSS temperature was observed.
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Figure 5.7: One fiducial area used to determine the chip coordinates from the thermal camera
image. The reference feature corner is marked with a circle, and used to map the reference
chip design coordinates and determine the transformation matrix. The black vertical lines in
the bottom half of the image are wire bonds.

Eight locations are matched, and the locations of a corner of a metal structure

is pre-determined in the fiducial image as illustrated in Figure 5.7.

1. After matching the fiducial images to the reference image under test (first image

of the power ramp, before any power is applied), an affine transformation
matrix is estimated using a least squares fit of the fiducial positions to the target
positions of the global MOSS coordinate system. This step additionally allows
the creation of a Region of Interest (ROI), considering only the MOSS sensor
and excluding surrounding PCB structures in the next analysis steps. From the
transformation parameters, the thermal camera pixel equivalent is estimated to
be approximately 42 um x 42 um. Taking into account a slight optical barrel
distortion at the edges of the image of about 1 pixel, a hotspot localisation
accuracy of $100 um can be expected in both directions. For later analysis,
a best-case resolution of 50 um x 50 um and an average-case resolution of

100 um x 100 pum are used.

. Subsequently, all images are scanned by creating the absolute difference of the
first image (no power applied) and each remaining image (powered at different
levels). Only the previously determined ROI is considered in the next steps. For

each of the n difference images, a empirically found global threshold is applied,
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setting values below this threshold grayscale value to 0, followed by a median
blur operation® with a 3 x 3 mask, reducing salt-and-pepper noise*. From these
new images n - I, the averages n- I, are calculated, and subtracted from the
average value of a 5 x 5 pixel mask Ms,s(x, ¥, Izo;) which is scanned over the
image. Looping over all n images the same way, the image which maximises
the difference between the full ROI average and the 5 x 5 pixel mask average is

taken as a candidate I_,,4 for further hotspot analysis:

Ieang = argmax| max |IROI — Ms,s5(x, y, IROI)|
I X,Y€ROI

A selection on which part of the power ramp-up (which power net) to analyse

can be made.

3. To visually highlight the hotspot location, a non-local means denoising step® is
performed on the selected image (after applying difference, thresholding, and
median blur). This allows to determine the contour containing the hotspot,
and the coordinates of the maximum are extracted. This step is crucial for
identifying hotspots which are very faint and not visible in the noisy difference
or original image. During the semi-automated analysis, a user confirms the
hotspots suggested by the analysis software. The centre-of-gravity is calculated
as suggestion if multiple pixels exhibit the peak value. Cases of multiple

simultaneous hotspots exist (cf. Figure 7.3).

4. The transformation determined in step (1) is applied to the operator-selected
hotspot locations, and the coordinates in the MOSS chip-design coordinate

system are stored.

3In a median blur of median filter operation, a mask (or kernel) is scanned over the image, and the
median of the kernel area replaces the central pixel value of the kernel [154].

“Random single pixels of the thermal camera sensor exhibit fluctuating overexposure and/or
underexposure. This effect is called salt-and-pepper noise and is effectively reduced by a median blur
operation [154].

>Non-local means denoising considers an extended neighbourhood of each pixel to be denoised.
The mean of the most similar pixels replaces the original pixel value. Fine structures are preserved
[155].
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Figure 5.8: Thermal camera images and hotspot localisation: (a) The initial state of the HU
prior to supplying power. This is the reference image. The white boxes indicate the fit of
the fiducials used to calculate the transformation parameters to the global MOSS coordinate
system. (b) The image containing the hotspot, found with the procedure described in the text.
(c) Absolute, and (d) denoised difference between the reference image and the image with
the hotspot. The location of the hotspot is shown magnified in the inset. For faint hotspots,
denoising becomes crucial to distinguish the hotspot from noise (see also Figure 7.7).

5.2.2 Chip design correlation

The stored hotspot locations in chip design coordinates are subsequently overlaid with
the chip design. Using KLayout [156], the area around the hotspot location is extracted
from the chip design files with a custom script for further inspection. Additionally, a
correlation with the impedance measurement is made. Power nets affected by a short
(in metal layers M7 and M8) are highlighted in colour for visual representation as
shown in Figure 5.9. Metals M7 are always routed horizontally, while metals in layer
M8 are routed vertically (for the orientation shown here, where the left endcap of the
chip is on the left, cf. Figures 3.14b and 3.15b). The best and average case resolution
windows, as expected from the thermal camera imaging, are overlaid at the extracted

hotspot location. The analysis then checks whether both power nets involved in the
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short are present within either (or both) resolution windows and whether they overlap.
This extraction is done automatically with custom software, and the illustrations, such

as those shown in Figure 5.9, are saved for reference purposes only.
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Figure 5.9: Example of a hotspot location mapping to the chip design (top-down view): The
shorted power net pair is highlighted in red (AVDD) and green (AVSS). The M7 and M8 layer
metals are routed horizontally and vertically, respectively. The extracted hotspot location is
indicated by the central squares for the best, and average resolution windows, respectively.

5.3 Test system for functional tests

To functionally characterise the MOSS sensor, a dedicated test system (see Fig-
ure 5.10d) — referred to as the ‘functional test system’ — was developed. The MOSS
sensor, mounted on the carrier PCB, is connected via 5 high-density 560-pin connectors
to the so-called Proximity boards and 5 FPGA boards. One out of five FPGA-Proximity—
MOSS blocks is shown as a diagram in Figure 5.10a. The readout PC communicates
with the commercially available FPGA boards [157] housing Arrial0 SoC (System
on Chip) modules [158] via USB3. A custom firmware for the FX3 chipset (for USB3
communication) and integrated on the Arrial0 SoC module is used. Each FPGA board
is connected to a Proximity board. Each of the four Proximity boards (excluding the
fifth board for the LEC) interfaces with each 5 HUs of the MOSS sensor via the long
edge pads individually. The custom-designed Proximity boards have the following

functionality (for each HU individually, unless otherwise noted):
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Slow-control communication: Pass through (serial) write and read slow-control

commands between the FPGA and the MOSS chip.
Data readout: Pass through 8-bit parallel (hit) data from the chip for readout.

Power delivery: Supply power to the chip using variable LDOs (Low-Dropout
Regulators), which allow switching of each power domain individually. Supply
voltages are set and controlled via DACs (Digital-to-Analog Converters), inter-
faced over I>C through an I?C channel multiplexer on the Proximity board. All

power domains except PSUB are controlled in this way.

Current monitoring: Measure current consumption individually for each power
domain using shunt resistors (0(0.5 2)) and precision current sense amplifiers.
The resulting voltage is digitised using ADCs (Analog-to-Digital Converters),

interfaced via SPI. The measurement range is tuned to each power domain.

Analogue monitoring: Read analogue output voltages from the MOSS chip’s

monitoring pads.

Override capability: Provide voltages and currents to the MOSS chip’s override
pads via dedicated DACs. These can override the chip’s internal DACs in the

event of a malfunction.

PSUB connection: The global (optional) PSUB voltage for the MOSS chip is
supplied via a LEMO connector on any one of the Proximity boards connected

to the carrier PCB. A separate power supply is used for this.

Automatic identification: Each Proximity board and MOSS chip carrier PCB
includes a unique ID chip, readable via the I*C interface (also routed through
the I°C multiplexer). This enables the automatic identification of components in
the software framework and the application of configuration parameters from a

reference file.
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* Interlock system: All MOSS power domains across all HUs are continuously
monitored. If any current exceeds its limit on any FPGA-Proximity-HU chain, an
interlock signal is generated and propagated via LEMO cables to all connected

Proximity boards and FPGAs, shutting down all MOSS HUs in operation.

* Trigger and busy signalling: LEMO connectors are available to receive an
external trigger signal or to issue a busy signal for triggered readout. An

alternative trigger mechanism was adopted later for convenience (see below).

On a fully equipped test system with five Proximity boards, a total of 256 ADC
channels, 520 DAC channels, and 100 voltage regulators are controlled. Following
initial characterisation, several modifications to the Proximity board were necessary.
These included adjustments to the physical pinout on the high-density connector
to the FPGA, changes to jumper routings, and bug fixes related to the I>C switch.
Additional updates were made to the voltage divider values used for driving LDO
outputs, as well as to the shunt resistor and amplification factors of the current sensing
amplifiers, to better match the actual current consumption of the MOSS chip. A set of
measurements of the DACs is shown in Figure 5.11a and Figure 5.11b for the voltage
mode (12-bit resolution) and current mode (8-bit resolution), respectively. The output
range can be set via I*C commands and was chosen to match the requirements of
the test system, with the shown measurements spanning the required range. All
measurements are well within the specifications of the DACs. Measurements were
performed with a 7%-digit multimeter [150]. Similar tests were performed on the 12-
bit ADCs, together with a precision voltage source [147], to confirm the specifications
and readout modes. Understanding was gained in the operation of ADCs, DACs, and
LDOs, including proper startup, configuration, and stabilisation time (e.g. needed for
reference capacitors to fully charge, where measurements are invalid until a stable
condition is reached). This was critical for the stable operation and monitoring of
the MOSS sensor with the functional test system.

An additional NTC-ADC add-on board (see Figure 5.10c) was developed, allowing

the measurement of the temperature of the MOSS sensor via NTC probes [159]
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Figure 5.10: (a) Schematic diagram of one out of five FPGA-Proximity—-MOSS interfaces. (b)
All boards required for a full test system. The board at the top connects to the LEC of the
chip via one 560-pin connector on the MOSS carrier board. The other four FPGA-Proximity
boards interface with each 5 HUs via each one 560-pin connector. (c) The NTC-ADC board.
One of these boards is connected to (any) FPGA board and allows to measure the MOSS
(board) temperature at 8 locations, and 8 additional voltages. Eight FPGA I/O channels are
additionally available. (d) Fully assembled and installed test system in the laboratory with the
protective cover of the MOSS chip removed. Three power supplies are visible at the top, with
10 individual channels required to power the full test system. The anodised blue aluminium
base plate was custom-made, allowing for fast re-configuration and re-plugging of MOSS
carrier boards.
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Figure 5.11: DAC output voltages (a) and currents (b) for the ranges required in the MOSS
test system.

mounted closely to the chip on the testing PCB. ADCs similar to those used on the
Proximity boards were selected for this purpose. The voltage drop across each NTC,
connected in series with a precision resistor (0.01% tolerance), is measured and
converted to temperature according to the NTC specification. The reference voltage
is generated on the board. The circuit diagram is given in the Appendix A.3. Two
8-channel ADCs are used, one for measuring the 8 NTC temperature probes mounted
on the MOSS carrier PCB, and a second one allowing for probing up to 8 additional
voltages as required. The board is directly plugged into an I/O-connector of any FPGA
board used in the test system. The NTC-ADC board additionally passes through 8
FPGA 1/0 pins, allowing the connection of any logic signals, which was ultimately
used to add a level-shifter board required to supply an external trigger signal used in
test-beam measurements.

The test system software development started with characterisation and control of the
Proximity boards. The test system software framework was then reworked and written
as a Python Application Programming Interface (API), based on which the MOSS

characterisation tests and scans are coded. The basic structure of the API is given
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Figure 5.12: Diagram of the test system API written in Python illustrating the class and
interface structure. Scans and functional chip tests are built upon this API.

in Figure 5.12. Custom FPGA firmware was developed within the group. It is worth
noting that full operation of the test system and MOSS chip is not strictly required for
testing. A single quarter of the chip (e.g., HU1-5) can be operated independently by
connecting just one FPGA-Proximity pair to a corresponding high-density connector
on the MOSS carrier PCB (e.g., the top-left connector).

Exhaustive measurements, from powering to single pixel characterisation, are
performed with the functional test system, as outlined below. Tests are performed
on HUs selected in a configuration file, where operational and test parameters are
defined. Each test, or ‘scan’, creates a result directory in the database for a given
MOSS sensor, where measurement, configuration parameter data, and log files are

stored. Discussed here are scans performed from the long edge of the chip, excluding
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tests of the LEC®. The following scans are used for sensor characterisation and are

typically executed in the sequence outlined below:

* Test system power-up: Prior to running any scans, the test system itself needs to
be powered up. The MOSS chip is placed into the test system, and the Proximity
boards are connected to the MOSS carrier and FPGA boards. Then, the FPGA
boards are powered, and the firmware is uploaded onto the FPGAs. Following
successful FPGA programming, the Proximity boards are powered up. The test

system is now ready for chip characterisation.

* Power-on scan: The power-on scan consists of two stages. First, each HU
is powered up individually by supplying nominal AVDD, DVDD, and IOVDD
voltages, providing a 33.33 MHz clock, toggling the reset signal, starting up the
chip-internal DACs (specifically the bandgap references), and configuring the
chip by writing to the register bank. Currents are measured on each power net
at each power-up stage. If the HU is started up successfully, it is powered down
again, and the next HU is powered up the same way. This sequence is repeated
for every HU to be tested. The second stage of the power-on scan follows if every
HU individually powers up correctly, staying within current limits. Each HU is
then powered on sequentially, keeping the previous HU powered as the next
one is additionally powered up. This is repeated until the full MOSS chip (or all
HUs selected in the initial configuration file) is powered up. Currents are again
measured and written to the results file. If successful, and currents are within
limits, the chip is then kept powered on, and is ready for the next scan stage.
Note: Initially, tests were performed with PSUB at 0 V. For tests with PSUB at
-1.2 'V, the voltage is applied prior to the first power-on scan, immediately after

programming the FPGAs and powering up the Proximity boards.

®Adapted versions of the scans outlined here exist for the operation of the MOSS chip from the
LEC and transferring data over the stitched backbone. These results are not discussed here, however,
excellent agreement in chip configuration and readout was found when operating the chip from the
LEC [7]. In this configuration, the individual HUs are only powered from the long edge as discussed
in Section 3.5.1, with the full chip slow-control and readout from the LEC and across the backbone
structures.
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* Register scan: This scan verifies the integrity of the MOSS chip’s register map
and the functionality of the slow-control communication. The scan begins by
reading the expected default values of the registers immediately after power-
up, confirming proper chip initialisation. Then, a set of predefined values
and patterns — along with one randomly selected value — are written to the
registers and read back to verify correct communication and register behaviour.
The scan concludes by restoring the original reset values through write and
readback operations. In total, 340 out of 402 register addresses are tested. The
remaining 62 registers are intentionally excluded, as they control on-chip DACs
(which could put the analogue frontend into undesired states) and pixel mask
configuration. These functionalities are covered in dedicated scans described

below.

* Shift-register scan: Pixel masks (patterns, stored in registers tested previously)
are written to the pixel matrices via shift registers. Similar to the register scan,
patterns are now ‘shifted in’ and ‘shifted out’, again comparing written and read

values to check for correct functionality.

* DAC scan: Each of the total 80 pixel matrices on a given MOSS chip is biased by
a set of eight 8-bit DACs (four current DACs and four voltage DACs), totalling
640 DACs per sensor (cf. Section 3.5.1). Each DAC output is monitored via
multiplexed access to dedicated output pads, with a linear output response
expected. For current DACs, an external resistor is connected to the monitoring
net and the effective current is calculated by measuring the voltage across the
resistor. The voltage outputs of both current and voltage DACs are measured
using the ADCs on the Proximity boards. Each group of four voltage DACs
and four current DACs within a region shares a dedicated on-chip bandgap
reference, which is also monitored via the multiplexed output pad. They are
used to create on-chip references for the DACs, which are additionally measured
via the monitoring pads. Trimming registers exist such that reference shifts are

corrected during operation of the chip front-end. The reference and DAC output
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values are written out in the results file. During the analysis, the reference
spread, DAC minimum and maximum output, linearity onset and saturation
onset, integral nonlinearity and differential nonlinearity, and fit slope and onset
are extracted. The DAC outputs are always connected to the chip front-end of a
given region. When testing one DAC, other DACs are put in a configuration such
that the front-end stays as inactive as possible, minimising the effect of varying
current consumption should a DAC be scanned through a region of otherwise
high front-end activity. The currents on all power domains are stored during

every step of the DAC scan.

Digital scan: Each pixel on the MOSS chip includes integrated pulsing circuitry.
This scan measures the pixel response to digital pulsing, enabling the first full
exercise of the complete digital readout chain. Since the digital pulsing is
injected behind the discriminator output of the front-end, this test isolates and
verifies the digital data path, independent of the analogue front-end integrity.
Malfunctioning pixels that fail to respond to the pulse are identified during this

process.

Analogue scan: Building on the digital scan, the analogue scan allows to
additionally inject a predefined charge into each pixel front-end, now including
the front-end in the pixel response test. Malfunctioning pixels are stored for
masking, and readout issues, such as corrupted data packets, are logged. Pixels
are classified by comparing the number of injections n;,; to the number of
recorded hits n;;, per pixel (both for the digital and analogue scan): ‘good’
(Mg =n;pn;), N0ISY’ (Mp;e > Nyy;), ‘inefficient’ (ny;, < nyy;), or ‘dead’ (np;, = 0).

