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Pixel Detector Studies for the ATLAS ITk Upgrade for the
HL-LHC

Abstract

The integrated luminosity of the Large Hadron Collider (LHC), which is proportional to the
number of particles colliding and thus data being collected, is planned to be increased by a
factor of 5-7.5 compared to the design luminosity of the LHC by the end of the 2020s. This
step is motivated by the potential to measure Standard Model physics processes especially
in the top quark and Higgs sector with high precision and discover new physics.

However, this upgrade to the High Luminosity-LHC will result in an increased particle
density in the experiments, causing a higher hit occupancy in the detectors and an increased
radiation damage. In order to tackle this problem, the current tracking detectors of the LHC
experiments ATLAS and CMS need to be replaced by radiation harder, faster detectors of
higher granularity. The inner tracking detector of the ATLAS Experiment will be upgraded
to an all silicon detector by the end of 2028. There will be a new strip detector with planar
sensors and a hybrid pixel detector which features inner layers with 3D sensors and outer
layers with planar sensors.

The following work is focused on the outer layers of the PIXEL Detector and the different
steps towards the upgrade. First, suitable sensors need to be decided on based on laboratory
and test beam measurements. A second step is the PIXEL Detector module building with
a newly developed tool and electrical and mechanical testing of the modules themselves.
Validation measurements of the tool in addition to a well-defined assembly process are
crucial for a successful production. Eventually, the performance of several modules together
needs to be investigated, which is done by integrating them in a larger prototype structure
built at CERN.

Results from all these steps are presented within the scope of this thesis.
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Was man tief in seinem Herzen besitzt,
kann man nicht durch den Tod verlieren.

(Johann Wolfgang von Goethe)
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CHAPTER 1

Introduction

“What are we made of?” Summer students at the European Organization for Nuclear
Research (CERN- (Conseil Européen pour la Recherche Nucléaire)) asked themselves this
question and printed it on their group shirts. More than 200 years before, Goethes famous
Faust [7] (V. 382f) was contemplating

“So that I may perceive whatever holds.
The world together in its inmost folds.”

Uncountable theories have been evoked by questions about the structure of matter as well
as that of the universe. But — however fascinating a theory may be — without experimental
evidence it stays a fantasy. Particle physics, together with cosmology, is at the root of these
questions about the universe. The so-called Standard Model of particle physics (SM) is as of
today one of the most successful theories in science. It shows unprecedented experimental
agreement regarding the elementary particle parameters and their interactions.

The search for the smallest particles described by the sM has required tremendous
effort. Experiments of unprecedented scale, where particles are accelerated to higher and
higher energies and subsequently collided, have been built in the past century to search for
new particles, compatible with the sM. In 1954 CERN was founded to provide a particle
physics research infrastructure on European ground, peacefully uniting countries formerly
at war. Since its foundation it has hosted many different accelerators and experiments,
run by international collaborations and resulting in important discoveries. At the four
experiments at the Large Hadron Collider (LHC) the sM is to date tested with proton-
proton collisions at unprecedented precision. With the discovery of the Higgs boson [8,
9] in the two multi-purpose LHC experiments ATLAS (A Toroidal LHC ApparatuS) [10]
and ¢MS (Compact Muon Solenoid) [11] in 2012, more than 10 years ago by now, the
last non-discovered particle described by the sM was found, demonstrating its power to
describe the experimental findings well. However, not all experimental findings agree with
the sM which has led to theories beyond the Standard Model (BsM) which motivate further
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investigation on a larger data set. For example, only 5% of visible matter make up the
universe, the rest, so-called dark matter and dark energy, are still to be understood. With
the LHC it would, however, take decades to collect the data necessary for the analyses.

Towards maintaining its world-class high-tech environment for fundamental research at
the frontier of knowledge, a vast number of engineering and technical tasks need to be
solved at CERN. The LHC has therefore recently been upgraded to higher energies and
will be upgraded further to the High Luminosity-LHC (HL-LHC) by the end of the 2020s,
which will provide higher instantaneous luminosity and thus larger amounts of collision data
for precision studies of the sM. In Chapter 2, the Standard Model with a few historical
highlights and possible additions is explained to motivate the planned upgrades of the LHC
and its experiments to enhance the physics reach.

In order to be able to reconstruct interesting physics events and eliminate background in
ATLAS physics data, fast, highly granular and radiation hard detectors are needed for energy,
trajectory and momentum measurements, especially for the upgraded HL-LHC. Amongst
other detector components, the current innermost part of ATLAS, the PIXEL Detector, will
therefore be exchanged with the highly radiation tolerant Inner Tracking Detector (ITk), an
all-silicon detector with strip and pixel modules, to cope with the harsher environment, as
explained in Chapter 3 with an overview of the LHC, ATLAS and the anticipated upgrades.
The particle detection mechanisms which are exploited in silicon detectors such as the 1Tk
are explained in Chapter 4.

The new tracking detector 1Tk consists of more than ten thousand pixel modules with
silicon sensors, as explained in Section 5. The sensors need to be of high quality, so the sensor
quality was tested in a so-called sensor market survey which qualified pixel sensors on wafer
and sensor level. Chapter 6 describes these mechanical, electrical and test beam market
survey sensor tests, executed within the scope of this thesis before and after irradiation.

Moreover, common procedures are defined to control the quality and assure high standards
when it comes to module assembly and testing by a collaboration as large as the ATLAS
collaboration. The studies on a dedicated tooling designed for the assembly of modules and
testing measurements at various stages are presented in Chapter 7 and have contributed
largely to the formulation of a common procedure. Electrical module tests, which comprise
test setup commissioning, actual measurements, their analysis and interpretation, are a key
component in quality control for production of the detector and are shown in Chapter 7.

A method was developed to easily compare module properties after different stages of
assembly and amongst modules, which is exploited to get a sufficient number of modules
for system tests on a prototype system of the new PIXEL Detector, which is called a
demonstrator. The purpose of a demonstrator is to test design and integration aspects
of modules in a larger system to estimate the possible effects. Prototype modules from
the current PIXEL Detector were used in the first version of the demonstrator, while the
latest version uses prototype 1Tk modules. The preparation and commissioning of the latest
setup and the final tests on the previous setup are subject of Chapter 8. Furthermore,
the demonstrator programmes with their results and the status of the measurements are
explained. Chapter 9 finally gives details on the module related results of the demonstrator
which build on the comparison method of modules.



CHAPTER 2

The Standard Model of Particle Physics

The Standard Model describes the elementary particles and their interactions by employing
quantum field theories [12-22]. It was formulated in the 1970s based on a long history of
discoveries and theoretical developments.

2.1. The Beginning of Particle Physics

The first particle discovery happened more than hundred years ago, when in 1897 the
electron was discovered by J. J. Thomson [23]. This was the beginning of a new era of
physics, leading to the theories of particles we know today. Although not an elementary
particle, the discovery of a nucleus by Rutherford [24] and Chadwick’s discovery of the
neutron [25] initiated the understanding of matter as made from particles as later postulated
by Bohr with the model of the atom [26-28]. Experimental findings like the photoelectric
effect [29] by Einstein and Planck’s black-body radiation spectra and the quantisation
of energy [30] heralded theoretical considerations which culminated in the formulation of
quantum physics, which is the fundamental base for particle physics theories today.

Amongst the theorists were Einstein, with his well known formula postulating the mass-
energy equivalence and special relativity [31-33], Heisenberg and Born with their matrix
mechanics [34-36], Schrodinger with his wave formulation of quantum mechanics [37] and
Dirac with the relativistic wave equation [38, 39] giving a relativistically consistent descrip-
tion of spin—% particles by postulating negative energy states.

But not only theories were evolving drastically, also the experiments. The cloud chamber
of C. T. R. Wilson [40] was one of the first particle detectors and with it the anti-particle
of the electron, the positron, was discovered by Anderson in 1933 [41]. This is one of the
negative energy states postulated by Dirac which were reinterpreted as anti-particles by
Stiickelberg [42] and Feynman [43]. With the experimental evidence this finally led to
quantum electrodynamics [44-51], one part of the sM.

Based on the stability of the nuclei a strong force was postulated. In the following years a
number of particles were discovered, which could only be ordered by the postulation of the
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existence of quarks and gluons, which was proposed by Gell-Mann [52]. The existence of
quarks was confirmed by deep-inelastic scattering experiments at the linear collider at SLAC
[53], which showed that hadrons are constituted of smaller particles. At DESY at the DORIS
and PETRA colliders, experimental evidence for gluons was found [54, 55]. Following this,
the quarks were discovered at different experiments, leading to further theories concerning
their interaction, finally formulating the weak interaction, the last piece of the sM.

In the following section the aforementioned particles and their role in the sM are discussed.

2.2. Particles of the Standard Model

Commonly, the particles taking part in the SM are summarised as can be seen in Figure 2.1.
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Figure 2.1: The Standard Model relies on the elementary particles: quarks, leptons and
bosons. The twelve fermions are shown on the left, grouped into leptons in the two upper
rows and quarks in the two lower rows. The gauge bosons and the Higgs boson are
represented by the coloured boxes on the right. The quoted mass values are according to
Ref. [56].

Both, quarks and leptons, are fermions, spin-% particles of which there are twelve in the
sM. The leptons include the electron (e), the muon (u) and the tau (7) with their respective
weak isospin partners, the neutrinos (ve, v, and v;). The charged leptons and neutrinos are
grouped into three generations consisting of isospin doublets, a quantity which transforms
like spin in quantum mechanics. Of the first three leptons the electric charge is —e, where €
is the elementary charge. The neutrinos are uncharged. Quarks belong either to the up-type
quarks: up (u), charm (c¢) and top quark (¢) or the down-type quarks: down (d), strange
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(s) and bottom quark (b). Up-type quarks have an electric charge of —1—%6 and down-type
quarks an electric charge of —%e. Quarks also have a colour charge and thus carry one of
the three colours (red, green or blue). All fermions have an antiparticle of same mass but
opposite quantum numbers, such as electric charge or colour.

Depending on their mass, these particles can be ordered into three families, also called
generations, where the neutrinos are assumed to be massless but nonetheless unambiguously
associated with their respective partner.

Ordinary matter is made up of the first generation particles, which are the lightest and
therefore cannot decay. The other generations are heavier, which makes them unstable.
Quarks hadronise before decaying, which means that they form hadrons made up of quarks.
Due to its huge mass of (172.69 +0.30) GeV /c? [56], the top quark has a very short lifetime
and is thus not able to hadronise before it decays, which means that its quantum numbers are
passed on to its decay products and can be observed without dilution from chromodynamic
interactions. It is the heaviest elementary particle of the sSM and was discovered by the
CcDF and D@ collaborations at the Tevatron collider at Fermilab in Chicago in 1995 [57, 58].

Three interactions between these fundamental particles are mediated via spin-1 gauge
bosons. These interactions are described theoretically by expressing the dynamics via
Lorentz invariant Lagrange densities of local quantum fields. The Lagrange densities
are called Lagrangians. Gravitation is not yet understood on the scale of elementary
particles as its interaction is in practice negligible compared to the strong and electroweak
interactions [59].

The quantum field theory describing the Standard Model has a local symmetry:

SU@3)ex SU2), xU(1)y .

Quantum Electrodynamics (QED) describes the electromagnetic interactions. It is based on
the requirement of local gauge invariance of the Lagrangian under phase transformations.
The gauge group is the unitary group U(1), which is Abelian. In order to describe the
physics, the fields need to be quantised, representing the particles observed. The photon
(7) is the gauge boson and couples to electric charge, which is hence the coupling quantum
number for QED.