Per default, n;,; = 25. One MOSS sensor has 6.72 million pixels.

Fake-hit rate scan: The pixel front-end is set to a nominal working point by
configuring the on-chip DACs. Each pixel matrix is read out n = 100,000
times, without external stimuli or pulsing. The number of hits per pixel is

recorded and the fake hit rate (FHR) calculated for each region as FHR =
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27:01 009% pits,/(n - pixels, qi,n). Pixels with a FHR over a defined threshold

(default: 1%) are masked (typically, less than 3 pixels per region [7]).

* Threshold scan: The pixel front-end is again set to a nominal working point
by configuring the on-chip DACs, at a defined threshold. The injection pulse
(charge) is now varied, by varying one DAC voltage in a pre-defined range.
Every (non-masked) pixel is scanned n;,; = 25 times. The resulting response
allows to extract the threshold and noise for each pixel: Scanning through the
injection pulse height range, the hits are read out and plotted, and a typical
‘S-curve’ or ‘turn-on curve’ is observed. The point of inflection is defined as
the threshold. The derivative of the curve is a Gaussian with mean p at the
inflection point (threshold), and width o representing the pixel noise. Threshold
and noise are stored in DAC code units, and optionally converted to mV or e
from a calibration measurement. For each pixel under test, the full matrix is
read out, and pixels not under test, which still show hit counts, are masked
as noisy and excluded from the threshold analysis. Finally, summary values
per pixel matrix (region) are written to file, including RMS and mean of the

threshold and pixel noise, and the number of noisy and bad (no hits) pixels.

* Source scan and testbeam measurements: For completeness, the source scan
and testbeam measurements are mentioned here. A source scan is nothing else
than a fake-hit rate scan with a radioactive source placed above the sensor,
at varying distances and varying front-end parameters, randomly triggering
the readout n,,, times. The testbeam measurement is done with a dedicated
setup including trigger and tracking sensors, however, for the MOSS readout
a FPGA-Proximity system is used together with the Python API to facilitate a

triggered readout of the MOSS structures.

The very first chip-alive test was performed with the wafer probe card. The
same FPGA-Proximity modules as introduced above were used; however, instead of
connecting to the MOSS carrier PCB, the probe card was attached via the same high-

density connector and extension cables, making contact with a single HU on the MOSS
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chip through probe needles. Following a successful power-up, the first communication
test was an attempt to write to an unallocated register address on the MOSS chip.
This prompted the expected response — 0xXDEAD — confirming communication with

the chip and marking the beginning of the in-depth characterisation campaign [7].
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MOSS Characterisation and Data
Analysis

This chapter describes the measurement procedure, characterisation, and results,

building on the test systems and measurements introduced in Chapter 5.

6.1 Measurement sequence

The measurement sequence for each MOSS chip is outlined below and shown in
Figure 6.1. The data acquired are used for in-depth analyses discussed in the

following sections.

1. Initial impedance measurement: Impedances of all 28 power net pair combi-
nations per HU are measured. Shorts are classified as having an impedance of

below 30 Q.

2. Power ramping: First attempt to power each HU with nominal voltage. Each
power net is individually ramped up in discrete voltage steps, and currents are
measured. The ramp is stopped if individual current limits are surpassed. The
power-up current shapes are stored. Transient high currents are extracted. The
thermal camera is used to monitor the appearance of hotspots, allowing the

extraction of fault locations. Each HU is classified in one of three categories.
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1. 2. 3. 4.

Impedances [—{ Powering — Impedances [—* Functional tests
A

Figure 6.1: MOSS sensor measurement sequence.

3. Impedance measurement: After power ramping, the impedance of all 28 power
net pair combinations per HU is re-measured. Changes in impedance between
the initial impedance measurement and the repeated impedance measurement
are extracted. A correlation with observed hotspots and transient high currents

in the power ramp-up is made.

4. Functional tests: Functional tests are performed on HUs classified as testable in
step 2, using the functional test system. Design structures on the MOSS chip
are tested in detail, including power consumption, chip communication, DAC

performance, pixel response, and noise behaviour as outlined in Section 5.3.

This sequence was defined and refined through multiple iterations of measure-
ments using a set of approximately 10 wire-bonded and PCB-mounted MOSS sensors,
initially supported by the wafer probing system. Thinning and dicing, and assembly
of MOSS sensors on the carrier boards were a continuous process. Ultimately, 84
MOSS sensors, mounted and wire-bonded on carrier boards, were available for testing.
Unless otherwise noted, a set of 80 MOSS sensors with comparable measurements
will be discussed in the following sections. Four chips experienced (partial) physical
damage, were used in destructive tests, or lack complete data for all measurement
steps discussed. Where appropriate, wafer-probing data is additionally added to
increase the data set size to 118 MOSS sensors. While first learnings on the chip
performance were based on a subset of MOSS sensors, and MOSS sensors went
through the measurement sequence at different times, summaries for all MOSS
sensors tested are given where appropriate.

Measurement steps 2 and 3 were repeated multiple times. The power ramp-up
sequence required several iterations to determine the optimal order and configuration

for powering the chip. Additionally, current limits were gradually increased, enabling
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6.2. Impedance measurement results

functional testing of a larger fraction of HUs. This step-wise approach led to repeated
power-up and impedance measurements, as discussed further below.
The following discussion will be largely based on the measurements up to the

register scan, and the information they provide on yield and failure modes.

6.2 Impedance measurement results

Results of the impedance measurements before powering the chip are discussed

in this section.

6.2.1 Empiric definition of shorts at 30 Q2

The main goal of this measurement is to identify short circuit faults between power nets.
Given the high complexity of the chip and parasitic diode structures, it is not feasible
to extract expected, simulated impedance values from the chip design. Attempts to
understand measured impedance distributions above values considered as shorted
did not yield results. No comparisons between chip design and measured values
in the non-shorted case are discussed. Further analysis of impedance distributions,
however, has the potential to support failure analysis of silicon chips, especially when
a reference distribution can be either simulated or measured with an appropriate
number of samples.

The combined impedance distribution for all power net-pair combinations across
118 MOSS chips from 20 wafers is shown in Figure 6.2a (full range) and Figure 6.2b
(up to 150 ). One sensor from wafer 17 was damaged, and one from wafer 24 was
measured at a later stage; both are excluded from this dataset. These measurements
were performed before power was applied to the chips. The chosen global cut at
30 Q is indicated as a dashed line. This threshold was chosen based on the minimum
between the first tail and the rise in the distribution. Diode structures — particularly
on power nets spanning the full sensor — were simulated to yield low measured
impedances, on the order of 50 Q2 [160]. A measured impedance of below 30 Q is

called a short. The observed distributions of impedances for each of the (2) =28
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power net pair combinations individually are given in the Appendix A.4 for reference

(split into top and bottom HUs).
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(a) Full distribution. (b) Partial distribution.

Figure 6.2: Distribution of impedances for all measured power net pair combinations of 118
MOSS chips: (a) Full distribution, and (b) low impedance region with cut at 30  indicated
as dashed line.

6.2.2 Shorts on each wafer

The number of measured shorts per wafer is shown in Figure 6.3a and Figure 6.3b
overall, and split into contributions of the top and bottom HUs of the MOSS chips,
respectively. The type of measurement (wire bonded on the carrier PCB, or wafer
probed) for each wafer is shown in Table 6.1. Four out of 24 wafers produced were
damaged during transport or thinning and dicing. Every wafer measured exhibits
shorts. No MOSS sensor without shorts exists — every MOSS structure contains at
least one HU with a short. The understanding and mitigation of the root cause

of these failures is therefore crucial, as fabrication of ITS3 sensor layers relies on

Table 6.1: Measurements of impedances for all 24 wafers manufactured.

| Wafer [#] | Measurement |

1-8 probed, bonded
9-12 probed

13-14 none, broken
15-16 probed

17 bonded

18-19 none, broken
20-24 bonded
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Figure 6.3: Number of shorts measured for each wafer (a). The number of shorts in the top
half and bottom half of the MOSS chip is similar (b).

high-yield sensor fabrication. A large fluctuation in the number of shorts between
wafers is observed. This is compatible with a hypothesis of a processing issue rather
than a systematic design fault.

A statistically significant difference in the number of observed shorts for odd-
numbered and even-numbered wafers was observed, as shown in Figure 6.4. Two

analyses were performed:

1. Point-biserial correlation: The point-biserial correlation coefficient r,, is an
appropriate choice if one variable is dichotomous, as is the case for the binary
split in odd and even numbered wafers [161]. The split in groups of odd and
even wafers (group 0 and group 1, respectively) is 50/50 with 10 wafers each.
Mathematically equivalent to the Pearson correlation coefficient, the calculation

simplifies to:

M, — M
ry= 0, /0o (6.1)

pb

n

where:

1< ;
= —E X, —X)? 6.2
Sn ni:l( i—X) (6.2)
with:
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Figure 6.4: Number of observed shorts for odd and even numbered wafers with mean values
indicated as horizontal dashed lines. Values for the point biserial correlation (r,,) and Mann-
Whitney U (Uyy) test are shown.
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M,, M; the mean values of the continuous variable X for groups 0 and 1,

* ngy,n,; the sample size of groups 0, 1,

n the total sample size,

s, the standard deviation.

A strong correlation of r,, = 0.7 with p < 0.001 is observed for the number of

shorts split into odd and even numbered wafers.

. Mann-Whitney U test: The Mann-Whitney U is a non-parametric test allowing

to test for significant differences of two independent groups, determining if two
samples come from the same population [162]. The U statistic is defined as the

smaller of:

no(ng+1) ! (n1+1)_

UO == n0n1 + T _RO N Ul == n0n1 + 9 Rl (6.3)

with:

* Ry, R, the sums of the ranks in group 0 and 1, respectively,

* ny+ n, the largest rank after ranking all samples such that the smallest

value obtains rank 1.
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Figure 6.5: Wafer PCM data of sheet and via chain resistances of layers V6/M7 and V7/M8 for
each wafer. Here, data for wafers 13, 14, 18, 19 exist, as these measurements were performed
by the foundry and before wafer breakage.

With ny, = n; = 10 (each 10 odd and even wafers) and U = 92, the straight-
forward interpretation is as follows: For n,-n; = 100 pairwise comparisons,
U = 92 are ranked lower from group O (even wafers) over group 1 (odd wafers),

confirming a systematic difference between the groups with p < 0.001.

Wafer Process Control Monitoring (PCM) data was requested from the foundry.
Around the perimeter of the central area of the wafer containing the 6 MOSS sensors,
there are eight test structure sites incorporated by the foundry. The data indicate that
all structures were within specification. However, a systematic pattern is observed
looking at the data. For example, the resistances of the test structures in metal
layers 7 and 8 (via chains V6, V7 and sheet resistances M7, M8) show clear trends in
the measurements recorded by the foundry during quality control, as illustrated in
Figure 6.5. Red lines indicate the mean values, the box spans from the first quartile
to the third quartile, and the whiskers extend to the farthest data points on either

side of the box. Fluctuating parameter values with odd and even wafer parity are
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6. MOSS Characterisation and Data Analysis

clearly visible for all shown datasets. An additional pattern in parameter values for
wafers 1-13 compared to wafers 14-24 is visible for the V7 chain and M8 sheet
resistance. It is plausible that, for example, odd and even wafers were processed
in separate machines or lines, and wafers 1-13 and 14-24 at different times with
slightly changing process conditions. This is one plausible hypothesis based on the
data available. All parameters are within specification, and no definitive statement
can be made regarding the cause.

When correlating PCM data (Figure 6.5) and the number of observed shorts
measured for each wafer (Figure 6.4), distinct clusters for odd and even numbered
wafers are observed as shown in Figure 6.6. The mean value of each wafer for the
four parameters (V6, M7, V7, M8) is plotted against the corresponding number of
observed shorts for each wafer. The point-biserial correlation r,, is calculated for
each parameter against odd or even wafer parity. All parameters show a strong

(anti-)correlation with odd vs. even wafer numbering.
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Figure 6.6: Correlation of number of shorts for each wafer with wafer PCM data for four
parameters (V6/M7 and V7/M8). The point-biserial correlation coefficient is shown on each
plot for the parameter values in dependence on odd or even wafer parity.
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The number of observed shorts strongly depends on the measured wafer. A
dependence on odd or even wafer numbering is confirmed. Wafer PCM data exhibits
a similar trend, with all parameters within specification. Variations during processing

between odd and even wafers are plausible.

6.2.3 Location of shorts on wafer level

The total number of observed shorts per HU for all measured wafers is shown on
a wafer map in Figure 6.7. A larger density of shorts in the centre of the wafer is
observed. Based on previous experience with MAPS fabrication (such as the ALPIDE
chip), and following communication with the chip design and testing team, yield
loss was rather expected at the edges of the wafer, in contrast to this observation.
Many rotational symmetric manufacturing steps exist during wafer production. For
example, photoresist spin coating, Chemical or Physical Vapour Deposition (CVD/PVD)
of metals and dielectric, electroplating, Chemical Mechanical Polishing (CMP), and
mechanical stress through wafer non-uniformity could lead to a central fault density

gradient (cf. Section 3.4). Without knowledge of proprietary processing steps, it is
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Figure 6.7: Total number of observed shorts for each HU for 20 wafers. An overlay of the
data with the wafer shot map is shown. Each of the 20 HUs per MOSS sensor is shown, with
6 MOSS sensors per wafer split into top and bottom halves.
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not possible to further narrow down the root cause at this stage. Wafer maps split

into odd and even wafers are given in Appendix A.5.

6.2.4 Power net pairs affected by shorts

The distribution of the number of shorts for all (2) = 28 power net pair combinations
is shown in Figure 6.8. No shorts are observed in power net pair combinations with
BBVDD, BBVSS, or IOVDD nets'. Hence, only (;) = 10 power net pair combinations
between power nets AVDD, AVSS, DVDD, DVSS, PSUB exhibit shorts. Furthermore, a
lower number of shorts is visible for power net pair combinations involving the PSUB
power nets. For the set of 10 power net pairs exhibiting shorts, there is no strongly
favoured combination, supporting the hypothesis of a processing issue over a single
systematic design fault. Analogous to Figure 6.3b, an even split in contribution to
the number of shorts for each power net pair combination from top and bottom HUs
is observed. The number of shorts is therefore not correlated with the low and high

integration density of the top and bottom halves of the chip, respectively.
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Figure 6.8: Number of observed shorts for all 28 power net pair combinations. Each bar is
the sum of the contributions of the top and bottom HUs, showing an even split. No shorts are
observed for power net pair combinations with BBVDD, BBVSS, and IOVDD power nets (grey).
Power net combinations with PSUB show a slightly lower number of shorts (highlighted in
red).

'On-chip routing differs for these power nets as further discussed in Section 7.2.
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6.2.5 Observed vs. real number of shorts

HUs with more than one shorted power net pair are observed. The corresponding
distribution of shorts per HU is shown in Figure 6.9a. If none of the 28 power net
pair combinations for a given HU has a short, the observed number of shorts per HU
is 0. The split in odd and even numbered wafers is shown in Figure 6.9b. Each 59
MOSS sensors for odd and even wafers were measured. For even-numbered wafers,
68% of measured HUs have no shorts, and 24% have one short. For odd-numbered
wafers, 32% of measured HUs have no shorts, and 28% have one short (with the
remaining HUs exhibiting more than one observed short).

It is appropriate to discuss the case of multiple observed shorts in more detail.
When more than one short per HU is present, ambiguities and parasitically observed
shorts exist. Consider, for example, three power net pair combinations: AVDD-DVDD,
AVDD-AVSS, DVDD-AVSS, where two power net pairs are shorted. If now the third
power net pair is measured, the shorted chain of the previous two power net pairs
leads to an observed (‘parasitic’) short, although there is no physical short present.
This is schematically shown on the left in Figure 6.10. Considering the 5 power
nets and resulting 10 power net pair combinations, the graph representation in the

centre and right of the image is used.
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Figure 6.9: Distribution of observed number of simultaneous shorts per HU for all wafers
measured (a), and split into odd and even wafers in a stacked representation (b). The zero
shorts bin represents the count of power net pairs with no observed shorts in the tested HU.
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1
AVSS N, PSUB / T~ PSUB

DVDD DvDD

Figure 6.10: Schematic diagram of parasitic shorts for 3 power net pairs (left), and all 10
power net pairs (middle, right). On the left, two shorted net pairs (indicated by the red mark)
lead to three observed shorts. The examples in the middle and right show configurations
(and permutations thereof) with 3 physical shorts (red) leading to 4 and 6 observed shorts,
respectively. The parasitic paths are indicated as dashed lines.

Using the graph representation and the NetworkX library for Python [163], all
permutations of observed and parasitic shorts for 0-10 physical (‘real’) shorts were
calculated. The resulting diagram — shown in Figure 6.11a — illustrates the number of
real shorts, the corresponding permutations, and the number of observed shorts, with
colour coding used to indicate different outcomes. For example, in the case of two
physical shorts, the calculated permutations are 15 independent short pairs observed
as two shorts. Additionally, 30 short pairs with a shared node result in three observed
shorts. In the case of 4 real shorts, it is more likely to observe 10 or 6 shorts, since
only 10/210 permutations lead to 4 observed shorts. Across all scenarios, only 0, 1, 2,
3, 4, 6, or 10 observed shorts occur — there are no valid configurations that produce 5,
7, 8, or 9 observed shorts. This is also visible in Figure 6.9. A negligible number of
cases with 5, 7, 8, or 9 observed shorts appear, but these are attributed to the specific
impedance threshold used in the analysis (see discussion below).

It must be taken into account that shorts exhibit non-zero impedance, and a chain
of real shorts (i.e. a series connection) that leads to a parasitically observed short may
exceed the 30 Q threshold. The distribution of impedances with exactly one short is
shown in Figure 6.11b. A fit with a Moyal distribution is performed to estimate the
Most Probable Value (MPV) [164]. The longest chain creating a parasitically observed
short is 4 real shorts in series. Given the shape of the short distribution, the most
probable value of a short of O(7 2), and median of O(9 ), the cut-off for a short in

Figures 6.9a and 6.9b is exceptionally set at 50 Q2 to account for most parasitic shorts.
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Figure 6.11: (a) Calculated permutations and observed shorts (binary) for pairwise shorts
of 10 net pair combinations: 5, 7, 8, 9 observed shorts do not exist as calculated from the
parasitic paths. (b) Distribution of impedances for shorts: Only HUs with one short are
considered. The median and MPV from a Moyal fit [164] are shown on the graph.

It is now possible to run a simple simulation, attempting to match the distribution
of Figure 6.9b. The following assumptions are made (including information from

analyses performed later in this work):
* The underlying distributions of shorts for odd and even wafers differ.

* The probability for a short in a given HU (separately for odd and even wafers)
follows a Poisson distribution. However, as shown in Figure 6.7, the spatial
distribution of shorts across the wafer is non-uniform. To account for this

non-uniformity, a composite distribution is introduced:

Ake™™ Ak e

P(k; f, A1, A0) = f - 1k! + (A=) zk!

(6.4)
the sum of two weighted Poisson distributions with:

- f,(1—f) the weights of the first and second Poisson distribution,
- A4, A, the means of the first and second Poisson distributions,

— k the number of shorts.
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This model allows the simulation to reflect regions with differing defect densities
(e.g., central vs. peripheral areas) and better reproduce the trends observed in

the data.

* The probability for each power net pair to have a short is not equal and therefore
weighted. The four PSUB net combinations have a weight of 0.6, all other net

pairs have a weight of 1.0 (see also Figure 6.8 and Figure 7.8d)

* It is possible to have more than one short affecting the same power net pair
of the same HU. This is counted as one observed short, as it is not possible to

discern from impedance measurements alone.
The simulation is then performed as follows, separately for odd and even wafers:

* Generate a set of ‘real’ short counts following the dual Poisson distribution for

0-10 shorts with each n = 1,000, 000 tries.

* Generate the ‘real’ short distribution by picking random pairs of shorted power
nets (weighted for PSUB net involvement), according to the set of simulated

short counts.

* Generate the ‘observed’ short distribution, calculating all possible parasitic paths

and avoiding double counts for > 1 short on a given net-pair.

A global fit is then performed separately for the observed shorts for odd and
even wafers. The parameters A,, A,, f of the distribution defined in Equation 6.4 are
varied to minimise the error, quantified as the sum of squared differences between the
normalised simulated distribution and the normalised measured data. The measured
data (target) are normalised as counts in bin i = 1,...,10 (observed shorts) over

the sum of all observed shorts:

count in bin i
Ii= S . (6.5)
D.._, count in bin j
j
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Figure 6.12: Measured and simulated observed shorts per HU for even (a) and odd (b) wafers.
Counts are normalised for comparison. The unweighted error E(8) is quoted here.

Similarly, simulation counts, with parameters 6 = (1,, A,, f ), are normalised as:

5:(0)
S(0)= —5—— (6.6)
PIIH(:)
The error is then defined as:
10
E(6) =Y w[Si(0)— T, (6.7)
i=0

with w; optional weights (for example, to not consider the error on 5, 7, 8, 9 observed
shorts in the measured data, or weighting each bin according to frequency assuming
a Poisson distribution in each bin).

A simple grid search of all combinations © of varied parameters 0 is then per-
formed, finding the set of parameters 6* = (4], A}, f*) which minimise the error E(0)
as:

0" = arg%ggE(G). (6.8)

Further error minimisation was performed with a differential evolution solver
integrated in the Python SciPy framework [165, 166].

The resulting simulated and measured observed short distributions for odd and
even wafers is shown in Figure 6.12, respectively.

The odd and even combined distribution of the number of simulated ‘real’ shorts

(underlying distribution) and the resulting simulated observed shorts are shown
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Figure 6.13: Simulated real number of shorts, and corresponding distribution of observed
shorts. The data are stacked for odd and even wafers, respectively. The distribution of
simulated observed shorts closely matches the distribution of measured observed shorts (cf.
Figure 6.9Db).

in Figure 6.13, closely matching the measured distribution of observed shorts in
Figure 6.9. For comparison, the simulated data was scaled to the same number of
HUs without shorts as in the measured data.

A comparison of the number of total measured observed shorts and simulated
real and observed shorts (scaled) is given in Table 6.2. This allows for the estimation
of the fraction of real/observed shorts. Overall, approximately 75% of observed
shorts correspond to actual physical shorts. After correcting for parasitic shorts,
odd-numbered wafers exhibit a factor of ~ 3.8 more estimated real shorts than
even-numbered wafers (without correction, the factor is 4.5 for observed shorts on
odd vs. even-numbered wafers).

Note: To arrive at the total number of ‘real’ or ‘observed’ shorts, for > 1 short per

HU, the count (number of occurrences of e.g. 2 shorts per HU) needs to be multiplied

Table 6.2: Comparison of total number of measured (meas.) and simulated (sim.), observed
(obs.) and real shorts. The number of simulated shorts was normed to the number of observed
shorts in the measurement for direct comparability. The number of real shorts can only be
estimated from simulated data.

| Dataset | Obs. (meas.) | Obs. (sim.) | Real (sim.) | Real/Obs. (sim.) |

Odd [#] 2950 2962 2151 73%
Even [#] 649 674 564 84%
Combined [#] 3599 3636 2715 75%

108



6.3. Powering results

by the number of ‘real’ or ‘observed’ shorts.

As before, and for the remainder of the text, no distinction is made between ‘real’
and ‘observed’ shorts, as the former can only be inferred through statistical estimation.
The number of shorts is treated as the number of observed shorts. Consequently;,
the number of shorts per wafer, HU, and power net pair should be regarded as
worst-case estimates, albeit unlikely.

Understanding and solving the short-circuit failure mode is crucial for successful
fabrication of the final ITS3 sensor layers. At the observed failure density, a reliable

ITS3 construction would not be feasible.

6.3 Powering results

The results of measurements with the power ramping setup will be discussed in this
section. First, a classification of operational HUs will be made before analysing the
power-on currents in more detail. Discussion of thermal camera images, analysis,

and interpretation follows in Section 7.1.

6.3.1 Classification of Half Units and powering yield

First, powering of the MOSS chip is performed according to the method outlined in
Section 5.2. The presence of shorts required an iterative process, increasing current
limits stepwise and using functional tests to ensure the chip was not being affected. The
first measurements were performed at PSUB = 0V (ground potential), as the operation
of the chip was foreseen in this configuration. However, at a later stage, it became clear
that the chip needed to be operated at PSUB = —1.2V to access its full performance?.

Results here will be quoted with PSUB =0V and PSUB = —1.2V. It was observed,
and at that point understood, that shorts can (often) be opened by a ‘burn-through’,
without harming the remaining chip. Additionally, after the root cause of the shorts
was confidently established, the current limit was increased to 500 mA, attempting to

open a maximum number of short faults. The current limits on the power nets used to

2Test beam measurements, especially after chip irradiation, revealed that for high detection efficiency
at low fake-hit-rate, reverse bias is needed to speed up charge collection, reduce device capacitance
and improve the S/N ratio [7].
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6. MOSS Characterisation and Data Analysis

test the chips in three systematic iterations of power ramps (ramp 1, ramp 2, ramp 3)
are shown in Table 6.3. Nets with current limits of 500 mA always reach nominal
voltage; however, a lower cut (operation current limit) is made for operation in the
functional test system. A persistent high current above operational limits typically
results in a persistent hotspot, visible with the thermal camera.

Note: A further increase in current, leading to potential additional burn-throughs,
would only be possible by increasing the supply voltage, which would damage the chip.

To establish testing parameters, additional variations of the three power ramps
discussed here were performed on subsets of chips, for both PSUB =0V and PSUB =
—1.2V. For safety, the operational limit of 25 mA on the PSUB net is, in case of
ramp 3, applied after the initial PSUB power ramp-up. lL.e. if during any of the
subsequent power net ramp-ups, the 25 mA current limit on PSUB is surpassed, the
power ramp is stopped and marked as unsuccessful.

Three classifications of power ramping outcomes are defined:

* OK-I: Power ramp-up of all power nets to nominal voltage, without transient

high currents.

* OK-II: Power ramp-up of all power nets to nominal voltage, with transient high
currents (burn-throughs). This corresponds to a jump in current (cf. Figure 5.6),
and an impedance change from low to high on at least one power net pair. For
easy classification across many iterations of power ramping measurements, a

change of impedance on at least one power-net pair combination from low

Table 6.3: Power net current limits during power ramp measurements and for further operation
of the chip in the full test system. The current limit on PSUB is only applicable if PSUB is
powered.

Power net Current limit Current limit Current limit Current limit
(ramp 1) [mA] | (ramp 2) [mA] | (ramp 3) [mA] | (operation) [mA]
AVDD 100 500 500 100
DVDD 100 500 500 100
I0VDD 10 10 10 10
BBVDD 50 50 50 50
PSUB n.a. n.a. 500/25 n.a./25
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6.3. Powering results

(< 309) to high (= 509) is used to identify a burn-through on a given HU.
Alternatively, a relative impedance increase of more than 500% for a given
power-net pair is considered an accurate indicator of a burn-through. Cases
with more than one burn-through during power ramp-up for a given HU are
observed. Burn-throughs are commonly accompanied by a disappearing hotspot

visible with the thermal camera.

e LIMIT: Power ramp-up of all power nets to nominal voltage with persistent
high current, or failure to ramp up all power nets within current limits. A
persistent hotspot is commonly observed with the thermal camera, indicating

an unrecoverable short.

A set of 82 and 80 sensors from 14 wafers (84 MOSS sensors in total, two
broken during assembly) mounted on the testing PCB were measured, at PSUB =0V
and PSUB = —1.2V, respectively. Two assembled and PCB-mounted MOSS sensors
were partially damaged and/or used for destructive testing between power ramping
measurements. Data are shown for the 80 MOSS sensors contained in three datasets
for ease of comparison. The resulting distributions per wafer, and summary pie charts
for odd and even wafers, are shown in Figure 6.14, Figure 6.15, and Figure 6.16
for ramp 1, ramp 2, and ramp 3, respectively. Comparing ramp 1, and ramp 2, it is
evident that with a higher current limit, more HUs can be powered within operational
limits. As a result, the fraction of sensors classified as ‘OK-II’ increases, while the
fraction classified as ‘LIMIT’ decreases. HUs without any shorts always pass the power
ramp and are categorised as ‘OK-I’, with 11 exceptions where a short has a value
between 30-50Q2 (and the ramp is classified as ‘OK-IT"). Overall, 791/1600 (49%)
HUs without shorts exist, all completing the power ramp-up. The larger fraction of
‘OK-T’ of 61% for ramp 1 and ramp 2 is attributed to the fact that shorts between
ground nets or supply nets at the same potential do not contribute to a powering
yield loss (see also Section 6.4).

Ramp 3 shows the results when applying PSUB = —1.2V. More ground net shorts
(PSUB-AVSS, PSUB-DVSS) need to be opened by burn-throughs. These shorts do
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Figure 6.14: Ramp 1: Powering yield (80 sensors). PSUB = 0V, AVDD/DVDD compliance
limit: 100 mA. ‘LIMIT’ refers to HUs reaching the compliance limit.

100 ¢

80 1

Percentage [%]

20

60 1

40+

3 Ok
EEE OK-l
3 uMmiT

12345678910 12 14 16 18 20 22 24

Wafer [#]

4 :
35%
51%

= OK-

I OK-ll
3 uMmIT
ODD: 780 HUs
EVEN: 820 HUs
ALL: 1600 HUs

Figure 6.15: Ramp 2: Powering yield (80 sensors). PSUB = 0V, AVDD/DVDD compliance

limit: 500 mA. ‘LIMIT’ refers to HUs with currents above operational limits.

100 ¢

801

Percentage [%]

20

60 1

40

3 Okl
EE OK-l
3 uMmiT

12345678910 12 14 16 18 20 22 24

Wafer [#]

= OK-I

I OK-lI
/3 LMIT
ODD: 780 HUs
EVEN: 820 HUs
ALL: 1600 HUs

Figure 6.16: Ramp 3: Powering yield (80 sensors). PSUB = —1.2V, AVDD/DVDD/PSUB
compliance limit: 500 mA. ‘LIMIT’ refers to HUs with currents above operational limits.
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not affect powering at PSUB = 0V, as the nets are on the same ground potential.
The fraction of operational HUs stays the same for even-numbered wafers (with
an increase in the fraction of OK-II classified HUs). Odd-numbered wafers show
a significantly reduced operational fraction compared to PSUB = OV. The data
show, that this fraction is dominated by wafer 3 and wafer 17, with > 50% HUs
exceeding operational limits. More conservative operational limits on the PSUB
power net (25 mA, see Table 6.3) lead to a reduction of operational HUs and an
increase of the fraction of ‘LIMIT’.

Generally; it is observed that repeated power ramping can lead to additional burn-
throughs on all remaining shorted power-net combinations. Shorted power net pairs
with AVDD or DVDD, therefore, are at least a factor of 3 more often attempted to be
burnt through compared to PSUB to ground net shorts. In particular, MOSS sensors
from wafers 17-24 underwent a higher number of initial iterations at PSUB =0V,
using lower current compliance limits.

Powerable HUs on a wafer map level are shown in Figure 6.17 after ramp 1,
ramps 2, and ramp 3, respectively. The quoted percentages refer to the number of
powerable HUs relative to the number of MOSS sensors present per wafer position
(1-6), accounting for any broken chips. A correlation between the distribution of
powerable HUs and distribution of number of shorts (see Figure 6.7) is evident
for ramp 1 and ramp 2. The increase in powerable HUs after ramp 2 highlights
the impact of the higher current compliance, which leads to an increased number
of successful burn-throughs.

The distribution after ramp 3 differs. This is driven by three effects: (1) Repeated
power ramping on AVDD and DVDD power nets further increases the HUs within
operational limits at PSUB = 0V. (2) PSUB power nets are global nets that span the
entire MOSS chip and connect across all HUs. Due to the operational current limit of
25 mA (see also Table 6.3), parasitic current paths both within individual HUs and
across the full MOSS chip lead to non-powerable HUs. Each HU has separate AVSS
and DVSS ground nets. A short between PSUB and individual ground nets, therefore,

does not lead to a global short. Such a short contributes, however, to a global leakage
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6. MOSS Characterisation and Data Analysis

increase. (3) A coupling of PSUB and the global backbone nets (BBVDD/BBVSS) was
observed (see Figure 6.18). This is understood to arise from protection and parasitic
diode structures, whose presence and behaviour vary across sensors. This coupling
leads to an increase in current on the PSUB power net during the ramp-up of the
BBVDD net, occasionally exceeding the 25 mA operational current limit. It is worth
noting that a more centrally peaked gradient in powerability is again observed when
powering units within the functional test system, where BBVDD was not applied and

the PSUB current limit was partially increased to 50 mA (see Appendix A.6).

Percent of HU powerable [%]

RSU1 RSU2 RSU3 RSU4 RSU5 RSU6 RSU7 RSU8 RSU9 RSU10

(a) Ramp 1. PSUB = 0V, AVDD/DVDD compliance limit: 100 mA.