Quantum Chromodynamics (QCD), the theory describing the interactions of quarks and
gluons, is described by a non-Abelian gauge theory. In the SU(3) non-Abelian gauge theory
two kinds of particles are involved, the colour charge carriers (quarks and gluons) and the
mediators (gluons). As the eight massless and colour-charged gluons (g) are also charge
carriers they undergo self-interactions. These self interactions govern the coupling behaviour
of QCD.

The remaining interaction is the weak interaction. The W and Z bosons conduct the
weak force and couple to all fermions. There are also triple gauge boson couplings possible,
i.e. WWZ. Depending on the charge and the weak isospin of the particle it interacts with,
the coupling boson is an electrically charged W* or an electrically uncharged Z° boson.
The bosons have a mass of about 80 and 92 GeV/c2. The exact group structure of the sm
is SU(2)r, x U(1)y, with the weak isospin and its third component (7', T5) and the weak
hypercharge (Y) as quantum numbers, respectively. The weak isospin describes left-handed
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or right-handed coupling behaviour, where right-handed particles have no isospin. For left-
handed particles, the spin and the momentum are anti-aligned, while they are aligned for
right-handed particles. The weak force is anti-symmetric with respect to chiralities. Hence,
as only left-handed states transform as a doublet under SU(2), the subscript L is given.
This distinct behaviour of the charged-current weak interaction violates parity maximally.
Parity violation exists also in Z boson couplings but is less strong. In order to understand
this fact better or to maybe find evidence for BSM physics, precision measurements of the
weak interactions are of great interest. As of now, with the so-called electroweak unification
the electromagnetic and the weak interaction can be described consistently [12, 15, 16].

The origin of the mass of fermions and bosons can be described with the Brout-Englert-
Higgs mechanism [60-63]. In a “spontaneous symmetry breaking” of the electroweak theory
the particles and massive gauge bosons are given their mass through coupling to the Higgs
field. Distinct is that the Higgs field has a non-zero expectation value. The corresponding
quantum or excitation of the Higgs field, the Higgs boson, was discovered by the ATLAS
and CMS collaborations in 2012 [8, 9].

One of the greatest achievements of the sMm is its predictive power, as can be seen in
Figure 2.2 where SM theoretical expectations are compared to cross section measurements
by the ATLAS Collaboration, which are corrected for branching fractions. The cross section
is a measure for the strength of an interaction to take place. With the differential cross
section do/d2 the particle and energy dependent scattering rate in the solid angle d§2 per
unit particle flux is given. By integrating over the full phase space the total cross section
is obtained.

2.3. Limitations of the Standard Model

While the sMm has large predictive power regarding the particles of the universe and their
interactions, there exist insufficiencies which have been discovered in experiments. With
BSM theories these deficiencies are tried to be solved.

One prominent example is the predicted vanishing mass of neutrinos in the smM. With a
neutrino being massless it is impossible for a neutrino to change flavour, which means that
it oscillates into another neutrino. However, with the Homestake experiment the electron
neutrino flux from the sun was measured in the 1960s and only a fraction of the expected
rate was measured [65]. An oscillation between different flavours could explain this apparent
loss of neutrinos. In 1998 the Super-Kamiokande experiment then measured atmospheric
neutrinos and detected a deficit of electron neutrinos while observing muon neutrinos [66].
In 2002 the Sudbury neutrino Observatory (SNO) investigated the flux of electron neutrinos
and the total flux, which was as expected, and found direct evidence for flavour oscillations
[67]. A non-zero neutrino mass was proposed to explain that neutrinos can oscillate between
different flavours. To include neutrino masses, the SM can be extended with an additional
mixing matrix.

Dark matter is another problem of the sM. With dark matter a stable form of matter
is described that does not interact electromagnetically, so that it cannot be observed with
astronomical instruments. Searches for dark matter are ongoing, but up to now no particle
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Figure 2.2: Theoretical expectations of Standard Model cross sections compared to ATLAS

cross section measurements corrected for branching fractions [64].

candidate was found that could make up for the assumed 26% of dark matter in the universe
[68]. The existence of dark matter was demonstrated by observing the rotation speed of
galaxies and the collision of the Bullet Cluster, which cannot be explained by the visible
matter of the galaxy and therefore are in need of another source of mass [69-71].

Another notion which should be mentioned here is baryogenesis in early stages of the
universe [72] which describes the antimatter-matter asymmetry in the universe. A long
time assumption was that there exist symmetries of charge (C — exchanging a particle with
its anti-particle) and parity (P — inverting particle chirality). Violating the cP-symmetry
creates an imbalance of matter to anti-matter. While CP-violation was observed in the
SM, it does not occur nearly at the scale needed to explain the asymmetry observed in the
universe. Also, there has no cP-violation in the strong interaction been found [73].

Other shortcomings are that the SM does not explain the origin of the mass difference
between the different generations and gravitation. Super-symmetry (SUSY) is one possible
theory which postulates new particles, the super partners for the sM particles, where
fermions are partners for bosons and vice-versa. These are supposed to solve the problem
of gravitation and mass and unify all the interactions. As no such particles have been found
yet, these particles must be very heavy. A candidate for dark matter would need to be
stable, which means that only the lightest of these SUSY particles would be an option.

In order to set new theories under test, with the limit that the current measurements at
the LHC have not shown any evidence of the existence of these particles yet, higher energies
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or more data at higher energies are needed. At higher energies more massive particles can be
produced. More data is produced with longer run times or higher luminosity, simultaneously
increasing the mass reach, which is why the HL-LHC is being built. See Chapter 3 for a
description of the LHC and the ATLAS Detector and Section 3.4.1 for a discussion of the
planned upgrades. In Section 3.2.2 the physics interest and possible measurements are

discussed.



CHAPTER 3

The Large Hadron Collider and the ATLAS Experiment

3.1. The Accelerator Complex at CERN

Particle colliders have been used over the past decades, in order to find the particles
postulated by the Standard Model. The LHC is the world’s largest and most powerful
particle collider with a circumference of about 27 km, located at CERN in the Geneva area
around 100 m underground and spanning under the Franco-Swiss border.

Data taking started in 2010 with a center-of-mass energy of /s = 7 TeV and was resumed
in 2012 with an increased energy of /s = 8 TeV. After a first long shutdown for repairs
and upgrades, the LHC was restarted in 2015 with 13 TeV and the goal to reach the design
instantaneous luminosity of L = 103 em=2s71 [74].

Inside the LHC two beams circulate in separate beam pipes in opposite directions. About
1200 superconducting dipole magnets with a field strength of 8.33 TeV bend the particle
beams in the LHC on a circular trajectory. Nb-Ti alloy superconducting magnets are used
which operate at 1.9 K, thus requiring cooling with superfluid helium and making the LHC
one of the coldest places on earth. The LHC does not operate with continuous beams but
with up to 2808 proton bunches of about 10!! protons, colliding them in so-called bunch
crossing intervals. In order to focus the beam and bring them into collision with the highest
focus at the four collision points, quadrupole magnets are used.

After the first shutdown, the LHC in the so-called Run 2 has operated with a bunch
spacing of 25 ns, resulting in collision rates of up to 40 MHz and eventually reaching a peak
luminosity twice as high as the design luminosity. The design center-of-mass energy is
14 TeV with a peak luminosity of 2 x 103* cm™2s~!. This energy was planned for Run 3
which started in summer 2022 after the second long shutdown [74]. However, the Run 3
energy was decided to be 13.6 TeV due to technical difficulties.

The instantaneous luminosity L is a measure for the rate of collisions and thus related
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to the event rate dN,,/dt and the corresponding cross section o of any process p

dN,
—==L.0,.

dt b
It is only dependent on the accelerator parameters and can be expressed as the number of
potential collisions per unit area per second [75]:

I — nbNerev

= 7747%*611 (3.1)

with the relativistic gamma factor «, the number of bunches per beam ny, the revolution
frequency frev, the number of protons per bunch NV, the beam beta function at the collision
point 8%, which is related to the transverse beam size and has a local minimum at the
collision point, the transverse normalised emittance ¢, and the luminosity geometrical
reduction factor R.

The reduction factor is dependent on the beam crossing angle ©. between colliding beams,
the RMS of the longitudinal bunch length ¢, and the RMS of the transverse beam size ¢*
as

1

Apart from the proton-proton collisions, heavy-ions can also be used in either ion-ion

R =

or ion-proton collisions. The particles are accelerated in several steps, starting with a
linear accelerator, where one is exclusively used for the heavy-ions and the other one for
protons. Radiofrequency (RF) cavities generate particle bunches. Protons are created by
accelerating hydrogen anions which are freed of their electrons by passing a stripping foil.
They are inserted into the linear accelerator LINAC4 and reaching energies of 160 MeV
[76-78]. After being pre-accelerated in LINAC4, the protons enter the BOOSTER, where
they reach 1.4 GeV. Ions are accelerated in the LINAC3 and then enter the Low Energy Ion
Ring (LEIR). Both particle types enter the proton synchrotron (ps) [79], first operated in
1959. They are forwarded with 25 GeV to the super proton synchrotron (sps), first used in
1976 [80], before entering the LHC with 450 GeV. At this stage the proton beam is split in
two and injected in the LHC from two different points in opposite directions. The LHC is
built in the tunnel which was used by the Large Electron Positron Collier (LEP) [81, 82]
from 1989 until 2000.

The beams from the pre-accelerators are also extracted to test beam areas and other
experiments. The accelerator complex is shown in Figure 3.1. Before LEP was built, the
sPs was used as proton-antiproton collider and called sPPS, and delivered the beams for
the discovery of the W and Z bosons.

Along the LHC tunnel, the four experiments ALICE (A Large Ion Collider Experiment)
[83], LHCb (Large Hadron Collider beauty) [84] and the already mentioned experiments
cMS and ATLAS are set up. While ATLAS and ¢MS are multipurpose detectors and used
for a wide range of searches for new physics and for precision measurements at the highest
possible energies, ALICE is designed for heavy-ion collisions and studies of the quark-gluon
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The CERN accelerator complex
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Figure 3.1: CERN accelerator complex with the pre-accelerator stages of the LHC. Proton-
proton collisions start in LINAC4, go to the BOOSTER, the PS and the spS. They are
injected into the LHC from two directions and brought to collision at four intersection
points. ATLAS Experiment © 2021 CERN modified.

plasma and LHCb for specific measurements on the decay of B-mesons.
The integrated luminosity, a measure for the total number of collisions is defined as

L= Ldt.
At
The number of events can also be written as N = ¢£ which implies that processes with
a small cross section need high luminosities to collect enough data for analysis. About
5.5fb~! of data were collected in the first run and about 20 fb~! integrated luminosity with
the higher energy in 2012. In Run 2 a total luminosity of 156 fb~! was delivered by the LHC,
resulting for ATLAS in 139fb~! of data considered to be “good for physics” [85], which
means that data taken when the detector was not fully functioning are discarded.
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3.2. Physics at the LHC

There are many interesting physics measurements to be made at the LHC. All of them are
based on the acquisition of trajectories of the collision products. However, as measurements
are made in the reference frame of the observers in the laboratory, it must be taken into
account that quantities are Lorentz boosted with respect to the beam axis, when performing
calculations. This fact leads to a commonly used coordinate system which is introduced in
the following.

3.2.1. Coordinate System and Particle Kinematics

For particle collider experiments, the beam axis defines the z-axis. The center of the
detectors and thus the theoretical interaction point is the origin of the detector coordinate
system. The z-axis points towards the centre of the LHC and the y-axis upwards.

Particles can be described via their 4-momentum p* = (E,p) = (E, pz, py, p-) (energy
and three-momentum). Commonly in high energy physics, the transverse momentum in
the plane of the detector is used and defined as

pr =\/P2+ 7. (3.2)

For a two particle event the invariant mass M is calculated with

M =\/(p} +ph)? = \/E>— (p)°. (3.3)

Instead of the x and y coordinates the azimuthal angle ¢ and the polar angle § between the
three-momentum of the particle and the positive direction of the beam axis can be used to

describe the momentum components.

_ 1 (p‘_pz>
y=—-In| ———
2 \|p|+p-

is used instead of 8, where p, is the longitudinal component of the particle momentum.

More commonly, the rapidity

When particles collide, often the center-of-mass frame moves down the z-axis, leading to
the observers being Lorentz boosted with respect to this frame.

The difference between the rapidities of two particles is invariant under Lorentz boosts
along the beam axis, the rapidity however is not.

For highly relativistic particles it is hard to measure the rapidity, as the total momentum
vector and the energy are needed. Therefore another quantity, the pseudorapidity, is defined
by assuming that the mass can be neglected compared to the four momentum. Implementing
this in the formula for the rapidity yields the pseudorapidity

= —1n [tan (2)} . (3.4)

For exactly vertically emitted particles the pseudorapidity equals zero, while it approaches
400 towards the beam axis. As for highly relativistic particles y =~ n, 1 is used in experi-
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ments, as it is more suitable from a detector point of view.
The three-momentum of the particle is hence described as:

Pz = PT COS P, (3.5)
Dy = PT sin ¢7
p. = prsinhn.

The angular separation AR of two particles can be specified with the differences in
azimuthal angles and pseudorapidites

AR = /(An2)? + (Ad1)?.

The angular separation is also invariant under Lorentz boosts along the z-axis.

3.2.2. Physics Goals

At rates of 40 MHz, the proton-proton collisions at the LHC create plenty of particles that
pass the detectors. Most of these events result in elastic scattering and are not of interest
for particle physics. However, there are also hard-scattering interactions in each bunch
crossing, which might contain the Higgs boson or other heavy SM particles such as the top
quark and are of interest for precision measurements or when searching for BSM physics.

The majority of the particles created in hard-scattering events has large transverse
momenta and decays on short timescales into lighter and more stable particles. Only stable
particles can interact with the detectors and create electrical signals as they need to survive
the distance from the interaction point up to the first detector layer. Particles which can
actually be detected are the elementary particles electrons, muons and photons, but also
pions, kaons, protons and neutrons, which are stable or have long enough lifetimes to be
detected in the detector volume.

When searching for particles in the data taken in the experiments, the observables
introduced in Section 3.2.1 are used. New, also called exotic, particles and heavy particles
of the sM cannot be observed directly in the LHC detectors, but they can be reconstructed
from their decay products. Once the decay products of a particle are identified, its invariant
mass can be calculated. The invariant mass of the particle’s decay products shows a
resonance in its spectrum around the mass of the particle.

Light quarks from the first two generations and the b-quark hadronise. Pions, kaons,
protons and neutrons are hence compounds of colour-charged particles as colour confinement
forces them to form hadronic bound states. They produce jets, sprays of colour-neutral
compound particles which can be detected, when interacting with the detector material.
Bound states with b-quarks can be distinguished by reconstructing the tracks in the detector.
They have a characteristic lifetime that is long enough to displace their decay vertex from
the primary vertex, i.e., their decay leaves a characteristic signature of a secondary vertex in
the inner detector layers. This is for example helpful when searching for Higgs bosons or top
quarks, as for both the preferred decay channel involves b-quarks. For the top quark, this
can be seen from the Wolfenstein parametrisation of the CKM matrix, where the element
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|Vip| = 1, which means that the top quark almost always decays to a bottom quark and a
W boson [86].

The discovery of the Higgs boson was one of the primary goals of the LHC. Cross sections
were measured by the cMs and the ATLAS collaborations in different decay channels and
production modes, and its decay width was determined from the accessible probed decay
channels. From now on the focus will lie on the ATLAS Experiment. Current analyses
study the rarer decay modes, but also try to measure the Higgs boson couplings to fermions
directly through associated production, e.g. in ttH final states. As described in Chapter 2,
the Higgs couples to the fermions to give them their mass according to the sM.

With the goal in mind to set the sM under test and detect possible BSM physics, the
LHC will be upgraded to deliver more data. With more data, rare processes will have higher
statistics and the smaller coupling of the Higgs with the light quarks can be investigated.
Should further investigations confirm that the Higgs gives all fermions their mass, this part
of the sM would stay as is. If, however, the Higgs does not couple to these, BSM theories of
different Higgs particles would become of interest. Apart from Higgs and fermion couplings,
Higgs self couplings which affect the Higgs potential and couplings to other vector bosons
are also of interest. A more detailed discussion of the Run 2 physics performance and the
planned performance can be found in [87, 88].

All these measurements require, however, the particle detection and identification with
respect to the current situation in the detectors along the LHC to be improved. First and
foremost, the detectors need to be highly granular to be able to tell tracks of high energetic
particles with larger transverse momentum apart, which might lie very close to each other.
This helps to obtain high efficiencies in b-tagging, a procedure which identifies jets with
b-quarks based on their secondary vertex, as mentioned above. Also, the algorithm can
be extended to tag c-quarks as well, as secondary vertices are a crucial tool for particle
identification. The high granularity also enables background rejection by reconstructing
the vertices with high precision.

A detailed discussion of the upgrades to suite the physics requirements is given in Sec-
tion 3.4.1 and 3.4.2. The current data taking conditions in the ATLAS Detector are explained

in the next section.

3.3. The ATLAS Detector

Around the nominal collision point, the ATLAS Detector [10, 89] is set up in order to
explore the high-energy and high-luminosity regime of the LHC. It is by volume the largest
of the LHC experiments. The expected physics performance of ATLAS is stated in [90] and
highlights the discovery potential for new physics regarding especially the Higgs sector or
SUSY particles and precision measurements of heavy quarks and gauge bosons.

The ATLAS Detector has a total length of 44 m, a height and width of 25 m and weighs
approximately 7000 t, which is about as much as the Eiffel Tower. Particles can be measured
and identified via their interactions with matter, which differs for different particle types, as
described in Section 4.1. The structure of the detector is hence chosen to be onion-like with
multiple layers of different detectors and magnetic systems. It features three main detector
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Figure 3.2: Schematics of the ATLAS Detector with humans shown for scale. ATLAS
Experiment © 2021 CERN.

systems: the Inner Detector (ID) to obtain tracking information, the calorimeters for energy
measurement and the muon system for muon tracking, as shown in Figure 3.2. All detector
components aim for a large acceptance in pseudorapidity with almost full azimuthal angle
coverage. Electrical signals returned from the recorded collisions in these detector systems
are processed to reconstruct the physics objects passing the detector.

3.3.1. Tracking System

The purpose of the 1D closest to the interaction point is efficient tracking and vertex
detection for lepton-momentum measurements. It is 7m long and 2.3 m wide and consists
of three sub-systems, the semiconductor PIXEL Detector, the Semiconductor Tracker (sCT),
which has several layers of silicon microstrip detectors and around these the Transition
Radiation Tracker (TRT), a gaseous detector, for pattern recognition, momentum and vertex
measurements. Figure 3.3 shows the layout of the 1D.

The 1D [91, 92] is enclosed in a longitudinal magnetic field of 2T, provided by a super-
conducting solenoid [93], which bends the charged particles’ trajectories and allows the
determination of the sign of the electric charge of the particles. Apart from that, the
transverse momentum of the particle is obtained from the radius of curvature r and the
magnetic field strength B(T) to be

pr(GeV) = 0.3B(T)r(m).
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End-cap semiconductor fracker

Figure 3.3: Schematics of the Inner Detector. ATLAS Experiment © 2021 CERN.

The resolution of the momentum is

o
pT
X pr
pr
and thus decreases with increasing transverse momentum pt due to the smaller curvature

of the trajectories [94].

Pixel Detector

The PIXEL Detector [95] was built in two stages. There were three layers of pixel modules
in two different structures during Run 1. There are barrel shaped layers in the central
section and three end-cap disks in the forward direction. The modules are hybrid pixel
modules, which means that planar silicon sensors with 47232 pixels are bump bonded to
sixteen readout chips with 2880 pixels each. The distances between the pixels, the pixel
pitch of the sensor, is (400 x 50) pm? and the sensor thickness is (256 + 3) ym to offer high
granularity for tracking and small material budget closest to the interaction point. n*-in-n
doped silicon is used as active detector material and FE-13 readout chips, where FE stands
for front-end. The p-n junction is on the backside of the sensor. This design is chosen to
allow full depletion of the sensor even after type inversion of the n-bulk due to radiation
damage. See Section 4.2 and 5.1.1 for details on concepts of silicon sensors and planar
sensor technologies. A cooling system is used to minimise radiation damage effects on the
detection capability, such as higher leakage current. For routing of the signals and powering
the module, a Module Controller Chip (MccC) and a flexible printed circuit board (PCB)
are used.

Figure 3.4 shows the three pixel layers in the middle of the 1D and the three end-cap
discs on both sides. The coverage of this detector is up to pseudorapidities of || = 2.5 in
forward direction and the total active area is about 1.7m?. With three hits in the pixel
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Figure 3.4: Schematics of the PIXEL Detector. Modules on the barrel staves and the
end-cap discs are depicted. ATLAS Experiment © 2021 CERN.

layers the transverse momentum can be calculated.

In order to improve the tracking performance a new layer was inserted, the insertable
B-Layer (1BL) [96]. It was added during the first long shutdown and the radius of the
beam pipe had to be reduced to fit the further layer of pixel modules. Improvement of
the tracking is achieved by this fourth additional measurement point and by compensating
for modules, especially in the innermost layers, which are damaged by radiation or failing.
Additionally the unexpectedly high particle rate of the overperforming LHC is putting
pressure on the bandwidth of the PIXEL Detector. Given that the amount of radiation in
each pseudorapidity-region is roughly the same but in the forward region the physical area
is much smaller than in the barrel region, the forward detectors experience very high rates.
The 1BL reduced the bandwidth limitations by adding further channels due to its higher
granularity.

Compared to the modules of the first three layers, new technologies are tried in the
IBL. The readout chip is of a later generation called FE-14 and has a smaller pixel pitch
of (250 x 50) pm? and higher hit rate capability and radiation hardness [97]. In order
to maximise the active sensor area, slim edge sensor technologies have been used, which
reduce the inactive sensor edge from 1100 pm to 200 pm. The thickness of the sensors is
also reduced to 200 pm for planar sensors with the same type as used in the other layers
and to 230 pm for radiation harder sensors in 3D technology. Planar sensors are combined
to dual chip modules with two readout chips and 3D sensors are used for 1-chip modules.
See Section 5.1.2 for an explanation on 3D sensor technologies. These improvements
are necessary due to the position closer to the interaction point and consequently higher
radiation levels and space constraints. The radii for all four layers of the PIXEL Detector
are 3.32cm, 5.02cm, 8.85cm and 12.25 cm.
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SCT and TRT

The scT is built around the PIXEL Detector and has four layers of strip modules in the
barrel region and nine end-cap disks on each side. A strip module is made up of two layers
of active sensor area, thus providing eight hits per track. The strips of one module are
rotated against each other in ¢ to improve the position resolution [91].

The gaseous TRT is made of approximately 372000 drift tubes, also called straws, with
4mm diameter filled with 70% Xe, 27% CO2 and 3% O3 [10]. The readout is done via the
electrode wire in the middle of the tube. In the barrel part, the tubes are placed in parallel
to the beam pipe, while they are radially arranged in the end-caps. Transition radiation is
produced by passing electrons at polypropylene fibres (barrel) or foils (end-cap) between
the drift tubes and absorbed in the gas mixture. The hits due to this so-called transition
radiation can be distinguished from normal tracking hits, making electron identification
possible.