Percent of HU powerable [%]

RSU1 RSU2 RSU4 RSU5 RSU6 RSU7 RSU8 RSU9 RSU10

(b) Ramp 2. PSUB =0V, AVDD/DVDD compliance limit: 500 mA.

Percent of HU powerable [%]

RSU1 RSU2 RSU3 RSU4 RSU5 RSU6 RSU7 RSU8 RSU9 RSU10

(c) Ramp 3. PSUB = —1.2V, AVDD/DVDD/PSUB compliance limit: 500 mA.

Figure 6.17: Powerable HUs per number of MOSS sensors (for each position 1-6) tested.
Results after ramp 1, 2, and 3 are given in (a), (b), and (c), respectively.
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6.3.2 Power-on endpoint currents

The currents in the powered-on state, completing the power-on ramp (ramp 2
at PSUB = 0V and ramp 3 at PSUB = —1.2V) are given in Figure 6.18a and
Figure 6.18b, respectively. For the case of PSUB = 0V, the measured PSUB current
is the measured return current between the AVSS/DVSS ground nets and the PSUB
net (see Figure 5.5a). No difference in distributions was observed between the
top and bottom HUs. Currents exceeding the operational limits are included for
completeness; however, it is required that HUs successfully complete the full power
ramp to be considered powerable.

Following observations are made (Figure 6.18):

* The PSUB current distribution, both at 0 V and —1.2 V has a peak at below
O(5mA) with a smooth falling tail. The BBVDD current distribution closely
matches the PSUB current distribution, and a strong correlation is observed
(Pearson r > 0.82,p < 0.001). This correlation is attributed to a coupling
between the backbone power nets and the chip substrate via protection diode
structures and parasitic diode structures. Note that for PSUB = —1.2V, a cut-off
in PSUB current is visible at 25 mA — the power ramp current limit after initial
PSUB bring-up (where the limit is 500 mA). The few entries above 25 mA are
due to misconfiguration of the measurement setup, not stopping the power

ramp at 25 mA.

* AVDD and DVDD power nets exhibit a factor O(3) and O(50) wider distribution
comparing PSUB =0V and PSUB = —1.2V, respectively. This is a substantial
effect, particularly for the DVDD current spread at PSUB = 0V, which was
unexpectedly large. This behaviour is explained as follows: The chip’s internal
reset requires the setting of a register, which is not done automatically at power-
up. Additionally, to start up the so-called bandgap references, which provide a
reference voltage to the internal DACs, separate registers need to be toggled via

the slow-control interface for each HU. If these configurations are not properly
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Figure 6.18: Endpoint currents of all HUs completing the power ramp-up (including outliers

outsid

e operational limits) for (a) PSUB = 0V and (b) PSUB = —1.2V. The last bin in

each histogram is an overflow bin. For comparison, the axis limits are matched between (a)
and (b). Therefore, an inset for both AVDD and DVDD at PSUB = —1.2V is used for better

repres
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entation of the current distribution.

set, the DACs provide non-controlled voltages and currents to the chip front-
end, which in turn consumes a range of power given the ill-defined working
point, leading to a spread in the AVDD currents. Since the front-end and the
discriminator output are always active when AVDD is supplied, this leads to
significant and uncontrolled digital activity, reflected in the large spread of
DVDD currents. If the chip front-end is in an ill-defined working state, the
discriminator output can be strongly active (it is not possible to switch off the
chip front-end and/or discriminator output), translating to high activity on
the digital domain, visible as very large spread of the DVDD currents. This
behaviour is illustrated in Figure 6.19a. Using the functional test system, each
HU is powered up and configured by (1.) applying power, (2.) supplying a
clock signal, (3.) applying the reset, (4.) toggling the bandgap references and
configuring the registers. Only after the last configuration step, the chip enters

a well-defined operating state, with stable and uniform current draw in both
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Figure 6.19: Power consumption on analogue and digital domains for one MOSS sensor
(10 top and 10 bottom HUs) during the power-up sequence in the functional test system at
PSUB =0V (a) and PSUB =—1.2V (b).

the analogue and digital domains. During the power ramp-up measurement, it
is not possible to configure the chip, and therefore, the endpoint currents carry

limited information.

In the case of PSUB = —1.2V, the chip behaviour is different. Applying PSUB
changes the chip front-end response, resulting in reduced activity even when
on-chip DAC settings are ill-defined. This is plausible, as each transistor PWELL
and the chip substrate (PSUB) are on the same potential, effectively shifting
transistor working points and the collection diode response. This leads to the
aforementioned reduction in the spread of endpoint power-on currents after
power ramp-up. Similarly, the power-up sequence with the functional test
system changes (see Figure 6.19b): current consumption on the digital domain
increases after supplying a clock signal and remains constant. The analogue
domain currents still exhibit some spread given the ill-defined DAC states, and

reduce after start-up and configuration of the DACs.

After power ramping without chip configuration, the AVDD currents typically

range from 2 to 25 mA, and DVDD currents from 1 to 75 mA at PSUB = 0V.
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6. MOSS Characterisation and Data Analysis

Currents up to O(100mA) are observed to fall into a well-defined state after
configuration in the functional test system (cf. Figure 6.19a). At PSUB =—1.2V,
AVDD and DVDD currents are mostly well-behaved even without configuration,

with ranges of 2 to 15 mA and 1 to 2.5 mA, respectively.

* IOVDD currents remain below 1 mA, with the measurement precision limited
by the power supply resolution limit of 0.1 mA. Such a low current is expected,
as the IOVDD domain, responsible for the signal level translation between 1.2 V

(on-chip) and 1.8 V (off-chip), is inactive during initial power-up.

The power ramp measurements provide a first indication and an upper limit of

the number of functional HUs on one MOSS sensor.

6.3.3 Burn-through current and voltage

The distribution of burn-through currents and voltages is discussed here. The last
measurement point (voltage—current pair) before a burn-through is used as a metric.
A simple threshold criterion was applied: a drop of more than 10 mA between two
consecutive measurement steps (each with a fixed voltage increment of 100 mV)
during the power ramp-up of any power net. Only data from HUs with at least one
impedance change from low to high, with endpoint currents within operational limits,
are considered. Data from ramp 1, ramp 2, ramp 3 are combined. Overall, 730 jumps
are detected, and the resulting distributions are shown in Figure 6.20. Histograms
are stacked, i.e. each bin indicates the PSUB, AVDD, and DVDD contribution to the
number of bin entries. Burn-throughs are classified as AVDD if, during AVDD ramp-up,
a short to AVSS, DVSS, or DVDD is opened. Similarly, burn-throughs are classified
as DVDD if, during DVDD ramp-up, a short to AVSS, DVSS, or AVDD is opened. If
PSUB is involved, the jump is classified accordingly — either if a short to PSUB occurs
during AVDD or DVDD ramp-up, or, in the case of ramp 3, during PSUB ramp-up
(note that —1.2 V is mapped to +1.2 V in this context) with a short to AVSS or DVSS.

This chosen classification explains the seemingly larger PSUB contribution.
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The discrete binning in the voltage histogram stems from the discrete voltage
steps during power ramp-up.

A burn-through does not require a high current: 83.4% of measured burn-throughs
appear at a current below 100 mA - the operational limit for AVDD and DVDD power
nets. Less than 1.7% of burn-throughs require currents above 200 mA. These moderate
currents do not pose any danger to the chip power supply network.

In conventional ‘smoke tests’ of silicon chips, the devices are typically immediately
powered with the nominal supply voltage. Given these data, it is clear that a burn-
through would therefore not have been detected, and the chip simply classified as
‘OK’, masking a potential underlying processing defect and reliability concern. The
use of impedance measurements and slow power ramp-up are powerful tools for

early fault detection.
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Figure 6.20: Distribution of burn through currents (left) and voltages (middle). Histograms
are stacked, with each bin the sum of the PSUB, AVDD, and DVDD contributions. A 2D
histogram correlating burn-through currents and voltages is shown on the right, with a distinct
concentration around the maxima of both individual distributions.

6.4 Post power impedance measurement results

After power-ramping the chip, the impedances are again measured. Changes of
impedances from low to high (short to no short) are observed. For comparison, this
section focuses on the 80 MOSS sensors that were mounted on the carrier PCB and

systematically evaluated using the power ramping setup.
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Impedance measurements taken before applying power (pre-powering), after
power ramp 1 (post ramp 1), and after power ramp 3 (post ramp 3) are compared.
Details of the ramping procedures are provided in Table 6.3.

In Figure 6.21, the number of observed shorts for each wafer, split into top and
bottom HU contributions, is shown for the three measurement steps. The split of
top and bottom HU contributions to the number of observed shorts is equal across
all three datasets. With increasing current limits, and powering the PSUB net, the
number of burn-throughs increases, leading to a reduction in observed shorts. After
ramp 3, 84% of observed shorts are opened up.

The number of observed shorts per power net pair combination is shown in
Figure 6.22 before powering, after ramp 1, and after ramp 3, respectively. The
initial distribution (Figure 6.22a) matches the distribution discussed in Section 6.2.4.
After ramp 1, a pattern emerges, and four power net pair combinations need to

be discussed further:

* AVSS-PSUB & PSUB-DVSS: The ground nets AVSS and DVSS, and the PSUB
net are held at the same 0 V ground potential prior to ramp 3. Therefore,
no burn-throughs will appear on AVSS-PSUB and PSUB-DVSS power net-pair
combinations. HUs successfully pass the power ramp regardless of the presence
of a short. The reduction in the number of observed shorts between pre-powering
and post-ramp 1 is attributed to the reduction of parasitically observed shorts
(cf. Section 6.2.5). After ramp 3, where PSUB is ramped to —1.2V, AVSS-PSUB
and PSUB-DVSS are burned through as well. The number of observed shorts
each reduces to below 20 across all 1,600 measured HUs from the 80 MOSS

SEnsors.

* AVSS-DVSS: The ground nets AVSS and DVSS of the analogue and digital
domain, respectively, are always held at the same 0 V ground potential (off-chip).
There are no burn-throughs observed on this power net pair. The reduction
in observed AVSS-DVSS shorts is again due to a decrease in the number of

parasitically observed shorts by opening real shorts with burn-throughs.
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Figure 6.21: Observed shorts per wafer prior to powering (a), after ramp 1 (b), and after
ramp 3 (c). The contribution of shorts in top and bottom HUs is equal, with counts quoted in

the legends.
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Figure 6.22: Observed shorts per affected power net-pair combination prior to powering (a),
after ramp 1 (b), and after ramp 3 (c¢). Contributions of top and bottom HUs to the number of

observed shorts for each power net pair are equal. See text for discussion of distinct patterns
in (b) and (c).
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Figure 6.23: Observed simultaneous shorts per HU before powering (a), after ramp 1 (b), and
after ramp 3 (c). The fraction of no observed shorts increases, for both odd and even numbered

wafers. The number of simultaneously observed shorts is strongly reduced, especially for
odd-numbered wafers.

* AVDD-DVDD: Both AVDD and DVDD, the supply nets of the analogue and digital

domains, respectively, are nominally powered to 1.2 V. During power ramp-up

of a specific power net, the other domains are held at 0 V with the power supply.
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If a short exists between AVDD and DVDD, and, for example, the AVDD domain
is powered up, the DVDD domain is pulled up as well, as the power supply
does not provide a negative voltage to force the DVDD net to 0 V. Therefore, an
AVDD-DVDD short can lead to parallel power-up of the analogue and digital
domains. Shorts between AVDD and DVDD can, however, burn through if the
current through the short is high enough to open it. After ramp 3, the number
of remaining AVDD-DVDD shorts is approximately five times higher than for
other power net-pair combinations (excluding AVSS-DVSS). An AVDD-DVDD
short does not reduce the powering yield, however, as the two domains are

operated at the same potential of 1.2 V.

The distribution of simultaneously observed shorts per HU is shown in Figure 6.23
before powering, after ramp 1, and after ramp 3, respectively. Here, distributions
for odd and even numbered wafers are shown separately (as a deviating underlying
failure density was established). The number of no shorts (‘0’) increases with the
opening of short circuits. The counts of simultaneously observed shorts are strongly
reduced, especially for odd-numbered wafers.

As stated above, after ramp 3, 84% of observed shorts are opened up. Excluding
observed shorts on AVDD-DVDD and AVSS-DVSS power nets, which do not contribute
to powering yield loss, 114 observed shorts remain after ramp 3 — a fraction of 5%
of observed shorts prior to first powering.

In terms of HUs after ramp 3: 292/1600 HUs (18%) still exhibit at least one short.
Excluding AVDD-DVDD and AVSS-DVSS shorts, this fraction reduces to 73/1600 (5%).
The apparent discrepancy with the 13% of non-powerable units at PSUB = —1.2V
(see Figure 6.16) is explained by the operational 25 mA current limit on the PSUB
supply net, which may restrict successful powering without necessarily correlating
with a remaining short®. In case of PSUB = 0V, shorts on power net pairs AVSS-

PSUB and PSUB-DVSS do not contribute to a powering yield loss, and a remaining

3Note: Technically, particularly on odd-numbered wafers, and from the observed failure density,
there have to be shorts on some of the stitched M7 power nets spanning the full MOSS sensor. Shorts
there are not directly measured and will likely cause increased leakage current, contributing to the
yield loss.
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61/1600 (4%) of HUs exhibit at least one short — precisely matching the overall
powering yield loss in Figure 6.15.

6.5 Thermal camera results and short fault mechanism

By extracting the fault location using the thermal camera, it is possible to correlate
the chip design locations with the shorted net pairs. As such, a detailed hypothesis on
the short fault mechanism is formed — involving M7 and M8 metal layers — which is
statistically tested and confirmed. Focused Ion Beam-Scanning Electron Microscopy
(FIB-SEM) allows for (destructive) analysis of MOSS chips’ metal stack cross sections.
The hypothesised short faults at the extracted fault locations were found, confirming
both the hypothesised failure mode and the failure analysis method developed in this
work, which combines impedance measurements, power ramping, thermal camera,
and chip design correlation for robust fault detection and classification. Given that
burn-through currents are on the same order as operational currents, the present
short-failure mode would have been missed without dedicated measurements, with
the measurements presented providing powerful tools for future chip characterisation.
A corresponding article can be found at [8], which was presented at [167]. The
MOSS chip metal stack was manufactured as a custom configuration in a collaborative
effort with the foundry, and the results of the failure analysis allowed for pinpointing
the issue in a constructive dialogue.

An in-depth discussion of the thermal camera results, correlation with impedance
and powering measurements, hypothesis formation and validation, and FIB-SEM

cross-sectioning can be found in Chapter 7°.

6.6 Yield extrapolation

The powering yield, i.e. fraction of HUs that are successfully powered, was previously
discussed in Section 6.3.1. The short failure mode discovered is attributed to a process-

ing fault and is not expected to impact future devices (see Chapter 7). Furthermore,

4This Chapter might not be visible to you, as access is (temporarily) restricted. Contact the author
or Bodleian Libraries, Oxford, for more information.
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Figure 6.24: Yield drop-out plot for each step of the functional test sequence, excluding any
powering yield loss due to shorts in the metal stack. The yield as measured, and corrected for
known limitations of the design, is shown. Figure adapted from [7].

mitigation measures such as replacement and an adjusted routing strategy of the upper
metal stack will additionally ensure the issue is eliminated. Hence, an extrapolation
of the powering yield loss for the final ITS3 sensor (see also Section 3.6), based on
the short-circuit failure mode, is not relevant.

It is, however, appropriate to discuss the functional yield, not impacted by short-
circuit faults. An exhaustive measurement campaign using the functional test system,
as outlined in Section 5.3, was conducted. All HUs classified as ‘OK-I’ and ‘OK-ITI’
after the thermal camera power ramp-up — termed ‘powerable’ — were tested (see
Figure 6.16), and no correlation between burn-throughs (‘OK-II) and any functional
yield loss was observed. This is in full agreement with M7-M8 metal layer shorts,
which, once burnt through, do not impact the operation of a given HU. The functional
characterisation is detailed in [7]. A summary of yield losses per chip ‘region’ (cf.
Figure 3.11) at each stage of the functional characterisation is given in Figure 6.24.
The power-on stage here represents the power-on in the functional test system of only
powerable HUs (‘OK-I’ and ‘OK-II), all of which pass this stage. The final functional
yield, normalised to regions, is 90.0% and 98.3%, as measured, and excluding design
constraints, respectively. The MOSS chip employs a simplistic readout architecture,
resulting in pixel matrix yield loss during readout. These failures were expected at

the design level, and are classified as design constraint contributions which will not
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Figure 6.25: Per-region functional yield for each measured wafer, considering powerable
HUs exclusively.

be featured in the final sensor design [7]. The best-case, average functional yield
of all 80 tested MOSS sensors on the region level is therefore Y, = 98.3%. This is
an optimistic view, as excluded regions due to design constraints could have other
faults, and new failures in a future chip design are possible (however, as there are
two more chip submissions, further design corrections can be implemented, and the
MOSS functional yield excluding chip design constraints is used for extrapolation).