At least 36 measurement points are added by the up to 73 layers of straws in the barrel
region of the TRT for a particle trajectory. An exception is the barrel-end-cap transition
region, where at least 22 straws are crossed. For electrons with at least 2 GeV energy 7-10
transition radiation hits are expected.

3.3.2. Calorimeter System

The calorimeters measure the energy of the particles via absorption and support the tracking
for high-pt particles which have close to straight trajectories in the 1D. Particle showers
are created by the particles in the detector material and they gradually lose all their energy.
Two different types of calorimeters are located outside of the solenoid, which allow accurate
electron, photon, jet and missing transverse energy measurements [10, 98]. Figure 3.5
depicts the layout of the calorimeter system.

The innermost calorimeter is the so-called electromagnetic calorimeter (ECAL), which
absorbs and measures the energy of electrons and photons with high granularity and is used
as input for the trigger system [99]. Together with the 1D, electron and photon identification
is possible. It is a sampling calorimeter with materials to induce electromagnetic scattering,
layers of lead absorber plates and liquid argon (LAr) as active material for detection.
Both materials are stacked and shaped like an accordion and amount to a thickness of
more than twenty radiation lengths. Ionisation of the lead atoms leads to electrons that
trigger electrical signals in LAr. As the 1D, the calorimeter is divided in barrel and end-cap
calorimeter. An additional thin presampler corrects for energy loss upstream the calorimeter,
covering the region |n| < 1.8. The pseudorapidity coverage for the full ECAL goes in forward
direction up to |n| < 3.2.

The hadronic calorimeter (HCAL) is located around the electromagnetic calorimeter
and mainly measures the energy of the hadrons. Ideally dense material maximises hard
scattering so that all particles are stopped in the hadronic calorimeter except for the muons,
thus limiting punch-through into the muon system to a minimum. It has three different
parts, which provide good containment with a thickness of approximately ten interaction
lengths.

The Tile Calorimeter [100] in the barrel region is a sampling calorimeter. It comprises
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Figure 3.5: Schematics of the ATLAS calorimeters. ATLAS Experiment © 2021 CERN.

steel absorbers and scintillators whose light is collected with wavelength shifting fibres and
recorded by photomultipliers. The scintillators give fast time information with moderate
space information and the Tile Calorimeter is hence also used as trigger detector. The
coverage is up to |n| < 1.7. There is also the Hadronic-Endcap-Calorimeter (HEC) with LAr
and copper plates and a coverage of 1.5 < |n| < 3.2 and the high density Forward Calorimeter
(Fcal) with LAr and copper and tungsten absorbers to optimise for electromagnetic and
hadronic interactions, respectively, in the forward region covering 3.0 < |n| < 4.9 [99].

3.3.3. Muon System

Around the calorimeters, the muon spectrometer [101] makes up for most of the volume
of the detector to perform high-precision muon momentum measurements. With muons
being minimum ionizing particles, they are not stopped in the calorimeter and need a
large detector to get tracking information. The muon system consists of four different
gas detectors, which give time and spatial information. Their working principle is very
similar to silicon detectors with an ionising gas instead of doped semiconductors for signal
creation. All muon detectors are enclosed in toroidal magnetic fields [102] created by eight
large air-core toroidal magnets in the barrel region [103] and end-cap toroidal magnets in a
cryogenic system on both sides [104]. The field strength is not constant, but at the order
of 4T. See Figure 3.6 for the schematics of the ATLAS muon system and the toroids.
Monitored Drift Tubes (MDTs) (and formerly also Cathode Strip Chambers (CSCs))
provide high-precision tracking information up to |n| < 2.7. The counting rate of the MDTs
is only 250 Hzcm™2. With a higher counting rate of 1000 Hzcm ™2 the cSCs were used in
the inner layers up to the end of Run 2. The €SCs in the so-called Small Wheels, parts
of the forward muon tracking system, have been replaced completely with the New Small
Wheels [105] in the second long shutdown. Two technologies are used, small-strip Thin Gap
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Figure 3.6: Schematics of the ATLAS muon detectors and the toroid magnets. ATLAS
Experiment © 2021 CERN.

Chambers (sTGC) and Micromegas detectors (MM).

Two other types of detectors, Resistive Plate Chambers (RPCs) and Thin Gap Chambers
(TGCs) with fast signal creation are used for fast trigger signals in the event selection. RPCs
are used in the barrel region and TGCs in the end-caps, covering a pseudorapidity range up
to |n| < 2.4.

3.3.4. Trigger and Data Acquisition System

This so-called TDAQ system is needed for event data acquisition from the separate detector
systems. Triggers at different stages are needed that select events with interesting physics
processes and reduce the rate of recorded events from the collision rate of 40 MHz to several
hundred events per second, a rate at which data can be saved in permanent storage [10,
106]. Apart from the decision if an event should be stored or not, the dead time of the
components also needs to be minimised by the trigger.

Two trigger levels reduce the event rate: L1 and HLT. The low-level trigger L1 is based
on the aforementioned trigger detectors in the muon system and the calorimeter. Trigger
criteria are for example high-pr muons, electrons, photons, jets and large missing and total
transverse energy, which can indicate interesting physics processes with e.g. Higgs bosons
or top quarks. The rate is reduced to approximately 100 kHz and a Region of Interest (Rol)
is defined in the pseudorapidity-azimuth (n — ¢) plane with candidate events that have the
aforementioned features. The Rol is ~ 2% of the total event data. In terms of data storage,
the L1 accepted event is stored in a buffer system.

The high-level trigger HLT is software based and reduces the trigger rate to about 1kHz
by evaluating the detector data inside the Rol. For this purpose the full event data from
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all sub-detectors is taken and a trigger decision is made based on software decisions. Only
after passing the HLT the events are stored permanently.

3.4. The LHC and ATLAS High Luminosity Upgrades

In order to increase the physics reach and tackle the open questions, both, the LHC and the
ATLAS Detector undergo upgrades. The upgrades are performed in different steps and parts
of the upgrades have already taken place in the past years during the periods of shutdown.
The LHC operation can be divided in three different periods. There is the yearly shutdown
from December till March where small issues can be solved, then a daily fill status of the
machine, with approximately 20 h of beam and then every few years long shutdowns which
make upgrades of the machine and the detectors possible.

In the first long shutdown, the energy as well as the luminosity of the LHC have been

L respectively.

ramped up from 8 to 13 TeV and to the design luminosity of 1 x 103* cm =2 s~
Accordingly, the 1D was upgraded to withstand the new run conditions, as shown in
Section 3.3.1.

The second long shutdown from December 2018 onwards ended in early 2022, initiating
Run 3 with higher energy of 13.6 TeV. Several accelerator upgrades, including the replace-
ment of the former proton linear accelerator LINAC2 with LINAC4, result in a twice as high
beam brightness and intensity [76-78]. The brightness of a beam describes the phase space
density of the protons in the beam and the intensity the number of protons or ions per
bunch. During the current Run 3 the LHC is operated at twice the design luminosity.

Concerning ATLAS, the Small Wheels, parts of the forward muon tracking system, have
been replaced with the New Small Wheels [105] as mentioned before. With higher luminosity
improved tracking and trigger performance is needed to suppress background. The LAr
calorimeter [107] and parts of the Tile Calorimeter were also upgraded to improve the L1
trigger, hence requiring an update of the trigger system [108].

3.4.1. The High Luminosity-LHC

With the High Luminosity-LHC a new era of particle physics is starting. The targets as
specified in [75] are a peak luminosity of 5 x 103* cm=2s7!, which is five times more than
the original design luminosity and an integrated luminosity of 250fb~! per year, which
adds up to a total of 3000 fb~! over the runtime of the HL-LHC. However, by pushing the
machine, a peak luminosity of 7.5 x 103* cm~2s~! and a total of 4000 fb~! seem feasible.
The intensity and the brightness of the beam can only be controlled at the creation of
the beam, as the phase space distribution function is conserved according to Liouville’s
theorem [109] and hence the protons in a bunch cannot change their density in phase space.
The luminosity is increased by means of the beam parameters in Eq. 3.1. Especially the
number of protons per bunch N will be increased while keeping the transverse normalised
emittance €, small [75]. By reducing the beam focus spot with stronger quadrupole mag-
nets at the interaction point, the beam beta function g* is also reduced. This requires,
however, larger beam angles. Crab cavities which tilt the particle bunches at the interac-
tion point make larger beam angles possible while keeping the two bunches geometrically
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Figure 3.7: Schedule of the LHC and detector upgrades [111].

overlapping [75].

More interactions per bunch crossing and thus a much higher instantaneous luminosity
of 5 — 7.5 x 103 cm™2s~! will deliver much more data but also create more challenging
situations in the detectors. Especially pile-up, which describes the number of interactions
per bunch crossing in the detector, will increase from (x) ~ 34 in Run 2 to () ~ 200.

By providing a lower instantaneous luminosity than the maximum at the start of a run,
the pile-up can be reduced. As the interaction rate naturally decreases over time due to
the interactions of the particles, a change of the beam parameters during the run can keep
the instantaneous luminosity stable, resulting in the LHC delivering data at a controlled
rate for a longer period of time. This is called luminosity levelling [110]. The integrated
luminosity planned for the whole operation time of the HL-LHC is 4000 fb~!.

However, in order to be able to reconstruct events with high precision tracking per-
formance and eliminate the background in the detector with a high track density and
occupancy, fast, highly granular and radiation hard detectors are needed. The roadmap for
the HL-LHC foresees the machine and detector upgrades to take place during long shutdown
IIT [87], which is as of now foreseen from 2026 until the end of 2028 [111].

In order to withstand the new running conditions, the experiments have to undergo
several upgrades. The main upgrades for the ATLAS Detector are the trigger and the 1D
upgrades as the 1D will have reached its end of lifetime after Run 3. It will be exchanged
with the highly radiation tolerant Inner Tracking Detector (ITk), an all-silicon detector
with strip and pixel modules. The trigger architecture will also be renewed, profiting from
the upgraded detector systems. In Figure 3.7, the schedule for the upgrades of the LHC
and the detectors is shown.
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Figure 3.8: Schematics of the 1Tk layout for one quadrant, showing only the active
detector elements, where the strip modules are depicted in blue and the pixel detector
modules in red. The z-axis is oriented along the beam line, the origin of the coordinate
system is the nominal interaction point and the r-axis is the radius measured from the
interaction point [114].

3.4.2. The Inner Tracking Detector as part of the ATLAS Upgrade

As the radiation is the highest close to the interaction point, the innermost layers of the
pixel detectors used in the large experiments to find the vertices and the trajectories of the
particles need to be the radiation hardest and fastest. Hence, new pixel sensor technologies
are needed to withstand these harsh environments and provide physics results.

The schematics of the 1Tk are shown in Figure 3.8. One quadrant and only active detector
elements are shown. The layout differs compared to the original one as planned in the
ATLAS ITk TDRs for the PIXEL Detector [112] and the strip detector [113].

The Strip Detector will have four layers of barrel modules and six end-cap petal-design
disks on each side. With the PIXEL Detector being the subject of this thesis, the focus will
be on this part of the 1Tk.

The ITk Pixel Detector

The PIXEL Detector will be separated from the Strip Detector by a Pixel Support Tube
(PST) and consists of five layers of pixel modules and a forward region with different sensor
technologies. Due to the high radiation in the innermost layers, the inner two layers are
replaceable and housed in the Inner Support Tube (1ST) for easier access. About 10000
modules will be implemented in the barrel layers and end-cap rings on each side to assure
a coverage up to |n| < 4 [112].

The 1 MeV neutron equivalent fluences normalised to the integrated luminosity of 4000 fb~!
until the end of lifetime for an inelastic proton-proton cross section of 79.3 mb and a centre-
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Figure 3.9: Simulated 1 MeV neutron equivalent fluence in the PIXEL Detector [112].

of-mass energy /s = 14TeV are calculated with PYTHIA8 [115] and FLUKA [116] and
shown in Figure 3.9. The unit of the fluence is commonly written as neq/ cm?. Compared to
the 1D the ATLAS 1Tk, with fluences of up to 1.3 x 10*0 neq/em? [112], will receive radiation
levels of roughly an order of magnitude more over its lifetime.

As stated above, the 1Tk needs to be fast, highly granular and radiation hard. With
smaller pixel pitches of (50 x 50) pm? or (25 x 100) pm? compared to the 1D ((400 x 50) pm?)
the granularity is enlarged. This is needed to reduce pile-up and resolve tracks in boosted
jets with narrow tracks and is from simulations expected to have 0.16 % channel occupancy
at most in the innermost layer [112]. However, with more pixels, more channels need to be
read out. As parallel powering is not feasible, the readout chips are powered in so-called
serial power chains [117-119]. This saves space but also limits multiple scattering, see also
Section 4.1.

For the readout new front-end pixel chips are jointly developed with cMS to accommodate
for smaller pixels and higher bandwidth compared to the FE-14 [120]. The joint development
is known as RD53 collaboration and has produced the RD53A prototype readout chip for
the ATLAS Experiment which has undergone some further development, known as RD53B
or ITkPixV1. For extensive tests the RD53A prototype chip with (50 x 50) pm? pitch and
~ (1 x 2) cm? area is used [121]. Chapters 6, 7 and 9 present the results obtained within
the scope of this thesis. The final chip 1TkPix has an area of ~ (2 x 2) cm? and four FEs
are thus able to read out the full sensor with an area of ~ (4 x 4) cm? and 307200 pixels.
An improvement of the RD53A chip is its nominal bandwidth of 1.28 Gbit/s on up to four
data outputs [121] compared to the rate capability of the FE-14 chip of 160 Mbit/s [97].

Apart from that, it has a higher radiation tolerance of at least 500 Mrad = 5 MGy [112],
where the requirement for the FE-14 used in the IBL was 3.5 MGy.

The radiation also affects the sensors. Two different sensor types are used with 100 —
150 pm sensor thickness [112]. The 3D sensors with 15 pm thickness cover only layer 0. Pla-
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Figure 3.10: Different PIXEL Detector regions in the 1Tk, modified from [114].

nar sensors with 100 pm thickness are featured in layer 1. These two layers will be replaced
after an integrated luminosity of 2000 fb~!. The received fluence of 13 x 10'° Neq/cm? is
so large that these sensors already reach their end of lifetime. In the outer layers, planar
sensors with 150 pm thickness are used and no replacement is planned. Further details
about these sensors can be found in Section 5.1. The PIXEL Detector is cooled with COs
to —10°C at the module to minimise radiation effects. Also, the sensors are n-in-p sensors,
i.e. different doping compared to the currently used n*-in-n sensors in the 1D. A p-bulk
has the advantage that no type inversion takes place with radiation damage and it is a
single sided process, which simplifies the product flow [112]. Section 4.2.3 discusses this in
further detail.

In total, an area of 13m? will be covered with pixel modules, where modules with one
large sensor and four connected readout chips, so-called quad modules, and triplet modules
with three sensors and three connected readout chips with similar sizes are used [114].

Demonstrator Projects

The PIXEL Detector consists of three different parts, the inner system, the outer barrel
and the end-caps, as shown in Figure 3.10. In order to practise the production flow and
set these sub systems under test, the so-called demonstrators are built for every system.
Amongst other system aspects especially the serial powering functionality is validated.

The focus of this work are the outer barrel (OB) demonstrators. A first version with
FE-14 modules was used until mid-2021 for basic studies on a loaded stave [122]. The
successful loading of a stave with modules, the first time powering of several module chains
with common ground in serial powering mode, read out of many modules, cooling with
COg and steering with a Detector Control System (DCS) were the main achievements. The
follow-up demonstrator with RD53A modules is still under test and closer to the final 1Tk
design, with lessons learnt from the FE-14 demonstrator already implemented.

Studies on the FE-14 demonstrator have also been shown in the doctoral theses [5, 123]
and in the not yet published thesis [124]. Final results from the FE-14 demonstrator will be
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published in the near future. Several aspects are summarised in Section 8.3. In Section 8.4
first milestones of the RD53A demonstrator are presented.
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CHAPTER 4

Semiconductor Pixel Detectors

The ATLAS inner tracker will be a semiconductor pixel detector with silicon as sensing
material. Silicon is the current state of the art due to its high availability and excellent
performance regarding spatial resolution, as discussed in Section 4.2.

A multi-purpose high energy physics detector is designed such that it is capable of
measuring the particles that traverse it. Hence, in Section 4.1 the types of interactions
of different particles with matter are discussed. Section 4.2 introduces the silicon pixel
detector as an application of the interaction principles introduced before. As the interaction
with matter is not necessarily non-destructive, the possible radiation damages are discussed
in Section 4.2.3. For the ATLAS tracking detector, the pixel detector type of interest is the
hybrid pixel detector, which is introduced in Section 5.

4.1. Interaction of Particles with Matter

The interaction processes differ for different particle types with different energies and depend
on the detector material. Certain particles that can create a signal in semiconductors are
discussed in the following: Light charged particles, such as electrons and positrons, photons,
and heavy charged particles which include muons, protons and a-particles.

For charged particles electromagnetic interactions are dominant. Depending on the mass
of the particle, they scatter with the electrons or the nucleus of the atoms in the matter
via the Coulomb potential. The atoms on their turn get excited or ionised and the particle
loses energy and gets deflected.

4.1.1. Heavy Charged Particles

While crossing matter, heavy charged particles, such as muons, protons or a-particles,
mainly lose energy through interactions with the outer electrons of the atom, thereby
ionising the atom. The electrons of the atom are considered free, as the energy and mass
of the particle are much higher than the binding energy of the electron.

27



Chapter 4. Semiconductor Pizel Detectors

The Bethe-Bloch-Equation [125, 126] describes the average energy loss through ionisation
per path length. This is also called the stopping power when normalised to the density.
The formula as written in [56] with additional shell correction term is

dE Z2% |1 2mec? 32T, ipvy) C
{2 —daNar?me? 2 |21 e max ) g2 OV 2 4.1
<da:> AT Y g2 [2“( IE Py 7 @

with 3 = 2, the velocity v and the speed of light ¢, the charge z of the incident particle
in electrons, the Avogadro number Nj, the atomic number Z of the absorbing material, A
the atomic mass of absorbing material, m. as electron mass, the classical electron radius
re, C' the shell correction and I, the mean excitation potential of the atoms. I is obtained
with empirical formulas, dependent on the atomic number of the absorbing material Z:

I=12Z 4+ 7V Z <13, (4.2)
I =9.677 +58.82 919y 7 >13.

To correct for the polarisation of the atoms along the path, the density correction §(/37)
is introduced. Electrons far away are shielded from the field of the particle due to the
polarisation and interact less. The polarisation is proportional to the density of the material.
Another addition to the original formula is the shell correction for the low energy regime
where electron and particle have similar velocities and the electron cannot be approximated
as free any more.

In a range from 0.1 < v < 1000 the energy loss can be described with Eq. 4.1, while
for higher B~ radiative losses dominate. 32 is dominant for low particle energies. In this

region for different particles the slope is shifted for different masses. The energy loss reaches
dF

‘dz MIP
minimum ionising particles (MIP) are used as estimation for the smallest signal of a charged

a minimum for By & 3.5 with —< > = 1.5MeV g~ ! cm™2. For most materials these
particle in a detector. The loss increases steadily with higher momentum due to relativistic
effects and reaches a plateau. The different regimes are shown in Figure 4.1 for muons in
copper.

Applied to the ATLAS detector, muons of typical energies are for example minimum
ionising and therefore show the MiP-like deposit in the calorimeter. In general, as soon as a
particle is no longer minimal ionising, it will lose energy drastically and finally be stopped
in the material within a short distance. This principle is used in calorimeters. Most of the
energy is deposited near the stopping point, which can be described by the Bragg-curve.

For thick detector layers the energy loss, which is a statistical process, can be described
by a Gaussian distribution where the mean is given by Eq. (4.1).

Thinner detectors, such as the tracking system, do not completely stop a particle. The
probability distribution of the energy loss is described by the Landau distribution [127—129]
which has a long tail towards high energy loss. The asymmetry originates from the different
rates of high and small energy transfer collisions. Because of the asymmetry, the mean
energy loss is higher than the most probable energy loss.
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Figure 4.1: Mass stopping power for muons in copper. Radiative losses dominate for
higher energy [56].

4.1.2. Electrons

Due to the much smaller mass of electrons and positrons and the fact that incident particle
and the shell electron are quantum mechanically indistinguishable, Eq. (4.1) describing the
ionisation is only valid with modifications and only in the low energy regime. The main
contribution, however, is bremsstrahlung, electromagnetic radiation that is emitted when
an electron is scattered, as long as it is above the critical energy

b~ ﬂZO MeV .
The energy loss is
_ <dE> _E
dx B X() ’

where the material dependent radiation length Xy can be defined, which is the mean distance
after which the energy is reduced by a factor of % due to bremsstrahlung:

1

Xo ~
0 danZ?r2In(287/21/2)’

where n is the number density of nuclei. For silicon, which is used in the tracking detectors
of ATLAS, the radiation length is 9.36 cm, which shows that also electrons and positrons
easily pass the O(100 pm) thick sensors.
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4.1.3. Multiple Scattering

Apart from losing energy as described in the sections above, charged particles also scatter
off the nuclei. The small deflections lead to the particle taking a zigzag path from which an
overall scattering angle can be defined. The scattering angle after a distance is statistically
distributed and the cross section of the elastic scattering via the Coulomb potential with
the nuclei can be described with the Rutherford formula as

do 5. 5 (mec/Bp)?
a0~ 2 7 (g2

where 6 is the mostly small scattering angle, which is shown by the sin*(6/2) dependence,
z and Z are the charges of the scattered particle and the nucleus and p is the momentum
of the scattered particle.

For pixel detectors this is of importance as the incoming and outgoing particles might be
separated by an angle which complicates reconstruction.

4.1.4. Photons

Photons cannot be detected directly, but have to create charged particles which in turn
ionise the material and give an electrical signal. There are three interactions of photons
with matter with increasing energy: photoelectric effect, Compton scattering and pair
production.

The intensity of a photon beam decreases exponentially with distance x:

I:I()e_‘ux,

with the initial intensity [y and the material specific attenuation coefficient pu. Photons can
either be absorbed completely or scattered and thus changing their energy.

In the photoelectric effect the photon is absorbed by an electron. The electron is ejected
with the energy of the photon minus the binding energy that was needed to free the electron
from its bound state. For conservation of momentum, the recoil momentum is taken by
the nucleus the electron is bound to. Photons with low energies have a large cross section,
which decreases with energy. However, once the energy is large enough to excite an electron
from a lower shell, the cross section rises again with a step. This behaviour is dependent
on Z. Figure 4.2 shows the interactions of photons with matter for the example of carbon
and lead.

With higher energies the photons scatter on electrons instead of being absorbed. The
process is described by Compton scattering. Energy is transferred to the electron, depending
on the scattering angle. When the photon is back scattered it deposits the maximum energy,
which is called Compton edge.

At even higher energies of more than twice the electron mass, e™e™-pair production is the
dominant process. For momentum conservation it requires a nucleus or another electron to
take the recoil. The photon is converted into an electron-positron pair which then radiates
photons again due to bremsstrahlung, as described in Section 4.1.2.