To illustrate wafer—wafer yield fluctuations, the ultimate functional region yield for
each measured wafer is shown in Figure 6.25, and ranked from highest to lowest. The
mean of the best half (MOSS, . 500,) = 99.4% and worst half (MOSS ;o 5006) = 97-2%
is shown to indicate a range. The absolute number of powerable, and therefore func-
tionally tested HUs and regions varies for each wafer (see powerable HUs, Figure 6.16).

From the MOSS functional yield, the required wafer lot size (accounting for the
design granularity of the final chip) to build one ITS3 consisting of 6 layers with

a certain dead fraction, is estimated:

* The MOSS region yield is, for an estimate, assumed to follow a Poisson distribu-
tion. The number of MOSS chips as a function of the fraction of regions with
failures is roughly Poisson distributed (see Appendix B, including a correction to
the Poisson model). No spatial gradient in the number of failures across wafer

locations was observed. The area of the MOSS (excluding LEC and REC, which
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6. MOSS Characterisation and Data Analysis

were not tested here) is 10-(25.5 mmx14 mm), with 20-4=80 regions. The
per-region area is therefore A, = 44.625mm?. The MOSS failure density D,,
for a given region yield Y, is then calculated as (following a basic Poisson-based

yield model [110]):

[nY,

DM(Yr) = A

(6.9

* The MOSS failure density is then scaled to the design granularity of the final
ITS3 sensor with 144 tiles and a per-tile area of A, = 35.32mm? (from a total
chip area of 19.56 mmx260 mm excluding REC and LEC, cf. Section 3.6), giving
a per-tile pass probability of

Prite =€ 1A (6.10)

* The wafer-pass probability P,.,, for a dead-fraction df, a total of 720 tiles per

wafer, and the number of allowed dead tiles k,,,, = |df - 720] is then:

k
max 720 .

Pwafer:Z( k )(1_ptile)kpt7ii? k' (611)
k=0

This represents an upper limit, as in the case of ITS3 layers LO and L1, sections of
the wafer can be selectively cut out and used — provided their local dead-fraction
remains within acceptable limits — even if the overall wafer dead-fraction exceeds

the specified threshold.

* Finally, the smallest wafer lot size of integer N, where n, = 6 accepted wafers
(with a dead fraction below df) are expected for a chosen confidence level C

(e.g. 95%) is calculated as:
YN
in(N) : p". (1-P N=ne > C. 6.12
mln( ) HZ::G(na) wafer( wafer) = ( )

In Figure 6.26, the required wafer lot sizes for various dead fractions d f of the final
ITS3 sensor layers are shown, when extrapolating from the MOSS functional region
yield. At the MOSS average scenario of a 98.3% region yield, which is considered as

representative of transferable failures to the final sensor, 10 wafers suffice to build
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6.6. Yield extrapolation

one full ITS3 detector with 6 sensor layers at an ITS3 dead fraction of < 2%. The
target dead fraction for the final ITS3 is quoted as below 2% in the Technical Design
Report; however, it is not considered a hard limit [6]. Given a sufficient wafer lot
size, wafer-to-wafer fluctuations increase the probability of a subset of wafers with a
higher yield. This is illustrated by the average worst-half (MOSS,, . s0%) and best-half
(MOSSye: 500 Yield. A wafer lot size of N = 20 can therefore be considered a safe
number to achieve a mean ITS3 dead fraction of less than 2%. Ultimately;, it is foreseen
to produce a wafer lot of N = 50, with the target of manufacturing two full ITS3
detectors (one spare). Considering that for layers LO and L1 only parts of a full wafer
are needed, and two more chip submissions are planned, the wafer lot size of N = 50
is a reasonable choice to achieve a < 2% ITS3 dead fraction.

The effect of dead tiles on the ITS3 performance in terms of pointing resolution
and tracking efficiency is further discussed in Chapter 8, where higher dead fractions

are additionally investigated.

50
ITS3 dead fraction
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s- df = 5.0%
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........ {(MOSS) =98.3%
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Figure 6.26: ITS3 yield extrapolation and required wafer lot size considering different
accepted ITS3 dead tile fractions.
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Failure and Root Cause Analysis

This chapter discusses in detail the correlation of hotspot locations, impedance

measurements, and power ramps, forming the basis for a hypothesis regarding the

ettt J¢ | ¢ | | ‘¢ ¢ §J]
5 5 ¢ J§ 0 § [§ [itEWa
pothesis is then tested statistically, validated, and examined in the context of the
observed phenomena. The chapter introduces the Focused Ion Beam Scanning
Electron Microscopy (FIB-SEM) technique, which is used to investigate the failure
mechanism further. To validate the hypothesis, a cross-section of the MOSS chip
was prepared at the identified fault location, and the suspected defect was imaged

using electron microscopy.

The chapter originally presented here cannot currently be made
freely available via the Oxford University Research Archive (ORA).

Contact the author or Bodleian Libraries Oxford for further
information.
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7.1. Thermal camera measurement results
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7.2. Hypothesis formation on failure mode
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7.4. FIB-SEM system
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7.5. Sample analysis
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7.6. Root cause, mitigation, and reliability
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Effect of Dead Areas on the ITS3 Physics
Performance and Optimisation Strategy

This chapter discusses the effect of dead tiles in the final ITS3 sensors on the physics
performance of the Inner Tracking System (ITS). After introducing the simulation
framework, the impact on tracking efficiency and pointing resolution is discussed. A
ranking method is introduced to assess the feasibility of using a Machine Learning
(ML)-based model to predict the optimal sensor layer arrangement for the final detector.

Finally, the impact of dead tiles on the AT reconstruction efficiency is discussed.

8.1 Simulation framework and procedure

The ITS3 detector performance simulation is based on the ALICE O? framework [72].
The following steps are performed to generate the data samples used in the per-

formance study:

* The upgraded version of the ALICE ITS with the new ITS3 inner barrel is included
when building the O? simulation framework. For the performance study, the
PYTHIA 8.311 pp event generator [ 74] is used at 4/s = 14 TeV, and the beam pipe
and ITS are included as detector components. In total, 400 batches of n = 2000

events were generated (with a 500 kHz interaction rate and 32 orbits at each
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8. Effect of Dead Areas on the ITS3 Physics Performance and Optimisation Strategy

approximately 90 us). The interaction point location varies along the z-axis
with a Gaussian width of o;, = 6 cm. To assess the geometrical track acceptance
and performance of the ITS3, the pp event generator was chosen over Pb-Pb to
speed up the simulation process. It provides a pion p; — 1 spectrum covering

the region of interest for the studies performed here.

The event digitisation is based on the pixel response of the currently installed
pixel detectors, but mapped to the granularity and geometry of the ITS3. The full
ITS3 geometry and material budget are taken into account, including physical
gaps and non-sensitive on-chip areas. Cross-section views (xy-plane, yz-plane)
of the digitised ITS3 inner barrel and full ITS barrel are shown in Figure 8.1. In
this step, individual tiles of the ITS3 detector are optionally turned off, based

on a so-called ‘deadmap’ (see below).

Finally, clusterisation and tracking are performed in the reconstruction step.
Longitudinal and transverse pointing resolution and tracking efficiency are

calculated (see also Section 2.4.1).

8.1.1 Deadmap generation

To simulate the performance of the ITS3 in scenarios where random tiles are non-

functional and switched off, multiple deadmaps were generated. Specifically, sets

of 500 deadmaps were produced for each overall ITS3 dead fraction df [%] €

{1,2,5,10}. An example of one layer L1 sensor plane for the upper barrel half

with a 2% dead fraction is shown in Figure 8.2.

The total number of dead tiles is constant for each dead fraction of 1, 2, 5, 10%,

however, the distribution of dead tiles across the individual ITS3 detector layers (LO,

L1, L2) naturally fluctuates between configurations.
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Figure 8.1: Digitisation step: For one batch of n = 2000 events, the stored hits in the ITS3
and full ITS are shown. (a) and (b) illustrate the x y-plane inner barrel hits and full ITS barrel
hits, respectively. The equatorial gap and gaps between sensor segments are visible in (a).
(b) and (d) illustrate the recorded digitised yz-plane hits for the inner barrel and full barrel,

respectively.
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Figure 8.2: Example of a deadmap for the upper ITS3 L1 layer with an overall ITS3 dead
fraction percentage of 2%. The dead tiles are marked in red. One segment, marked in blue
for illustration, consists of 144 tiles. One L1 half-layer consists of 4 segments.
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8. Effect of Dead Areas on the ITS3 Physics Performance and Optimisation Strategy

8.2 ITS3 pointing resolution and tracking efficiency

The simulated ITS3 pointing resolution and tracking efficiency are discussed for
the case of fully functional sensor planes (i.e., with no deadmap applied). On-chip
areas without pixel coverage are implemented (such as periphery, in between tile
and RSU, and segment gap, cf. Section 3.6), as well as the mechanical equatorial
gap (see Figure 8.1a). The following studies are based on primary charged pions,
given their high abundance at transverse momenta p; < 10 GeV/c, in line with
current benchmarks [6]. Unless otherwise noted, a |n| < 1 cut is applied consistent

with standard analyses.

8.2.1 Pointing resolution

The pointing resolution is computed for both the longitudinal z-plane (DCAz) and
transverse x y-plane (DCAXxy), analogous to Section 2.4.1. Combining 300 batches of
simulations without deadmaps (entire ITS3 functional), the reference performance
for 0.05 < p; < 10.00 GeV/c is extracted. Tracks with at least one hit in the ITS3
detector are selected to later ascertain the effect of dead tiles on the pointing resolution
performance. If only tracks with three hits (clusters) within the ITS3 (hits in each
layer) were selected, there would be no effect on the pointing resolution (albeit
a lower number of overall tracks, which is discussed for the tracking efficiency
degradation). The DCA of each track within pre-defined p; slices is stored in two 2D
histograms (DCA vs. p;), separately for the longitudinal and transverse planes. For
every pr slice, the pointing resolution, now called DCAy,., ,;(pr), is obtained as the
width of a Gaussian fitted to the 1D projection of that slice. The corresponding bin
error GDCA{Xy’Z}(pT) is the 1o uncertainty of the fitted width returned by the Minuit
minimiser [ 169] within the used ROOT 6.32 framework [170]. The per p,-bin DCAxy

and DCAz resolution are shown in Figure 8.3a and Figure 8.3b, respectively.
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Figure 8.3: Pointing resolution in the transverse plane (a) and longitudinal plane (b) as a
function of particle momentum. Pions are used as reference particles for momenta up to
10 GeV/cand |n| < 1.

8.2.2 Reconstruction efficiency

The achievable track reconstruction efficiency depends on the tracking algorithm. For
the discussion of efficiency loss due to dead areas in the sensor, the ‘Primaries Good’

definition is used throughout (with pions as reference particles):

N

reco,primary(pT)

effPrimariesGood(pT) = (81)

5
Ngenerated,primary(pT)

where the denominator histogram represents every Monte Carlo (MC) primary
pion within |n| < 1, and the numerator histogram contains all successfully (‘good’)
reconstructed tracks. Fakes, which could inflate the efficiency, are ignored. Therefore,
all clusters of the track belong to the same particle that produced them. Overall,
four consecutive hits in the entire ITS are required for successful reconstruction. The
resulting reconstruction efficiency is shown in Figure 8.4, with a fully functional
ITS3 inner barrel. The binomial standard error per p; bin is obtained, treating the

distribution of reconstructed/not-reconstructed tracks as a binomial process.

8.3 Effect of dead tiles on pointing resolution and
tracking efficiency

Using 100 batches of base simulations to speed up analysis, the digitisation and

reconstruction steps were rerun, now including deadmaps. For each of the four
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Figure 8.4: Tracking efficiency for the ‘primaries good’ criterion (see text). Pions are used as
reference particles for momenta up to 10 GeV/c and |n| < 1.

investigated overall ITS3 dead fractions df [%] € {1,2,5,10}, 500 random dead
tile distributions (i.e., deadmaps) were generated. For each deadmap, the 100
base simulations were used to calculate the corresponding pointing resolution and
reconstruction efficiency as introduced above. The resulting loss in performance is

then obtained by comparison to the baseline (fully functional ITS3).

8.3.1 Pointing resolution degradation

For each deadmap configuration and each p.-bin, the transverse and longitudinal
pointing resolution are calculated (based on the 100 base simulations). The DCAxy
and DCAz values for 500 deadmap configurations at a dead fraction of df = 2% are
shown for 0.30 < p; < 0.35 GeV/c in Figure 8.5a and Figure 8.5b, respectively.
The DCAxy and DCAz values with deadmaps, DCA; eadmap follow a Gaussian
distribution. The mean and standard deviation are extracted for each p;-bin (same
binning as in Figure 8.3) from a Gaussian fit. For each p;-bin the pointing resolution

loss is then calculated as a relative difference

deadmap full
pravire, - DM P (Pr) = DCAGy(Pr)

Lieva) DCA™ (pr)

(8.2)

with DCA’;;‘;IZ}(pT) the detector performance without dead tiles (no deadmap

applied). The corresponding per p,-bin uncertainty is calculated as
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Figure 8.5: Pointing resolution in the transverse plane (a) and longitudinal plane (b) for
500 deadmap configurations at a dead fraction of 2%. A Gaussian fit is performed for all 500
configurations and shown on the right-hand side. The baseline performance without deadmaps
(cf. Figure 8.3) is shown as a red band for the corresponding 0.30 < py < 0.35 GeV/c p-bin
resolution and uncertainty.
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The resulting loss in pointing resolution in the transverse plane (DCAxy) for
the studied dead fractions df [%] € {1,2,5, 10} is shown in Figures 8.6a, b, c, d,
respectively. The loss in pointing resolution in the longitudinal plane (DCAz) is
given in Appendix A.8.

At very low transverse momenta (p; < 0.2 GeV/c¢), the pointing resolution is
dominated by multiple scattering, and the impact of dead tiles on the achievable
resolution is therefore reduced. The lowest (p; = 0.075 £ 0.025 GeV/c) and highest
(pr = 7.5+ 2.5 GeV/c) bins are statistically limited, given the smaller number of
reconstructed tracks, and excluded from the analysis. In the range of p; = 0.2-

2.0 GeV/c, the loss in pointing resolution is directly proportional to the dead fraction
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of the ITS3 — the dead fraction is about a 1:1 predictor of the worst-case pointing

resolution degradation in the transverse plane at momenta below O(5GeV/c) and

dead fractions of 1 to 10%. The loss in pointing resolution in the longitudinal plane

is approximately 50% smaller: This can be attributed to the finer granularity of tiles

in z-direction (260 mm/72 tiles ~ 3.6 mm per tile) compared to the larger arc length

per tile in the transverse xy-plane (e.g. for LO: 120 mm (circumference)/12 tiles =~

10 mm/tile). Furthermore, the solenoidal magnetic field bends charged particle tracks

primarily in the x y-plane, while a straight-line fit suffices in the z-direction.
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Figure 8.6: Pointing resolution loss in the transverse plane for dead fractions of 1% (a),
2% (b), 5% (c), 10% (d). Each 500 random configurations were generated, with every
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(d) df = 10%.

configuration applied to 100 batches of base simulations during the digitisation step.
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8.3.2 Reconstruction efficiency loss

In equivalent fashion to the pointing resolution study, the reconstruction efficiency

loss is calculated for each simulated deadmap configuration and p;-bin. A Gaussian

fit is performed, and the resulting loss is shown in Figure 8.7. The reconstruction

performance depends on the algorithm applied, which in the current implementa-

tion requires at least four consecutive hits in the full ITS. In the shown p; range,

tracks are lost if they are not successfully extrapolated to the vertex, and where

hit information from the ITS3 is required. This effect is especially noticeable for

low momenta < 1GeV/c.

Overall, the loss in reconstruction efficiency is observed to be less than 50% of
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Figure 8.7: Efficiency loss (‘Primaries Good’) for dead fractions of 1% (a), 2% (b), 5% (c),
10% (d). Each 500 random configurations were generated, with every configuration applied
to 100 batches of base simulations during the digitisation step. Note that for (c) and (d), the

lowest bin residuals lie below the limit of the plot axes.
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the corresponding ITS3 dead fraction. For example, at the highest simulated ITS3
dead fraction of 10%, the observed loss in reconstruction efficiency is observed to
range from approximately 2% to 4% for 0.1 < p; < 10.0 GeV/c. Momenta below
pr < 0.1GeV/c are shown to illustrate the tracking efficiency turn-on, with the lowest
bins suffering from a low number of entries, and carrying no significant information

regarding reconstruction efficiency loss.

8.3.3 Deadmap ranking

A ranking of the deadmap configurations is studied in terms of transverse (DCAxy) and
longitudinal (DCAz) pointing resolution, and reconstruction efficiency. The fractions of
dead tiles in each of the ITS3 layers, and the percentage of dead tiles in each layer that
lie in the outer region of the ITS3 detector, are studied. The outer region is here defined
as the large-z part with 50% of the total layer area distributed within the left and right
ends of the ITS3 detector, as illustrated for the upper L1 sensor plane in Figure 8.8.

Deadmaps are generated with well-defined overall ITS3 dead fractions (see
Section 8.1.1), but varying fractions of dead tiles within each layer. Shown here

are rankings for overall ITS3 dead fractions of 2% and 5%, and selected p; bins.

Outer region Outer region

(Left) - (right)

Figure 8.8: ITS3 outer region definition as used for each layer. The area within the outer
region (left and right part) is 50% of the total layer area.

Ranking by pointing resolution

Each of the 500 deadmap configurations is ranked from best DCAxy or DCAz res-

olution to worst resolution for a given p;-bin. Given the Gaussian distribution of
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Figure 8.9: Ranking of 500 deadmaps for an overall ITS3 dead fraction of df = 2% each:
Ranked by ascending (a) DCAxy, and (b) DCAz performance.

configurations (see Figure 8.5), a sigmoidal ranking is expected. As example, the
deadmap rankings for a dead fraction of 2% and 0.30 < p; < 0.35 GeV/c are
shown for both transverse (DCAxy) and longitudinal (DCAz) pointing resolution in
Figure 8.9a and Figure 8.9b, respectively. For the DCAxy ranking, the corresponding
DCAz resolution is shown, and vice-versa. A similar trend is observed, indicating a
correlation between the two performance metrics.

The fraction of dead tiles in each of the ITS3 layers (LO, L1, L.2) when ranked
according to the transverse and longitudinal pointing resolution for p; bins 0.30 <
pr < 0.35 GeV/c, 0.5 < p; < 0.6 GeV/c, 0.9 < p; < 1.0 GeV/c are shown in
Figure 8.10 for an overall simulated ITS3 dead fraction of 2%. Similarly, in Figure 8.11,
data is shown for an overall simulated ITS3 dead fraction of 5%. For better illustration
of the trend, smoothed lines are overlaid on top of the single configuration dead
fraction layer split. These are calculated as rolling-window means (window length 15)
for each layer individually. As expected, the best-performing configurations show the
lowest percentage of per-layer dead fractions in layers LO and L1, with the highest layer

dead fraction in L2 (the overall ITS3 dead fraction is constant across all configurations).
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Figure 8.10: Per-layer dead fraction for an overall simulated ITS3 dead fraction of 2%, ranked
according to DCAxy (a, b, ¢) and DCAz (d, e, f). The smoothed line represents a 15-unit

rolling window.
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Figure 8.11: Per-layer dead fraction for an overall simulated ITS3 dead fraction of 5%, ranked
according to DCAxy (a, b, ¢) and DCAz (d, e, f). The smoothed line represents a 15-unit

rolling window.
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Figure 8.12: Fraction of dead tiles within each ITS3 layer located in the outer part. All data
are at a momentum of 0.30 < p; < 0.35 GeV/c.

The trend is inverted for the worst configurations, where the least per-layer dead
fraction is in L2. This trend is observed across the entire studied p;-range, and all
simulated ITS3 dead fractions, in agreement with the principles outlined in Section 2.3.

The same DCAxy and DCAz ranking sequences are used to analyse the distribution
of dead tiles within the outer fraction of the ITS3 as defined in Figure 8.8. Four plots
show a similar trend in Figure 8.12 at 0.30 < p; < 0.35 GeV/c. The results indicate
that the overall pointing resolution is less affected when dead tiles are located in the
outer regions of the ITS3. This is due to the lower number of reconstructed tracks
at higher pseudorapidity |n| > 0.8, and the Gaussian distribution of reconstructed
vertices around z = 0 with 0 = 6 cm. With a lower probability of tracks originating
from an interaction point far from z = 0, both ITS3 ends contribute less to the
overall performance.

Additionally, the pointing resolution degrades at higher ||, as tilted tracks traverse
more material (higher MS contribution), and produce larger, more elongated hit

clusters. The dead tile fraction in the outer section naturally shows higher fluctuations
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for the overall ITS3 dead fraction of df = 2% compared to df = 5%, given the
smaller total dead tile count and therefore higher probability of observing a large
fraction within or outside the ITS3 outer region.

From these observations, two qualitative conclusions can be drawn: to maximise
ITS3 performance in terms of transverse and longitudinal impact parameter resolution,
a detector configuration should be chosen where most dead tiles are (1) located in

layer L2, and (2) within the outer regions of the detector along the z-direction.

Ranking by reconstruction efficiency

Analogous to the ranking according to DCAxy and DCAz, a deadmap configuration
ranking is performed based on reconstruction efficiency. The dead fraction per layer
and dead fraction in the outer fraction are shown in Figure 8.13 for an overall ITS3
dead fraction of df = 2% and df = 5% at 0.30 < p; < 0.35 GeV/c. The per-layer
dead fraction exhibits a flat trend, indicating that the ranked efficiency is independent
of the number of dead tiles per layer. The track reconstruction efficiency is strongly
algorithm dependent, with the layer in which a hit is recorded in the ITS3 contributing
little to the overall performance. For the outer-region dead tile fraction, a similar
trend as for the pointing resolution ranking is observed: the outer fraction of the
ITS3 contributes less to the overall performance, due to the smaller number of tracks
traversing those regions. Therefore, the best-ranked deadmap configurations show

a higher number of dead tiles in the outer region for each layer.

8.3.4 Qualitative two-condition approach for detector optimi-
sation

Two practical guidelines can be derived for allocating sensor planes with a given

dead tile distribution to the ITS3 detector layers:

* As discussed in Section 2.3, to achieve the best impact parameter resolution, the
innermost layer needs to be as close to the interaction point as possible (while
minimising the material budget, reducing the MS contribution). Therefore, the

sensor layers with the least dead fraction should be chosen for the innermost
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Figure 8.13: Efficiency ranked data are at a momentum of 0.30 < py < 0.35 GeV/c for a
ITS3 dead fraction of 2% (a, b), and 5% (c, d). Per-layer dead fractions and outer region
fractions are shown, respectively.

layer LO for the best impact parameter resolution. This is in agreement with
the trends visible for the DCAy,, ,; loss ranking, where the best configurations

show the least dead tiles per layer in the innermost layers LO and L1.

 For most physics analyses, a pseudorapidity cut at |n| < 1 is performed. The
probability of tracks originating from an interaction point far from z = 0
decreases (o = 6 c¢cm), such that both ends (in g-direction) of the ITS3 detector
contribute less to the overall performance. Dead tiles in these regions, therefore,
have a lesser impact on the overall ITS3 performance. This trend is observed
both for DCAy,., ,; loss and reconstruction efficiency loss rankings of deadmap

configurations.

In summary, a qualitative allocation strategy is to select wafers such that the
innermost ITS3 layers contain the fewest dead tiles, particularly in the central (z ~ 0)

region of the barrel.
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8.4 Optimisation of ITS3 layer geometry using an ar-
tificial neural network

The selection of sensor layers for the final ITS3 detector poses an interesting optimi-
sation problem. A manufacturing lot of O(50) wafers will be produced for the final
detector and tested with a wafer probing system. This process will identify which
wafers, and parts of wafers, have the highest functional yield. The question then is:
how should wafers be diced to create layers LO, L1, L2 for a full ITS3, and how should
the layers be arranged to maximise the ITS3 performance? The combinatorial space of
possible sensor layer arrangements is large, making this a non-trivial optimisation task.

To explore one possible route toward geometrical optimisation, an Artificial
Neural Network (ANN) surrogate model of the detector is employed in the dis-

cussion that follows.

8.4.1 Number of permutations of ITS3 layer arrangements

Six wafers are needed to create one ITS3 barrel® (cf. Figure 2.8b): two each for layers
LO, L1, and L2. The number of permutations for assigning a given wafer to a specific
layer is n,,, = 6! = 720, as illustrated in Figure 8.14a.

Additionally, there are 2 and 3 possible ways to cut layer L1 and LO out of a wafer,
respectively. This is illustrated in Figure 8.14b. Since two sensors per layer are needed,
the total number of cutting permutations is n_, = (3)7, - (2)7, - (1)7, = 36.

For a single set of 6 wafers needed to manufacture one ITS3 detector, a total of
n,, = n,,-n, = 25,920 permutations of wafer-to-layer and layer cutting exist. This
number is the number of deadmap configurations that would need to be simulated as
shown above, to extract the best-performing configuration. Currently, on a machine
with 48 cores and 128 GB RAM, 100 deadmap simulations (threaded on 48 cores)

take about 10 hours to run. It is therefore feasible to simulate all permutations

for a single set of 6 wafers (~11 days, and less with increased compute power).

1Ultimately, two fully functional ITS3 barrels are planned to be produced (altogether 12 sensor
planes); however, the present discussion focuses on a single ITS3 barrel, with the approach being
scalable to both barrels.
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Figure 8.14: (a) Graphical representation of all 720 permutations of wafer-to-layer allocation
for 6 sensor layers made from 6 distinct wafers. Each column represents one permutation,
where each wafer is allocated to a unique layer. E.g. for the first 120 permutations, wafer
#1 is allocated to layer LO-top, and all other wafers are varied in layer allocation. (b) Wafer
cutting permutations for LO (3 ways), L1 (2 ways), and L2 (1 way) sensors.

However, the six wafers will be selected from a larger production lot, which results
in a much larger combinatorial space.

For example, if 10 wafers meet the basic requirements to be considered as
potential ITS3 layers, the total number of layer arrangement permutations becomes:
(160 ) -1, = 5,443,200. For 20 accepted wafers, this number increases dramatically
to 1,004,659,200. It is therefore not feasible to run the full simulation process
for every permutation.

After introducing the qualitative two-condition approach in Section 8.3.4, an
alternative route is explored here: using a surrogate model to predict the layer

geometry with optimal performance (for a given performance parameter, see below)

8.4.2 Neural network model training

For this feasibility study, one parameter — the loss in pointing resolution in the
longitudinal plane DCAz — was taken as a measure to maximise the ITS3 perfor-
mance. An artificial neural network, more specifically a Deep Neural Network
(DNN), was trained on the simulated deadmaps and corresponding DCAz loss Ly, =
(DCA‘;eadmap — DCAJ; uty / DCA’; 4l (this is not the Joss function’ of the DNN, but the
predicted performance parameter). To simplify the input space, the deadmap was

binned such that each group of 12 tiles (i.e., one RSU) was treated as a single unit.
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Figure 8.15: Schematic illustration of the DNN with input layer i, three hidden layers h;, and
scalar output o. The input layer is concatenated from three separate input vectors for each
ITS3 layer (see text).

This reduces the input parameter space by a factor of 12 (in an extended version of
the model, the full granularity could be conserved). The loss in impact parameter
resolution in the range of 0.3 GeV/c to 0.5 GeV/c was chosen (where the loss is
approximately flat), eliminating the need to include p; as an additional input feature.
Altogether 3000 fully simulated deadmaps with dead fractions of 2, 5, 10% are used
to train the model®. The model has 288 input parameters (3456:12 binned ITS3 tiles),
which are split into input vectors (branches) for each ITS3 layer (LO: 72, L1: 96, L2:
120). The model has one scalar output, the relative DCAz loss, on which it is trained.

The model architecture is a multi-branch multilayer perceptron (MLP) [171]. A
conceptual diagram is shown in Figure 8.15. The three input branches (hence, ‘multi-
branch’), corresponding to the three ITS3 layers, allow for tuning the model capacity
(and regularisation) for each layer individually (while allowing to probe activations of
each layer-specific path). The outputs of the three branches are concatenated into a
single combined input layer i with 208 features (after branch-specific pre-processing:
Ly — 80+ L, — 64+ L, — 64 features). This vector is forwarded through a stack

of three fully connected hidden layers h; (‘deep network’) with decreasing sizes of

2This dataset was generated with an O? version containing a bug with a cut-off ITS3 volume in
z-direction by about 3 cm, with negligible impact on this feasibility study
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256 — 128 — 64 nodes. An artificial neural network with more than one or two
hidden layers is commonly referred to as a deep neural network (DNN) [172, 173].

Each layer is followed by batch normalisation (BN), rectified linear unit activation
function (ReLU), and a 10-20% dropout during training (see below) [174-176].
The final linear node o produces the learned residual correction Af,(x) as one
scalar output. The network predicts, for a given deadmap configuration x, the

dimensionless relative DCAz loss:

J)=folx)= Afg(x) + E(x) , (8.4)
— ~—~—
learned residual ~ empirical tuning
where
2
E(x)=[e +0.8] > w;(df,); (8.5)
j=0

with overall ITS3 dead fraction d f, layer dead fraction df; and layer weight w.
The empirical tuning term was introduced (similar to e.g. [177]) to improve the
learning of deadmap variations for low overall dead tile fractions, resulting in an
approximately 15% improvement in prediction accuracy during training.

The model is trained by minimising an uncertainty-weighted mean-squared error:

[fo (x)—y:]°
2

(02

1

Lerr(e;xi:yi: O-i) = ) (86)

where x; is the deadmap configuration, y; is the ground-truth relative DCAz loss,
and o; the corresponding uncertainty. The goal of the DNN training is to find a
set of learnable parameters 6*, which minimises L,,. on the training data, while
generalising to unseen deadmap configurations. The learnable parameter set 6 =
{Wli, bi, .., Wh bl WP° b°}, contains the weight matrices W' and bias vectors
b! of the entire network, for inputs i (three branches 1-3), hidden layers hy, h,, hs,
and final output layer o. Weight matrices encode the connection strengths between
consecutive layers [, with the corresponding bias vectors providing per-unit offsets to

steer node activation. Together they implement the affine transformation for a hidden

layer as h; = ¢ (W'h,_, + b'), with the ReLU activation function ¢ (z) = max(0,z) (BN
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is applied afterwards, and omitted here for clarity).

The DNN is implemented with the PyTorch framework [178]. The full available
dataset 2, based on N = 3000 deadmap configurations and relative DCAz loss
for 0.3 < p;r < 0.5 GeV/c, is split into a final test set &, a training set &, and a

validation set ¥. The partitions are:

2 :A{(x, Yy, o) =F U UY, |F|=0.1N, |7|=0.72N, |¥| =0.18N.
(8.7)
All partitions are randomly drawn. The final test set & is set aside to evaluate
the fully trained model. The training set J and validation set ¥ are used to train
and validate the DNN. For every training step t (‘epoch’), the training loss ,‘ft(:iin

and validation loss fv(g are calculated as follows:

* Training loop: The entire training set J is shuffled and partitioned into K
mini-batches { %, }%_, of size m = I%t(k)l = 64. The per-batch loss is then:
1
Lbatch(e; '%) = E Z Lerr (9: Xis Yis O-i) . (88)

X1,Yi,0 1€ B
Each mini-batch is processed once per epoch t, with K = |7 |/m iterations per
epoch. One iteration refers to one optimiser update on one mini-batch. The
Adam optimiser is used with a default weight decay of A = 10~* and starting
learning rate n = 5-107* [179]. Each iteration, conceptually, performs the

parameter update

006 _n(vel’batch(e; %)_i_le) (89)

The epoch-level training loss is the arithmetic mean of (8.8) over all K mini-

batches of epoch t:
K
1
© _ . apk
ztrain - EZLbatch (Qt: ‘%t( )) (8.10)
k=1
Note: During the training loop, a ‘dropout’ is active, randomly masking 10-20%
nodes in the DNN. Each mini-batch, therefore, sees a different thinned network,

preventing any single sub-network from dominating, and ultimately leading to

better generalisation.
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Figure 8.16: Examples of training loss (a) and validation loss (b) curves, with the selected
model highlighted.

* Validation step: At the end of each epoch, the error is calculated on the entire

validation set as (‘dropout’ is inactive)

z(t)_i Z [f@t(xi)_yi]z
val |nf/| O.2 .

(x,yi,0:)€V i

(8.11)

The validation loss is a deterministic estimate of the generalisation error. During
training, it is monitored to both adjust the learning rate n) if stagnation is

detected, and stop the training loop when the validation loss plateaus.