The radiation length X is 7/9 of the mean free path for pair production Apair [56]. The
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photoelectric effect is dominant in the low keV energy regime, Compton scattering is

dominant for medium energies up to 1 MeV and pair production for higher energies above

1MeV. Depending on the atomic number Z of the material, the amount of cross section

steps for the photoelectric effect differs depending on the number of shells in the atom [56].
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cross section for pair production and bremsstrahlung both scale with Z2.

Pair production and bremsstrahlung are the two processes which lead to electron-photon
showers in the electromagnetic calorimeter. With either a photon or an electron the shower
is initiated. The energy of the particles is then gradually decreased until the threshold for
pair production or bremsstrahlung is reached and the other interactions become dominant.

4.2. Principles of Semiconductor Detectors

In semiconductor material passing charged particles ionise the semiconductor and create
weakly bound electron-hole pairs. A signal current is induced on the electrodes when the
electron-hole pairs are separated by an applied external electric field and drift towards the
electrodes.

Semiconductors are usually described within the context of the band model with a valence
and a conduction band which are separated by a gap. In the lattice of a semiconductor, the
discrete energy levels that the valence electrons occupy in an atom, which correspond to
the orbitals, turn into quasi-continuous energy bands in the valence band. Available energy
states are located in the conduction band. The energy difference between the valence band
and the conduction band is Eg = 1.12¢€V in silicon. Ionisation due to passing particles can
be understood as electrons in the valence band being excited into unoccupied higher energy
levels in the conduction band, leaving a hole in the valence band. Due to the small band
gap, the charge carriers can recombine easily, unless an external field is exerted on them,
as is the case in a detector.

Silicon is commonly used for pixel detectors in high energy physics. Due to its small band
gap, silicon requires only an average energy of 3.61 eV for the creation of an electron-hole pair
and therefore yields comparably high signal charges with respect to other semiconductors.
This electron-hole pair creation energy is more than the gap energy as additional momentum
transfer to the lattice is required as silicon has an indirect band gap. According to the
interactions described in Section 4.1 material with high atomic numbers causes higher
energy deposition and increases the material budget of the detector. For tracking detectors,
however, a low material budget which reduces multiple scattering is preferred. This also
favours silicon with an atomic number of Z = 14.

The motion of the particles in a semiconductor can be described by two different processes.
Diffusion describes carrier concentration driven movement of the electrons or holes to the
side of smaller concentration, which is permanently present in a semiconductor. The holes
move in the valence band while the electrons move in the conduction band. Due to collisions
with the atoms their energy is reduced until they recombine. Drift describes movements of
free charge carriers under the influence of an electric field E. They are accelerated along
the field lines and can likewise collide with atoms which reduces their velocity. The drift
velocity vp can be defined, which is the mean value of the velocity distribution. While the
drift is dominant, diffusion nonetheless affects the charges and causes them to spread out.
This effect becomes more prominent with time.
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4.2.1. The pn-Junction

In intrinsic silicon, the number of electrons and holes is equal and induced by thermal
excitations and impurities in the crystal. The charge carrier density is n; = 9.65 x 10° cm ™3
at 300 K [130]. In these conditions ionisation due to traversing particles cannot be detected
as it is orders of magnitude smaller than the intrinsic number of free charge carriers.

The charge carrier density can, however, be changed by doping the material. In n-doped
material, donor atoms with one additional valence atom are inserted in the crystal lattice,
while p-type material is doped with acceptor atoms which are lacking one valence electron,
in comparison with the substrate. Silicon as substrate material with four valence electrons
has as typical n-type dopants Phosphorus and Arsenic with five valence electrons, while
Gallium, Aluminium, Indium and Boron with three valence electrons are typical p-type
dopants. In n-type material a quasi-free electron is introduced with an energy level close
to the conduction band. The introduced hole in the crystal in p-doped material creates an
additional energy state just above the valence band. With n- or p-doped sections in the
semiconductor, the heart of all silicon detection devices, the pn-junction, can be established.
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Figure 4.3: A pn-junctions forms between regions of different doping. The holes from the
p-type material diffuse towards the n-region and vice-versa. A negative space charge is
built on the p-side and a positive space charge on the n-side, which creates a field with a
potential difference called the built-in voltage Vi;. This leads to a drift current. Between
the two doped regions develops the depletion zone, which is vacant of free charge carriers.

A pn-junction forms naturally when differently doped areas interface, as shown in Fig-
ure 4.3. With different concentrations of electrons and holes, the holes from the p-type
material diffuse towards the n-region and vice-versa. While electrons and holes recombine
at the junction, a negative space charge is built on the p-side and a positive space charge
on the n-side, which creates a field with a potential difference called the built-in voltage V4.
This leads to a drift current. An equilibrium establishes between diffusion and the drift
current induced by the electric field. Between the two doped regions develops the depletion
zone, which is vacant of free charge carriers and has a higher resistivity then the initial
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material. The intrinsic width of the pn-junction is determined by the doping concentration,
but can be increased with a reverse bias voltage, thus increasing the potential across the
junction. With negative potential applied to the p-region and ground or positive potential
on the n-region, holes from the p-region and electrons from the n-region are attracted
towards their respective terminals and the depletion zone is increased. In Figure 4.5 the
depleted regions for a p-type bulk (left) and an n-type bulk (right) are shown. In terms
of detector operation, the depletion zone is called sensitive volume of the detector and is
desired to be as large as possible. The pn-junction provides efficient charge collection when
incoming particles ionise atoms in the depletion zone, as a reverse biased pn-junction is
very little conductive. Respectively, when applying forward bias the pn-junction becomes
conductive.
The width d of the pn-junction with dependence on the bias voltage is [131]

2¢ (Na + N,
d= \/(VbiJrVB)eW,

where € is the electric permittivity, e the charge of the electron, Ny and Np the acceptor
and donor concentrations and Vg the bias voltage. In the case of very different doping
concentrations the depletion zone spans unevenly mainly into the lower doped side of
the junction as the free charge carriers fill a larger volume by recombination before an
equilibrium settles. This is used for detector design. In the case of a high bias voltage
compared to the built-in voltage, and a p-bulk, the width can be approximated with the
majority charge carriers being electrons as

2¢Vp
d =~ . 4.4
ey (4.4)

Regarding the capacity of the sensor, it can be understood as a plate capacitor where the

depleted width of the sensor volume corresponds to the dielectricum and the edges of the
depleted region to the plates in the capacitor. With larger bias voltage and therefore larger
depletion zone the capacitance decreases until the sensor is fully depleted and there is no
further effect on the capacitance. The different capacitance regimes can be determined with
Eq. (4.4) to be

- A % for |Vg| < |Viepl!

A

(4.5)
€5 for |Vg| > |Viepl| ,

with the thickness D and the surface A of the sensor.

4.2.2. Signal Formation

In the following, the signal formation in silicon detectors is discussed.
With the external electric field, the electron-hole pairs from ionisation of passing particles
are separated. They drift towards the electrodes, creating a current according to the
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Shockley-Ramo theorem [132, 133]:
i = qEw(r(t))vn(r(t)),

with the current ¢ induced by a charge ¢ and the drift velocity vp of the charge carriers with
the weighting field E, of the electrode. The weighting field is defined by the geometrical
effects of the electrode on the electric field of the sensor. It can be determined by setting the
electrode of interest to unit potential and all other electrodes to ground, thereby removing
all free charges.

In the case of detector operation with an external bias voltage, the current-voltage
characteristic shows the exponential behaviour [134]

I=1Is (eeVB/ ot _ 1) , (4.6)

where k is the Boltzmann constant and Ig the saturation diffusion current for reverse bias.
For reverse biased and depleted sensors, the current is thus expected to be rising until
settling at a plateau as described by the exponential function for the negative exponent
values (coming from the negative bias voltage). The voltage at which the current settles
and the sensor is fully depleted is called the depletion voltage Viep.

In order to be able to detect the signal charge from the traversing particles, the leakage
current e,k in the detector needs to be as small as possible. This current originates from
thermal excitation in the depleted zone, diffusion currents from minority charge carriers
at the junction (electrons in the p-type or holes in the n-type part) or diffusion currents
in undepleted volume in the detector. Thermal excitation especially happens at lattice
defects which are multiplied due to radiation damage, as explained in Section 4.2.3. The
dependency on the temperature and the band gap energy Fq is [134]

—Eg
I T? — . 4.7
e o T2 exp (.5 ) (17)

At very high voltages the pn-junction breaks down and a very strong current can traverse
the sensor. This can be caused by uncontrolled charge multiplication (avalanches) where
electrons and eventually holes are accelerated in the very strong electric field and themselves
create electron-hole pairs. This voltage is referred to as breakdown voltage Vi 4.

4.2.3. Radiation Damage

Over time, the radiation traversing the detector material leads to radiation damage, which
alters the signal. There are two different types of damages: surface defects and bulk defects
which are caused by ionising energy loss and non-ionising energy loss, respectively. Both,
sensors and readout chips are subject to radiation induced defects. Surface defects are
mainly relevant for the readout electronics and bulk defects for the sensors.

Two types of defects can be created within the bulk of the material. The lattice atoms
can be displaced to form vacancies and interstitials in the lattice, as shown in Figure 4.4.
Induced by the displaced atom, further defects can be induced, creating a cluster.

Viewed from the band model, the defects create new energy levels between the valence and
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Figure 4.4: Lattice defects of a silicon sensor.

the conduction band. With a smaller necessary energy for the excitation to the conduction
band, thermal excitations become more likely and the leakage current rises. Cooling of the
sensor counterbalances this effect. The leakage current has thus also a o< v/V3 dependence
on the bias voltage, as the size of the depletion region affects the number of additional
energy levels.

Another type of effect is charge trapping, where electrons or holes are trapped in energy
levels near the bands. When they are released with a delay while another particle passes,
this signal is increased artificially. The actual signal of this particle, however, is decreased.
This effect determines the charge collection efficiency of the detector.

The introduction of electrically charged defects can alter the effective doping concentra-
tion. For silicon, an n-type sensor can be converted to a p-type sensor after a high enough
particle flux, as most defects are acceptor like, which means that electrons are removed from
their atoms. For n+-in-n pixel sensors of the ATLAS PIXEL Detector the type inversion
and its effect on the depletion region is shown in Figure 4.5. The depletion zone grows from
the backside before type inversion, which means that only at full depletion it reaches the
pixel implants, which is required for operation. After type inversion, the depletion zone
grows from the pixel side and allows operation even if the bulk is not fully depleted.
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Figure 4.5: Left: In an n+-in-n pixel sensor the depletion zone grows from the backside
before type inversion. Only at full depletion it reaches the pixel implants, which is required
for operation. Right: After type inversion the depletion zone grows from the pixel side
and allows operation even if the bulk is not fully depleted [95].

Additionally, with a higher doping concentration, the bias voltage needs to be higher for
full depletion. The bias voltage is, however, limited by the breakdown of the sensor.

Particles of different types and energy cause different damage, hence the fluence is
recalibrated into the equivalent fluence if the particles were neutrons. The increase of the
leakage current is dependent on the sensor volume V', the radiation damage rate o and the
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1 MeV neutron equivalent fluence ®q as [135]
Aligaic = aV Peq . (4.8)

At room temperature or higher temperature, the defect structure in the silicon lattice
can change and repair defects. The simplest example is Frankel-pair recombination, where
interstitials and vacancies recombine due to increased lattice mobility. This is called
beneficial annealing. However, leaving the sensor for a long time at higher temperatures,
new defects can develop which have a more negative effect than the original damage. This
is called reverse annealing and must be avoided. The radiation damage rate is dependent
on the annealing time and temperature and hence influences the leakage current. Detailed
studies can be found in [135].