Training loss and validation loss for each epoch of the model training are shown
for a selection of six runs in Figure 8.16a and Figure 8.16b, respectively. The higher
absolute training loss stems from the 10 to 20% dropout. The oscillations in the
validation loss curve are expected, since it is computed once per epoch (rather than
averaged over mini-batches), on a smaller dataset. The oscillations reduce after epoch
50, where the learning rate 7 is halved for the first time (after stagnating average
improvement of the validation loss). For the six runs illustrated, the learning rate
and the patience parameters of the scheduler and early stopping were varied as
hyperparameters (see below). For each fully trained candidate model, the set-aside
final test set & is used to evaluate the model performance. In Figure 8.17a, the
performance of the selected model (highlighted in 8.16) is shown. For previously
never-seen deadmaps, the model predicts the relative DCAz loss, which is compared

to the actual DCAz loss (as simulated). As shown in Figure 8.17a, the predictions
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Figure 8.17: (a) Predicted and actual relative DCAz loss for the set-aside final test-set &.
The red dashed line indicates perfect correlation. The three distinct data clusters correspond
to a2, 5, 10% ITS3 dead fraction, respectively. (b) Residual error on the prediction, with a
Gauss fit overlaid. No bias (|| < 10™*) and a o = 0.27% error spread are observed.

are distributed along the perfect-correlation line (dashed red), demonstrating strong
agreement. Three clusters are visible, corresponding to an overall ITS dead fraction of
2%, 5%, and 10%, respectively. The residual error is shown in Figure 8.17b, following
a Gaussian distribution centred at zero (Ju| < 10™*) with width o = 0.0027. The
model, therefore, does not introduce an upward or downward bias while successfully
generalising to unseen data. The selection of the DNN model was based on the lowest
bias and lowest error width during evaluation of the final test-set &.

The model successfully demonstrates the prediction of the ITS3 performance from

deadmaps in terms of relative DCAz loss within 0.3 < p; < 0.5 GeV/c.
This DNN model serves as a feasibility study, demonstrating the potential of a surrogate
model approach. Dedicated hyperparameter optimisation, extended model valida-
tion, and possible model enhancements are the appropriate next steps to improve
performance further.

Hyperparameters are settings, fixed before training a model, and include sizing
of branch and layer widths, mini-batch size m, dropout rates, empirical tuning
parameters, weight decay A, (initial) learning rate 7, patience parameters for learning
rate adjustment and training stopping. For the discussed model, a convenient approach

of a small grid-search was chosen, and six (out of ~ 200) runs with optimisation
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of learning rate and patience parameters are shown in Figure 8.16. Additionally,
multiple extensions to the model can be considered, including the addition of the
transverse pointing resolution DCAxy and tracking efficiency as output parameters.
The training data set should be extended to include the full range of dead fractions
between 1 to 10% in smaller intervals, with a larger variance between layers. The p;
dependency should be considered, and multiple particle species could be included,

depending on the objective.

8.4.3 Deadmap ranking with the artificial deep neural network

The DNN model performance is now further evaluated in terms of the practical use
case of wafer-to-detector geometry allocation. Here, individually simulated wafers
are the basis for deadmap configurations: Consider a set of 6 wafers, each with 720
tiles needed to construct a full ITS3 detector. For each wafer, a dead tile distribution
is simulated once (for a per-wafer defined dead fraction df,). From the set of per-
wafer dead tiles, all possible wafer-to-layer and cutting permutations (as discussed
in Section 8.4.1) are computed. Hence, for 6 wafers with fixed dead tile pattern,
n,, = 25,920 deadmaps are generated and evaluated.

Multiple scenarios are illustrated and discussed below. A constant per-wafer dead
fraction is discussed (for 6 wafers), followed by a variable per-wafer dead fraction
(for 6 wafers). To demonstrate the feasibility to evaluate a large combinatorial
space, cases for 8 wafers (with (2) - 25,920(n,,) = 725,760 deadmaps) and 10
wafers (with (160) -25,920(n,,) = 5,443,200 deadmaps) are discussed. While the
deadmap processing time (2 500 deadmaps/second on a single CPU and 16 GB
of memory) is fast enough to evaluate even larger numbers of deadmaps (such as
(260 ) -25,920(n,,) ~ 1B deadmaps), storing and loading more than approximately 5
million deadmaps requires some code adaptation, compressing the data, and writing,
reading, and evaluating in a streamed fashion rather than loading all configurations

into memory at once. Further speed-up is possible when running the model evaluation

on a GPU and/or parallelising the evaluation.
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6 wafers — constant per-wafer dead fraction

In this scenario, six wafers are simulated, each with a random but constant per-wafer
dead fraction of df,, = 5%. The total number of dead tiles is therefore the same
across all wafers. All n,, = 25,920 permutations are calculated and evaluated by the
trained DNN predicting the DCAz loss in the range of 0.3 < p; < 0.5 GeV/c. Deadmap
configurations are then ranked from best (least DCAz degradation) to worst (largest
DCAz degradation). The per-layer dead fraction and outer region dead fraction are
then evaluated. Layer L2 requires all segments of the wafer, therefore its dead fraction
is a constant 5% (for the investigated case here). Layers LO and L1, however, are cut
out from wafers, and therefore the per-layer dead fraction varies.

The dead fraction per layer is shown in Figure 8.18a: The best-ranked deadmap
configurations clearly favour an inner layer LO with the lowest per-layer dead fraction.
A similar, though less pronounced, trend is visible for L1, favouring lower dead
fractions as well. As discussed above, the L2 dead fraction remains constant, since all
available segments are used and the per-wafer dead fraction is fixed at d f;, = 5%.
The corresponding dead tile fraction within the outer region (as defined in Figure 8.8)
is shown in Figure 8.18b. The mean trend highlighted in red agrees with observations
from deadmap rankings in Section 8.3.3, showing that better performance is achieved
when a higher fraction of dead tiles is located in the outer regions. It should be noted,
however, that we have only one fixed set of 6 wafers with defined dead tiles from
which all deadmaps are calculated, rather than independently generated deadmaps
for a full ITS3. This leads to a prior on the amount of dead tiles in the outer region
(see also below), and constraints on the layer allocation. The 10 best and 10 worst
deadmap configurations are shown in Figure 8.20a, illustrating the per-layer dead
fractions d f;, d f;1, df;, and final DCAz loss. The predicted DCAz loss (for this set of 6
wafers) ranges from 2.7 % to 3.8 % for the best and worst configurations, respectively.
This is both in agreement with the loss of individually simulated deadmaps (always
for 0.3 < p; < 0.5 GeV/c, Appendix A.8¢), and illustrates the range of DCAz loss
depending on the chosen wafer-to-layer allocation and cutting selection for a constant

wafer dead fraction of df,, = 5%.
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Figure 8.18: Deadmap configurations ranked by predicted DCAz loss for 0.3 < p; < 0.5 GeV/c
and a constant per-wafer dead fraction of d f;, = 5% across six wafers. (a) The per-layer
dead fraction shows a clear favouring of a low LO dead fraction for the lowest DCAz loss (best
ranking). Raw data scatter markers show the discrete layer dead fractions depending on
wafer-layer allocation and cutting pattern. The L2 dead fraction is constant, given the constant
per-wafer dead fraction and no variability in cutting patterns for L2. (b) The dead fraction
within the outer region shows the expected trend, with the best configurations showing a
higher percentage of dead tiles in the outer part.

6 wafers — variable per-wafer dead fraction

A small variation in dead fraction between wafers is now introduced, and six wafers
with wafer dead fractions of df,, [%] € {4.50,4.75,4.90,5.10,5.25,5.50} are simu-
lated (mean (df;,) = 5%). Again, these dead tiles are fixed per-wafer (i.e. one draw
of wafers), and all permutations are calculated, generating n,, = 25,920 deadmaps.
Deadmap configurations are evaluated with the DNN and ranked according to the
predicted DCAz loss from least (best) to largest (worst). The corresponding dead
fraction per layer is shown in Figure 8.19a. As expected, the best configurations
minimise the dead fraction in the innermost layer LO. Layer L1 shows a similar
but less pronounced trend, remaining largely flat. For L2, the trend is inverted:
since all wafers must be allocated, prioritising lower dead fractions in LO and L1
necessarily results in higher dead fractions in L2 for the best configurations. Similarly,
Figure 8.19b shows that for the best configurations, higher dead tile fractions in the
outer regions of LO and L1 (where they have less impact on DCAz performance) are
preferred. It should be noted that the mean outer-region dead tile fraction across the

six wafers does not necessarily equal 50%; it depends on the specific random draw of
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wafers. Across many such draws, however, a mean of approximately 50% is expected,
consistent with the simulation results discussed in Section 8.3.3.

The 10 best and worst configurations are shown in Figure 8.20b, illustrating
the per-layer dead fractions and the corresponding range of predicted best and

worst DCAz losses.
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Figure 8.19: Deadmap configurations ranked by predicted DCAz loss for 0.3 < py < 0.5 GeV/c
and a per-wafer dead fraction of 4.5 < dfy, < 5.5% for 6 wafers total. (a) The per-layer dead
fraction clearly shows that configurations with the least DCAz loss (best ranking) favour a
low dead fraction in LO. Given the 6-wafer constraint, the highest per-layer dead fraction is
allocated to L2 as expected. (b) A higher L0 and L1 dead fraction within the outer detector part
is favoured for best performance. Note that, e.g. compared to Figure 8.18b, the mean dead
tile fraction in the outer part across all layers is > 50% — driven purely by the specific random
draw of the six wafers used as the basis for all deadmap configurations in this scenario.
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Figure 8.20: Parallel coordinates for the 10 best and 10 worst deadmap configurations for a
per-wafer dead fraction of (a) dfy, = 5% and (b) 4.5 < dfy, < 5.5% for 6 wafers and 25,920
configurations each. The per-layer dead fractions and final DCAz loss are shown. Although
the mean per-wafer dead fraction is 5% in both cases, each scenario is based on a unique
random assignment of dead tiles to wafers.
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8 wafers — variable per-wafer dead fraction

The ranking study is now extended to 8 wafers with per-wafer dead fractions of
dfw [%] € {2.00,2.25,2.50,3.00,3.50,4.00,4.50,5.00}, covering a larger range of
wafer dead fractions. A single random draw of dead tile distributions is generated
for each wafer, consistent with its assigned df;,. All (2) -25,920(n,,) = 725,760
permutations and deadmaps are then calculated and ranked with the DNN according
to predicted DCAz loss. The per-layer dead fraction, outer region dead fraction, and 10
best/worst configurations are shown in Figure 8.21a, Figure 8.21c, and Figure 8.21e,
respectively. The combinatorial space is now increased, and not all wafers need to be
allocated to an ITS3 layer (6 out of 8 wafers required). As in previous studies, the
best-ranked configurations favour low per-layer dead fractions in LO and L1, along
with higher outer-region dead fractions in LO and L1. The 10 best and 10 worst
configurations further illustrate this trend, with the predicted DCAz loss spanning
from approximately 1.1% (best) to 3.2% (worst). The two wafers with the highest
per-wafer dead fractions are not allocated to any layer for the 10 best configurations.
Interestingly, the allocation of the four wafers with the lowest df,, to LO and L1
varies between configurations, as different cutting patterns can yield favourable ITS3

geometries despite similar wafer-level quality.

10 wafers — variable per-wafer dead fraction

Finally, a set of 10 wafers with per-wafer dead fractions df,, [%] € {2.00,2.25, 2.50,
2.75,3.00,3.50,3.75,4.00,4.50,5.00} is simulated. All 5,443,200 corresponding
deadmaps are computed and ranked based on the predicted DCAz loss. This demon-
strates the feasibility of ranking configurations within a very large combinatorial
space, with results consistent with previous observations.

The per-layer dead fraction, outer region dead fraction, and 10 best/worst configu-
rations are shown in Figure 8.21b, Figure 8.21d, and Figure 8.21f, respectively. Trends
again match previously observed characteristics for 6 and 8 wafers. Given the larger
wafer-to-layer combinatorial space (6 out of 10 wafers), the L1 difference in per-layer

dead fraction for the 10 best and worst configurations is now larger compared to
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the 8-wafer case. Overall, for this specific draw of 10 wafers, the predicted DCAz

loss spans from approximately 1.0% (best) to 3.4% (worst).
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Figure 8.21: Deadmap configuration rankings for 8 wafers (a, c, €), and 10 wafers (b, d, f).
The per-layer dead fraction, outer region dead fraction, and 10 best/worst configurations are
shown. A total of 725,760 and 5,443,200 configurations are ranked for the set of 8 and 10
wafers, respectively. Discussion in text. Visible as horizontal lines in (a) and (b) are the raw
scatter data of each configuration before smoothing.
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Practical implications and model extension

Using an appropriately trained DNN to predict performance parameters, such as DCAz,
from deadmaps proves to be a valuable tool for selecting and allocating wafers for
the construction of the ITS3 barrel. Ultimately, extending or training an additional
model for DCAxy performance, or adjusting the p; range, should be considered. For

could be

xyLoss zLoss

example, a combined parameter DCA.,,mpinedLoss = \/ DCA? + DCA?
used as a ranking figure. Further model optimisation (see also Section 8.4.2), and
additional training data are helpful. This includes considerations such as inefficient
tiles (i.e. tiles that show reduced efficiency but are not switched off) or potential
non-uniform distribution of failures at the wafer level. Overall, the qualitative two-
condition approach (Section 8.3.4) aligns well with the findings of this study: the
innermost layer LO should have the fewest dead tiles, concentrated in the outer
z-regions. Geometry optimisation is key to maximising detector performance, as
demonstrated by the range of outcomes between the best and worst configurations
illustrated in Figures 8.20, 8.21e, and 8.21f. A DNN-accelerated pre-selection of a
set of best configurations, followed by full simulation runs for the final geometry

choice, is one way to approach the task.

8.5 Effect of dead tiles on the Aj reconstruction ef-
ficiency

To illustrate the effect of tracking efficiency loss on a physical observable, the A*
baryon reconstruction is investigated, focusing on the impact of the ITS3 dead tiles
on its reconstruction efficiency. With a mean lifetime of T = (200 £+ 6) 107 s
corresponding to ¢t ~ 60 um, the A’ decays close to the primary vertex and well
before the first tracking layer — relying on the ITS3’s improved impact parameter
resolution, as discussed in Section 2.4.2.

The three-prong decay AT — pK 7™, with an (inclusive) branching ratio of
[;/T = (6.23+0.33)% [33], is studied, with all daughter particles tracked with the

ITS. With the impact parameter resolution degradation approximately proportional
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to the ITS3 dead fraction, this can be assumed a small effect on the measurement
for the targeted df < 2%?>. Here, the effect of reduced reconstruction efficiency of
the individual daughter tracks on the ability to reconstruct the A is investigated.
As a first-order approximation, the individual detection efficiency losses of the three
daughter particles are combined to estimate the overall loss in A’ reconstruction
efficiency. This approach provides a fast estimate, re-using the data samples generated
for the deadmap studies in Sections 8.2 and 8.3. It does, however, not consider
an exact decay vertex or A] event reconstruction — which is needed for A] impact

parameter resolution studies.

8.5.1 Daughter particle tracking loss

The loss in reconstruction efficiency is now calculated not only for pions as discussed in
Section 8.3.2, but also for protons and kaons. The existing simulated data sets for both
the reconstruction efficiency without dead tiles, and data sets for deadmaps with ITS3

dead fractions df [%] € {1, 2,5, 10} are re-evaluated in this study. The efficiency loss

efffull(pT:X) - effdeadmap(pT:X)
ef fruu(pr,X)

where ef f;,;;(pr,X) denotes the particle-specific reconstruction efficiency with a

Eloss(pT:X): 5 Xe {p/p:Ki,TCi} (812)

fully operational ITS3 while ef f;.q4mqp(Pr,X) is the one with dead tiles. The resulting
efficiency losses for all three particle species are shown in Figure 8.22. The proton
pr range is reduced due to the limited number of events. This, however, does not
affect the study, since a lower cut at p; > 0.3 GeV/c for all daughter particles is

performed, as discussed below.

8.5.2 Event generation and kinematics

All signal events are generated using a standalone MC using PYTHIA 8.311 [74] for

the decay chain simulation. The parent A’ p; is sampled from a central FONLL [180]

3Considering the factor two improvement in impact parameter resolution with the inclusion of the
ITS3 over the current ITS2 configuration, yielding a factor four and ten improvement in significance
and S/B, respectively (cf. Figure 2.12).
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Figure 8.22: Efficieny loss for p/p,K*, n* at simulated ITS3 dead fractions of (a) 1%, (b)
2%, (c) 5%, (d) 10%.

cross section prediction for prompt production at /s, = 5.02 TeV 4. The full four-
vector of the AT is calculated and inserted into PYTHIA at the nominal interaction
point. Only A’ decay channels with the pK~n* final state are enabled (see also
Section 2.4.2). An analysis-motivated kinematic filter is applied to all three daughter

tracks simultaneously, requiring®
pr>0.3GeV/c, In*|<0.8, Xe{p,K,n"}. (8.13)

The distribution of selected A events is shown in Figure 8.23a. The corresponding
daughter particle momenta distributions are shown in Figure 8.23b, Figure 8.23c,
and Figure 8.23d, for protons, kaons, and pions, respectively. The Dalitz plot in

Figure 2.13 illustrates the kinematic phase space.