Surface defects are mainly caused by actual surface distortions or debris on the sensor.
However, as for the bulk defects, radiation induces ionisation and therefore displacement
of the crystal structure. Due to the proximity of the surface, usually high electric fields
prevent the created electron-hole pairs from recombining. This leads to long lasting and
spatially confined charge carriers which can even change the effective doping concentration.
The characteristic linear dependence on the bias voltage is also different compared to the
bulk defects.

4.2.4. Noise

There are always sources of noise in the detector that limit the smallest detectable signal and
resolution. The noise is commonly stated relative to the measured quantity, the charge. It
is quantified as Equivalent Noise Charge (ENC) and is the amount of charge when the signal
to noise ratio turns one. The total ENC is the square sum of the individual contributions.
Three of them are briefly discussed.

Thermal noise is caused by thermal motion of charges in a conductor. These random
fluctuations of the electron distribution cause a leakage current which is proportional to
the temperature, as shown in Eq. 4.7. This is present at all frequencies. As discussed, the
depletion region stretches further into the sensor volume with higher applied reverse bias
voltage. This has an effect on the capacity of the sensor, as shown in Section 4.2.1. As the
noise is dependent on the capacitance, for a fully depleted detector volume, the noise is
lower.

The shot noise is proportional to \/Tieak, which increases with temperature. It is intrinsic
to the discrete nature of charge carriers and the statistical fluctuations of the number of
charge carriers passing through a conductor.

Unlike the other types of noise, flicker noise originates from the electronics in the detector.
The noise power spectrum has an approximate 1/f dependence, where f is the frequency.
Origin is the charge trapping by crystal defects in semiconductors, and especially transistors,
which are then randomly released with a delay. Given the frequency dependence, flicker
noise can be dominant at low frequencies.

The silicon tracking detectors used in ATLAS are built based on the principles discussed
above. Important is their high charge collection efficiency and small noise, even after
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operation within ATLAS and receiving high radiation doses. In order to reduce the data

rates, the silicon detectors are often read out binary, which is explained in more detail in

Section 5.2.
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Hybrid Pixel Detectors for the ITk

The focus in the previous sections was on the sensor properties and its behaviour with
particles. In this section a more technical introduction to the modules for the 1Tk is given.

Pixel detectors can be realised on the one hand as hybrid pixel detectors and on the
other as monolithic pixel detectors. Monolithic pixel detectors have active and passive
parts integrated on the same Application-Specific Integrated Circuit (ASIC) silicon chip so
that the signal created in the passive part from passing particles is directly transformed
and read out in the active part. Hybrid pixel detectors on the contrary, are made from two
different silicon chips, where the sensor chip is passive and an active readout chip is bump
bonded to the sensor pixels, pixel by pixel.

The main purpose of a pixel detector, the detection of particle tracks with high spatial
resolution, is obtained by its segmentation in pixels - on the sensors and respectively on the
readout chip. For the ATLAS PIXEL Detector and the 1Tk hybrid pixel modules in several
layers are and will be used, which allow to measure the trajectory of passing particles.

A full hybrid pixel module comprises a sensor - readout-chip hybrid glued and wire bonded
to a flexible PCB. The sensor - readout-chip hybrid is also known as bare module and the
flexible PCB commonly called flex. The flex provides the connections to the readout system
and the power supplies. Moreover, signals between the flex and the sensor and readout chip
are routed through the aluminium wire bonds.

Hybrid modules with sensors bump bonded to the FE-13 [136] or FE-14 readout chips are
used in the current ATLAS PIXEL Detector. The segmentation of the pixels in the sensor
is achieved with implants of dedicated doping. That is why each pixel has an individual
pn-junction which needs to be read out separately.

In Figure 5.1 one can see on the left a single pixel cell with a bump bond in between the
bare sensor and the readout chip. The different doping which defines a pixel is indicated
with different shades of grey. The bump bond is conductive material, either indium or
tin-silver. On the right, a detector module with all of its components is shown. Additionally
to the components in the figure on the left, the flex with its wire bond connections to the
readout chips is shown. Also, the local support, a mechanical structure each module is
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Figure 5.1: Left: A single pixel of a hybrid pixel detector with the active sensor volume
where a passing particle creates an electron-hole pair and the bump bond connection to
the readout chip [95]. Right: A pixel module with its components: sensor, readout chips
and flex. The module is wire bonded and on a local support.

connected to, is displayed.

As described in Section 4.2.1, the sensor is operated in reverse bias to deplete the
detector volume. Electron-hole pairs from passing particles are separated and drift towards
the electrodes where a current is created that is routed via the bump bond to the readout
chip. The readout chip processes the created charges for each pixel separately.

In general, for all readout chips used in this thesis, the readout path comprises an analog
and a digital part. The analog part consists of an amplifier and a threshold discriminator
which generate a pulse with a pulse length proportional to the charge signal. As every pixel
has its own readout but all pixels need to be comparable, the discriminator thresholds and
the return to baseline of the amplifier need to be adjusted to equalise the pixel response.
The digital part measures the pulse width. The processed data is passed to a buffer which
is shared between several pixels. Also, in order to achieve the high bandwidth required in
the detector, parallel readout is needed.

For tracking of particles, multiple layers of silicon detectors are used. As mentioned in
Section 4.1, the path of the particle can be altered by multiple scattering or energy loss.
To counterbalance these effects the sensor must be as thin as possible to provide sufficient
electron-hole pairs and signal but limit the interactions with the material.

5.1. ITk Pixel Sensors

The 1Tk features two different types of sensors. In all layers but the inner layer, planar
sensors with p-bulk material and n-implants are used. The inner layer will be equipped
with 3D sensors. Both are explained in the following.

A huge advantage of planar sensors is their easier processing mechanism so that they can
be produced by multiple vendors in high quality with high yield and low cost. For the 1Tk,
where an area as large as 13 m? will be covered with Si pixel modules, they will therefore
be used for the larger portion of the modules.
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5.1.1. Planar Sensors

Planar sensors have layers of different doping, considering the sensor volume from backside
to the top, as indicated in Figure 5.1 on the left. The bulk of the sensor is doped with one
type in concentrations of typically ~ 10'2cm=3 [131]. With implants on the top- and/or
backside with higher doping concentration, typically > 10*® cm~3 [131], the pn-junction is
built up. As the depletion zone mainly spans into the less doped side, the bulk volume of
the sensor can be depleted.

The planar sensors for the 1Tk are n-in-p sensors, where the silicon substrate is a boron
doped p-type crystal with orientation (100) [137]. N-type implants with phosphorus coupled
to an aluminium readout pad form a pixel. With another p-implant called p-stop or p-spray,
depending on the type, the inter-pixel resistance is achieved that isolates the pixels from
each other. Another p+-doping at the backside of the sensor improves the ohmic contact
to the metallisation with aluminium. On the frontside an oxide layer, called passivation, is
applied which protects the sensor from scratches.

The pixel size is (50 x 50) pm? for a sensor thickness of 150 pm and (25 x 100) pm? pixel
pitch on the sensor with 100 pm thickness in the outer layer of the inner system, respectively.
Guard rings for high voltage (HV) stability and low current operation are implanted around
the active area and cause inactive areas on the sensor edges. On the sensors Under Bump
Metallisation (UBM) for improved electrical contact is applied to prepare the hybridisation
process where the readout chips are bump bonded to the sensor. The hybridisation is done
after dicing, which describes the cutting out of the sensors or readout chips from the silicon
wafer.

Compared to the FE-14, with the change from n-in-n to n-in-p technology for the planar
sensors, the guard ring structures are on the pixellated face of the sensor, as shown in
Figure 5.2. This means that the sensor bias voltage is present at the perimeter of the
pixellated surface on the sensor which is only the bump bond height (10 pm to 25 um) [138]
away from the readout chips which are at ground potential. Therefore, HvV insulation is
required to protect the readout chips for bias voltages higher than 200 V. This will be done
with Parylene coating, which is applied on the whole module except for the connectors after
wire bonding, and simultaneously protects the wire bonds and provides HV insulation.

In order to bias the whole pixel matrix with applying external voltage for laboratory tests,
different techniques are employed. A temporary metal can be applied on the frontside which
shorts all the pixel cells and allows to measure current voltage characteristics. This must be
removed before hybridisation. Another option is a bias grid on the frontside with so-called
punch-through (PT) dots at regular distances of 100 pm in the pixel matrix where an electric
potential is directly applied to bias the sensor. An example is shown in Section 6.1.2 where
measurements on [Tk sensors are discussed. A last option is using poly-silicon bias resistors.

5.1.2. 3D Sensors

A different implantation technique is used for 3D sensors. Instead of stacking different
layers, so-called electrodes are doped into the bulk material. The shape and number of
electrodes can vary as well as the depth of the electrodes into the bulk material. The layout
for the 3D sensors for the 1Tk can be found in [139] and is shown in Figure 5.3. Pixel

41



Chapter 5. Hybrid Pixel Detectors for the ITk

dicing street

-~
@
| =
=
a
g.
o
w0
g
=
[x]
2
@
L J
opening in the passivation on BR
o 1 [ = .
& LAl W J bias ra{l
f iy p— —ay —aty ol
2 | QIO IO
| '.I |I :u | _|'.
gl it iy
| M | [
distance dicing/edge + active area b —i Tl ib l_ .'!.
“' < 'Iopenhg-'hthel:paéa‘ atioh oh pixel

Figure 5.2: Layout of a corner of a planar sensor for the 1Tk. (50 x 50) pm? pixels are
depicted, with a common dot for PT biasing. The passivation opening for sensor tests is

on the bias ring.

111

p++ LR Si

50x50 pm?, 1E

_ Active

‘ 50 pm
‘ thickness

50 pm

-HRSi |

Ly=35um

Figure 5.3: Left: A 3D sensor layout [139]. The readout columns (n+) are indicated
in red. The ohmic columns (p+) are connected to the bulk region which is biased from
the backside. Right: The top view of the (50 x 50) pm? pixel, where the inter-electrode

distance is indicated.

geometries of (50 x 50) pm? are planned for the end-cap region and (25 x 100) pm? for the
barrel region in the innermost layer.

3D sensors are more radiation hard as the close spacing between the implanted electrodes
requires smaller bias voltage and hence results in a smaller leakage current which requires less
cooling. This also counters charge trapping. Also, the depletion voltage is smaller compared
to planar sensors, even at high irradiation dose. Most importantly, thickness of the sensor,
needed for signal creation and the aforementioned electrode distance are decoupled, which
allows for thicker radiation hard sensors. In opposition to all their advantages, 3D sensors
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are still expensive due to the more complex fabrication process which often includes double
sided processing of the silicon.

5.2. ITk Pixel Readout Chips

Advances in AS1C-design as well as ever changing requirements regarding radiation hardness
or noise, promote new readout chip designs for the detectors at ATLAS. In this thesis, the
FE-I4 and the RD53A readout chip are used for measurements. For the sake of completeness
the new 1TkPix readout chip for the 1Tk is also introduced in the following sections.

5.2.1. FE-14 Readout Chip

The FE-14 readout chip was designed for the ATLAS IBL [96] to cope with the increasing
hit rates closer to the interaction point and the hence required higher radiation hardness
and efficiency.

Its pixel matrix has 80 x 336 pixels with pitches of 250 pm and 50 pm, respectively.
Compared to the FE-13 readout chip with pitches of 400 pm x 50 pm, the spatial resolution
is increased. Two columns are grouped to form 40 double-columns which are divided into
2 x 2 pixel regions with four separate analog pixels and one common Pixel Digital Region
where hits and timing information is stored.

In the analog pixel electronics the charge signal from the sensor electrodes gets shaped
from current to voltage in a two-stage amplifier. In the discriminator, the analog signal is
converted into a digital square wave signal, where the output is on only when the signal is
above a certain threshold. The pulse width, the time over the threshold (ToT), is likewise
measured with the discriminator and proportional to the charge deposited in the sensor.