*The p; distribution itself is the FONLL D° prediction multiplied by the measured A}/D° p;
differential ratio [82], given that FONLL does not provide baryon predictions.

>Limiting — for real measurements — the large number of 3-particle combinations below p; <
0.3 GeV/c, and ensuring reliable PID performance of the TPC at || < 0.8.
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Figure 8.23: Transverse momenta distributions of selected A:r candidates (a), and corre-
sponding daughter particles (b—d).

A small fraction of ~ 0.5% events with a proton daughter p,(p) > 5GeV/c are
discarded as the proton daughter loss simulation suffers from an insufficient number

of events in this high-p, region.

8.5.3 A efficiency loss

The A tracking efficiency loss is estimated for simulated ITS3 dead fractions d f [%] €
{1,2,5,10}. In a first-order approximation, the reconstruction efficiency losses of
the three daughter particles are assumed to be independent. The resulting A’
reconstruction efficiency loss is then calculated per event as

AF
l

€ ocss =1- [(1 - efoss) ) (1 - efo;s) ) (1 - eg;s)] * (814)

For each event and each A daughter particle, the reconstruction efficiency loss for

each daughter as a function of the daughter’s transverse momentum and a given ITS3
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Figure 8.24: 2D distribution of tracking efficiency loss versus A transverse momentum for
dead fractions of (a) 2% and (b) 5%.

dead fraction is extracted from the corresponding simulation (see Figure 8.22). The
efficiency loss and uncertainty for momenta in between bins are linearly interpolated.

The resulting A} efficiency loss for simulated ITS3 dead fractions of 2% and 5% are
shown as 2D histograms in Figure 8.24a and Figure 8.24b, respectively. The p,-binned
mean efficiency loss profile is given in Figure 8.25 for ITS3 df [%] € {1,2,5,10}.
The daughter efficiency loss is propagated assuming the three daughter particles

are uncorrelated:

3 At 2

e [

2 [ 2 —

%, = — | oy, Xe{p,K~,n"}, (8.15)
elocss X aeloss

where oy is the efficiency loss uncertainty of particle X. The statistical uncertainty
per p,-bin is computed as the standard error of the mean o ,,(p;) = S(py)/vN. The

total uncertainty per pr-bin is then the quadrature sum

Tt (Pr) = 4/ e (pr) + 0%, (P1) (8.16)

where the systematic component is given by:

N
1
0% (pr) =+ kE o® (pr) (8.17)
=1

€loss
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Figure 8.25: Aj tracking loss at simulated ITS3 dead fractions of (a) 1%, (b) 2%, (c) 5%, (d)
10%.

The 1 o and 2 o bands represent (625;5(1%)) +o,,.(pr) and (efss(pT)) +20,,.(pr),
respectively.

For momenta p;(A}) S 1GeV/c, theloss in AT tracking efficiency is approximately
proportional to the ITS3 dead fraction. At higher transverse momenta (e.g. mean
(AT(pr)) = 2.98 GeV/c), the efficiency loss drops to about 60% of the dead fraction
percentage. ITS3 dead fractions of below 5% can therefore be considered accept-
able from an efficiency-loss viewpoint for the A’ reconstruction. These estimates
are conservative (see below). For a similarly sized effect for both signal (S) and
background (B), a reduction of 5% efficiency leads to a small increase in statistical

uncertainty of 1/4/1—0.05—1 ~ 2.6%.
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Boosted decay consideration

At increasing p(A[), the tracks of the three daughter particles X € {p,K~, "} are
expected to become increasingly correlated. At high collimation, the daughters
traverse similar regions of the detector, and consequently, the efficiency loss estimated
by assuming independent daughter tracks tends to overestimate the true loss. For

any two daughter-momentum 3-vectors p;, p; the opening angle 0 is calculated as

Pi'Pj
Ipi |Pj |

v = arccos( ) All pair-wise angles 67X, 9P™" K" agre calculated and the
maximum opening angle of the decay extracted as 6X = max{0?% 07", 0% ™'},
The resulting 2D histogram illustrating the p; dependent maximum opening angle
is shown in Figure 8.26a with the mean maximum opening angle on a logarithmic
pr scale shown in Figure 8.26b. Above momenta of O(1 GeV/c) all three decay
products are increasingly collimated with the maximum opening angle dropping
to below 25° at p; = 10 GeV/c.

Similarly, 6X. = min{0P%",6P"",0X ™'}, the minimum opening angle between
any two daughters, is shown in Figure 8.26c and Figure 8.26d as a 2D histogram
and for the mean minimum opening angle (foﬁn), respectively. Any two daughters
show a higher mean collimation, dropping to a mean minimum pairwise opening
angle of < 10° at p, = 10 GeV/c.

Thus, the AT three-prong decay is increasingly boosted and collimated for trans-
verse momenta 2 1 GeV/c. Nevertheless, the independent daughter track approach
for tracking loss estimation remains reasonable. For the ITS3 layer LO and a tile arc
length of approximately 8 mm, the r—¢ opening angle is about 24° (worst case). While
the decay is boosted and decay products traverse similar sections of the ITS, and are
therefore not fully uncorrelated, the independent daughter reconstruction efficiency

loss (Equation (8.14)) for dead tiles in the ITS3 still holds for pT(Aj) < 10GeV/c. The

estimates for the efficiency loss from ITS3 dead fractions are therefore conservative.
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Figure 8.26: Maximum opening angle of all three daughter particles: (a) per event, (b) mean.
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Conclusions and Outlook

This work advances a novel vertex-detector concept that will be realised for the first
time in ITS3. The ultra-low mass, air-cooled, high spatial resolution device — bent
into a cylindrical shape around the beam pipe — will deliver unprecedented impact
parameter resolution and tracking efficiencies down to transverse momenta well
below 1 GeV/c for ALICE. It will be a new tool for future particle and nuclear physics

experiments and the first of its kind.

To validate the stitching technique required to manufacture the ITS3 wafer-
scale sensors, far exceeding design reticle dimensions, the prototype Monolithic
Stitched Sensor MOSS was studied in this work. Custom handling, mounting, and
interconnection tools and procedures were developed. High reliability was essential,
given the limited number of test objects. In total, 82 MOSS chips were successfully
picked, mounted, and assembled, achieving a 98% success rate. The developed
procedure was adapted for additional test structures not discussed here.

For an in-depth characterisation of the MOSS sensor, a careful approach was
adopted, and dedicated impedance and power-ramp setups were built, including
thermal camera imaging for localising heat signatures. A complex, FPGA-based
measurement system, including a versatile software suite, was developed for functional

chip characterisation.
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Early measurements with both the impedance and power ramping setups revealed
concerning on-chip short-circuit faults on all wafers. Understanding the root cause was
critical. Although 89% of short structures could be opened by applying a sufficiently
large but moderate current, allowing the sensors to function, this workaround is
clearly not viable. A new analysis method was developed, correlating impedance
measurements, thermal camera images, and power ramping data with the chip design
files, thereby allowing the formation of a hypothesis on the short fault mechanism. Sta-
tistical tests showed excellent agreement with the hypothesis. For further confirmation,
Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) was employed, clearly
showing the short structure as hypothesised in two separate samples, and additionally
validating the accuracy of the developed failure analysis method. In dialogue with
the foundry, a processing issue was identified in the affected region of the on-chip
metal stack, which led to the observed faults. Future devices will employ a new
metal stack composition, and together with an adjusted design strategy, these failures
are expected to be eliminated. Functional chip characterisation returned a yield
compatible with ITS3 requirements, confirming that the planned wafer production
is expected to meet sensor specifications.

The ITS3 R&D programme has already achieved significant milestones, including
silicon bending, air-cooling integration, and the 65 nm CMOS process validation.
With the MOSS sensor, the first step in confirming the feasibility of using stitching for
high-energy physics MAPS has now been taken. At the time of writing, the next sensor
is being submitted for fabrication. It will integrate the full functionality required for
the final ITS3 sensors, building on the results of the 65 nm and MOSS characterisation
campaigns. It represents the final submission prior to the production of sensors
intended for installation in ALICE. Impedance and power ramp-up measurements, as
developed in this thesis, will be integrated as an initial characterisation step.

A non-zero failure rate must be assumed on the final sensors, and design choices
were made to account for this, allowing to switch off individual sub-structures
(tiles) on-chip. The effect of dead tiles on the impact parameter resolution and

track reconstruction efficiency was studied. For 7* in the momentum range 0.1 <
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pr < 10 GeV/c, the impact-parameter resolution degrades roughly in proportion to
the ITS3 dead fraction, while tracking-efficiency losses are less than half as large.
The functional wafer map will be determined with wafer probing, before cutting
sensors and allocating them to the ITS3 layers. Ranking the simulated imperfect
layer configurations according to impact parameter resolution validated the strategy
of assigning the best-performing sensors to the innermost layers of ITS3. Given the
number of wafers, the combinatorial problem of cutting and assigning sensor planes
becomes computationally prohibitive for exhaustive simulation. The feasibility of
employing a deep neural network to optimise the geometrical arrangement of ITS3
sensors was explored. The network yielded results consistent with full simulations
and provides a promising foundation for further studies aimed at navigating the vast

configuration space.

Large-area, wafer-scale, flexible MAPS are on track for use in cutting-edge vertex
and tracking detectors for current and future experiments. Beyond their immediate
application in ITS3, similar performance requirements are anticipated for the proposed
ALICE 3 experiment, the ePIC detector at the Electron-Ion Collider (EIC), and potential
future Higgs factories such as the FCC-ee — all of which are likely to build upon the
technologies and concepts developed for ITS3. Further R&D and exploration of new
ideas like the embedding of MAPS into flexible printed circuits [181], or integrating
microchannel cooling on-chip (demonstrated for small-scale MAPS [182]) are exciting
opportunities to push the boundaries of detector performance further, and make

measurable what is not so.

Alles Seiende wollt ihr erst denkbar machen: denn ihr zweifelt mit gutem Misstrauen ob
es schon denkbar ist. ... Und dies Geheimnis redete das Leben selber zu mir: »Siehex,
sprach es, »ich bin das, was sich immer selber iiberwinden muss.«

— Friedrich Nietzsche, Zarathustra
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Supplementary Figures

Supplementary figures to the main text are given in this Appendix in the order of occur-

rence.
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Figure A.1: Photon cross section in silicon. Data from [89].
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Figure A.2: MOSS chip digital pixel logic, including masking functionality.
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before powering. The distinct distributions for top and bottom units when the analogue
domains (AVDD, AVSS) are involved stem from the different pixel matrices in top and bottom,
respectively.
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Extended Yield Model with Clustering
Factor

The main text derives the wafer lot extrapolation from a Poisson assumption of region
failures. The functionally failed regions per MOSS sensor (excluding limitations due
to chip architecture constraints) are shown in Figure B.1.

Ake=t

) and Negative-Binomial (NB) dis-

The corresponding Poisson (f (k;A) =
tributions are overlaid. The NB probability density, as a Poisson-gamma mixture

model, is defined as [183, 184]:

Poisson A=1.13
(x?_red=354.64)
Neg-Binom r=0.70, p=0.38
(}?_red=2.28)

B
bt
/.

——

W
o

[ Observed (N=80)

MOSS sensors [#]
N
o

=
o

0 1 2 3 4 5 6 7 8 >8
Failed regions per MOSS sensor [#]

Figure B.1: Functionally failed number of regions per MOSS sensor (there are 80 regions per
MOSS sensor) for 80 chips. As not all HUs were tested for every MOSS, the number is scaled
to the nearest integer where needed.
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_T(r+k)

. kT
f(k;r,p) = T (1-p)p", (B.1)

with

r = C = dispersion, or ‘clustering factor’,

* p = success-probability,

k = trials,

u=r(1-p)/p,and

« o’ =pu+u?/r,

where u and o are the sample mean and variance, respectively. Parameters r = C
and p are directly derived from the calculated sample mean and variance. For r — o0,
the distribution converges to a Poisson distribution, whereas for small r the variance
of the NB distribution exceeds the mean. It is an appropriate choice when a gamma
shape can describe the overdispersion in an otherwise Poisson model.

The functional per-region yield Y, for N = 80 regions per sensor and a mean
of non-working regions per sensor is then Y, = 1— u/N - equivalent to the directly
observed Y, (MOSS) = 98.3%, as per Section 6.6. While the Poisson model provides a
proper estimate, the NB model better describes the observed distribution, allowing
for ‘overdispersion’ of the Poisson model. For the NB model, the clustering factor

r = C is introduced as [110, 115]:

ADy,\ ¢ A.D,\ ¢
Yr(Ar)=(1+ rCM) — lim (1+ rCM) =e Pu, (B.2)

C—o00
For C — oo, the form in Section 6.6 is reproduced. With an extracted clustering
factor C = 0.7 (see Figure B.1), the equivalent NB defect density Dy, — D)* becomes:
C
NB _ -1/c
DNB = A—(Yr c—1). (B.3)
r

The corresponding ITS3 sensor-scaled per-tile pass probability p,;, — pN? be-

comes:
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A, DVENC
d M) . (B.4)

pﬁfe = (1 + C

The wafer-pass probability (6.11) and lot size calculation (6.12) follow the pro-
cedure outlined in Section 6.6, and the resulting wafer-lot size diagram for ITS3
layer extrapolation is shown in Figure B.2. Ultimately, the difference between the
Poisson and NB models is negligible for estimating wafer lot sizes in this instance
(e.g. at a MOSS functional yield of 98.5%, the estimated required lot size for a
< 1.0% ITS3 dead fraction increases from 25 to 26), where other effects, such as
wafer-to-wafer variation, lot-to-lot variation (unknown), and new chip features with

unknown yield, play a much larger role.
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Figure B.2: ITS3 yield extrapolation and required wafer lot size considering different accepted
ITS3 dead tile fractions using the Negative Binomial model extension with a clustering factor
of C =0.7.
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Abbreviations

ADC . ....... Analog-to-Digital Converter

ALICE ...... A Large Ion Collider Experiment
ALPIDE ... .. ALICE PIxel DEtector (chip)

ANN ....... Artificial Neural Network

APT ... ..... Application Programming Interface
BN ......... Batch Normalisation
CB......... Conduction Band

CMOS ...... Complementary Metal Oxide Semiconductor
CMP ....... Chemical Mechanical Polishing
CTE ........ Coefficient of Thermal Expansion
CVD........ Chemical Vapour Deposition

DAC ........ Digital-to-Analog Converter

DCA ........ Distance of Closest Approach

DNN ....... Deep Neural Network

EDS ........ Energy Dispersive X-ray spectroscopy
ER ......... Engineering Run

ESD . ....... Electrostatic Discharge

FHR ... ... .. Fake-Hit Rate

FIB ........ Focussed Ion Beam

FPC ... .. ... Flexible Printed Circuit

FPGA ....... Field Programmable Gate Array
HU ........ Half Unit

IB ......... Inner Barrel

IMD ........ Inter-Metal Dielectric

I/O ........ Input/Output

P ......... Interaction Point

ITS ........ Inner Tracking System

LDO ........ Low-Dropout regulator

LEC . ....... Left Endcap

LHC ........ Large Hadron Collider

LS . ........ Long Shutdown

M# ........ Metal layer in metal stack (numbered)
MC ........ Monte Carlo

MAPS .. ..... Monolithic Active Pixel Sensor
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Abbreviations

MIP ........ Minimum Ionising Particle
MLP ........ Multi-Layer Perceptron

MOSS ...... MOnolithic Stitched Sensor
MPV ....... Most Probable Value

MS ........ Multiple Scattering

NTC ........ Negative Temperature Coefficient (thermistor)
OB ........ Outer Barrel

PCB ........ Printed Circuit Board

PCM ....... Process Control Monitoring
PDF ........ Probability Density Function
PID ........ Particle Identification

PSUB ....... P-Substrate (chip substrate)
PV ... ...... Primary Vertex

PVD ........ Physical Vapour Deposition
QCD ....... Quantum Chromodynamics
QGP . ....... Quark-Gluon Plasma

REC ........ Right Endcap

RMS ....... Root Mean Square

ROI ........ Region Of Interest

RSU ........ Repeated Sensor Unit

S/B ........ Signal-over-Background

SEM ........ Scanning Electron Microscopy
SM ........ Standard Model

SMU ....... Source Measure Unit

SV ... Secondary Vertex

TPSCo ... ... Tower Partners Semiconductor Company
TPC ........ Time Projection Chamber
Uuv......... Ultraviolet

VB ......... Valence Band
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