Calibration of the chip is done globally and per pixel with programmable registers. Test
charges can be injected into both, the analog and the digital part, of each pixel. With
the known amount of charge, the global and local pixel registers are tuned based on the
response to the known charge.

The chip is powered with digital and analog voltage directly. However, the FE-14 modules
are also capable to be operated in serial powering with other modules. This means that a
shunt low dropout voltage regulator (Shunt-LDO or SLDO) voltage regulator is implemented
in the chip which can generate the digital and analog voltages needed for the chip from a
supply with constant current. Serial powering is exploited in the demonstrator programme,
as reported in Chapter 8. Extensive studies on the SLDO and serial powering in general
can be found in [124].

5.2.2. RD53A Readout Chip

The smaller pixels on the sensors for the 1Tk require new readout chips with not only smaller
pixel sizes but also higher bandwidth and new electronics which can handle the new data
acquisition (DAQ) and trigger protocols from the new trigger architecture, as mentioned in
Section 3.4.1 and detailed in [120].

The RD53A readout chip is a prototype ASIC where three different design variations,
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different analog FE types, are used in the chip for technology validation on the same chip
[121]. The synchronous, linear, and differential FEs are arranged on the chip as shown in
Figure 5.4. The chip has a width of 20 mm and a height of 11.6 mm with a pixel matrix of
400 x 192 columns and rows. The lower edge has a row of pads for wire bonding, circuitry
for biasing, configuration and readout.

According to Ref. [121], the differential FE uses a differential gain stage in front of the
discriminator and implements a threshold by unbalancing the two branches, the linear FE
features a linear pulse amplification in front of the discriminator, which compares the pulse
to a threshold voltage and the synchronous FE uses a baseline “auto-zeroing” scheme that
requires periodic acquisition of a baseline instead of pixel-by-pixel threshold trimming. As
for the FE-14, the pulse width, also called the ToT, is measured with the discriminator
and proportional to the charge deposited in the sensor. In order to equalise the pixel
response, tuning is also necessary for this chip. Details on this procedure can be found in
Section 7.3.2.
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Figure 5.4: Three different FE types: synchronous, linear, and differential.

Similar to the FE-14 chip, the pixel matrix is split in cores of 8 x 8 pixels, which are
synthesised as one digital circuit. The analog FEs are grouped together in sets of four.
The digital configuration to the analog FEs is provided by the core, which also receive the
digital outputs from the FEs. Via a single 160 Mbit/s link the chip is controlled and the
data can selectively be output through one to four links at a data rate up to 1.28 Gbit/s
each. As the FE-14, the RD53A chip is designed for serial powering with an integrated
SLDO, which is supplied with constant current. Serial powering reduces power losses in
cables and the material budget. For testing purposes direct powering is also possible and
achieved by bypassing the regulators. Analog and digital voltages of 1.2V each are needed
to power the chip. More information on the powering is provided in Section 7.3.

5.2.3. ITkPix Readout Chip

The RD53 collaboration was founded to produce the readout chip for both, ATLAS and
CcMS based on a common design, adjusted to the specific needs [140]. It is sometimes called
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RD53B, but for ATLAS now commonly ITkPix. The ITkPix readout chip has the differential
FE as the by ATLAS chosen design of the analog FE. It is full size, which means that the
pixel matrix is 400 x 384 pixels. The baseline pre-production chip is the 1TkPixV1.1. Due
to imperfections in the chip design, a revised version was produced and thus ITkPixV1.0
and ITkPixV1.1 exist. For the 1Tk the final chip 1TkPixVv2 will be used. In the following this
readout chip in general will be referred to as ITkPix.

Compared to the RD53A, the ITkPix provides improvements, such as enhancements of
the serial powering regulators, the clocking, a new triggering and readout scheme, new data
encoding and most importantly data merging [141]. This means that up to four ITkPix
chips can be connected together. The data from the slave chips, which are connected to
the input lanes, are merged into the output of one master chip, which is called link-sharing.

5.3. ITk Pixel Module Types

The modules planned for the 1Tk or used within the studies towards the 1Tk can be grouped
into different types by the number of readout chips bump bonded to the sensor. Based on
the size of the bare module, different types of module flexes have been produced.

5.3.1. Single Chip Modules

Single chip modules are not actually planned for the 1Tk any more as they were used in the
IBL. Solely for R&D single chip modules are used. As explained in Section 5.2, the RD53A
readout chip is only half of the size of the final 1TkPix chip. Apart from modules with a
sensor and readout chip of exactly the RD53A size, for tests with the real geometry, full
size RD53A sensors have been produced, providing thus only an area of about 1 x 2cm? of
active area. The other part of the sensor is inactive silicon.

For single chip modules bare modules are wire bonded to a rigid PCB to assemble a
module with higher robustness. These test modules are built by the 1Tk institutes and used
in lab tests and test beams. An example is shown in Figure 5.5 on the left.

T A T
-

* 3 data beards . °
R . o i

[0X0765 3
]

Figure 5.5: Left: Single chip module for test beam measurements. Middle: Triple chip
module for the inner layer of the 1Tk. Right: Quad chip module in a module carrier for
the outer layers of the 1Tk.
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5.3.2. Triple Chip Modules

So-called triplets are used in the innermost layer of the 1Tk, in layer L0, with 3D sensors.
The active sensor thickness is 150 pm with an additional support of 150 pm. Three readout
chips are arranged as shown in Figure 5.5 in the middle.

5.3.3. Quad Chip Modules

In order to minimise complexity, quad chip modules are built, where one large sensor is
connected to four readout chips, as shown in Figure 5.1. Modules with further readout
chips are disfavoured due to powering and readout constraints. The chips on the module
are powered in parallel which makes a large number of chips very difficult. As for the
readout constraints, the data rate is 1.28 Gbit/s per chip (see Section. 5.2) which means
that by reading out the data through the master only link, the readout time multiplies by
the number of chips.

A multi layered flex is glued and wire bonded to the bare module. There exist several
different versions of the flex, as detailed in Section 7.1.1, where the assembly of quad
modules is discussed. For all flex versions, the wire bond pads and rails are implemented
on the flex edges, as can be seen in Figure 5.5 on the right. Ground, digital and analog
potentials for the readout chips are distributed via the rails. A direct connection through
a hole in the flex delivers bias voltage for the sensor. The temperature of the module is
monitored with two NTCs (negative temperature coefficient sensors) on the flex. Probe
pads for the analog and digital voltage generated by the SLDOs are available and used for
module building. The two rectangular shapes connect to ground, for example. For easier
handling and stability the flex comes in a frame to which it is connected with so-called
tabs. In the picture the frame is hidden under the module carrier. There are different areas
which can be defined on the flex and come in handy later. The wire bonding area on both
sides of the flex, the keep clear area, inside the four circles, and the connector and capacitor
areas. The connector is white and in the middle and connects to the readout. With two
types of connection flexes, called pigtails, the module is powered and the data is routed
to the readout system, coming from the connector. The large filtering capacitor is hidden
under the data pigtail on the top, between chip 1 and 4. It is connected in parallel to the
power rails to assure stable power supply to the digital components across the board. A
capacitor acts as a charge reservoir which can quickly provide currents and prevent current
surges.

Quad chip modules of two different sensor thicknesses are used in the planned 1Tk, as
discussed in Sec 3.4.2. Thinner thicknesses are used in the inner system in layer L1, to
minimise the leakage current and the material budget in the detector. Also, as mentioned,
the inner system will be replaced after having received half of the expected integrated
luminosity. However, the inner layers are expected to be exposed to a higher fluence of
1x10'% neq /em? during their lifetime, compared to the fluence in the outer layers of maximal
4% 10% neq/cm?. The outer layers L2-14 therefore need to be radiation harder to withstand
the harsh conditions for longer, up to integrated luminosities of 4000 fb~!.
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Planar Sensors for the ITk

As introduced in Section 5.1.1, planar sensors for quad chip modules will be used in the
outer layers of the 1Tk pixel barrel detector. In this chapter, the qualification measurements
of these sensors which were performed in Gottingen are discussed.

From the initial decision on the sensor specifics which was finalised before the scope of this
thesis to the actual production of the sensors it is a long way. In a so-called market survey,
potential vendors of sensors were specified and their sensors were tested and validated.
Based on different mechanical and electrical tests it was decided whether the potential
vendors pass the criteria for production or not. For the 1Tk pixel modules sensors from six
potential foundries (ADVACAM', HLL?, FBK®, HPK*, LFoundry®, Micron Semiconductor
Ltd®) were measured and compared to effectuate a decision on the vendor. Every vendor,
which during the tests had to stay confidential, was asked to produce ten RD53A single
chip (sc) and 20 double chip (DC) sensors, fitting in size the RD53A chip and compatible
with the specifications needed for the 1Tk as documented in [137] and updated for the price
inquiry at the vendors [142]. SCs have hence pixel matrices of 192 x 400 pixels and DCs
matrices of 192 x 800 pixels. As at the time of the market survey the decision for the pixel
size was not yet made, pixel sizes of (50 x 50) pm? and (25 x 100) pm? were investigated
for two sensor thicknesses.

The concept of the market survey was to divide the participating institutes in clusters of
two, which were assigned to one or more foundry and had to perform cross checks of the
results. Gottingen cross checked results with Dortmund for initially two of the six vendors.
With the start of the pandemic and changing laboratory access conditions in the various
countries, eventually, sensors from four vendors were measured and analysed in Go6ttingen.

The required measurements include leakage current-voltage (1V), capacitance-voltage

https://advacam.com/

?Halbleiterlabor der Max-Planck-Gesellschaft (https://www.hll.mpg.de/)

3Future Built on Knowledge, Fondazione Bruno Kessler (https://www.fbk.cu/en/)
*Hamamatsu Photonics K.K. (https://www.hamamatsu.com/jp/en.html)

Shttp:/ /www.lfoundry.com/

Shttp://www.micronsemiconductor.co.uk/
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Chapter 6. Planar Sensors for the 1Tk

(cv) and leakage current-time measurements (1t) as well as height and bow measurements
to assure the silicon sensor quality. Depending on the vendor, bare sensors or wafers with or
without UBM were set under test. The hit efficiency and position resolution of the sensors
was additionally measured in test beams.

In general, the sensors were first tested in table top laboratory experiments, described
in Section 6.1 and 6.2, and afterwards in test beam experiments which will be explained in
Section 6.3.

The laboratory measurements comprise:

e Visual Inspection

e Thickness measurements

o Planarity measurements

o Current-Voltage characterisation (at 20 °C and relative humidity (RH) < 50%)
o Current-Time measurement for 48 h

o Capacitance-Voltage characterisation

Mechanical measurements were performed only on the DC sensors, electrical tests on SC
and DC sensors and test beam measurements only on SCs.

6.1. Mechanical Tests and Visual Inspection

Mechanical tests on the sensors are performed to assure that bump bonding with the readout
chip is possible. The bow of a sensor is an indication for the stress that is enforced on the
bump bonds and must therefore be < 25 pm for both, the thin and the thick sensors. An
overall envelope of a module is defined to make sure that the module physically fits in the
designated space in the detector. Hence, the thickness of all the components needs to be
controlled, also requiring thickness measurements of the sensors.

6.1.1. Setup and Measurement Technique

Visual inspection and thickness and planarity measurements are performed with a mi-
croscope (VISION ENGINEERING / HAWK Mono Dynascope). Different lenses with
magnification of 10x, 20x, 50x, 100x, 200x, 500 x and 1000x are available. The height
is measured via the focus of the light. Hence, in order to measure the thickness, the sensor
is flattened with underpressure by applying vacuum to the backside through a chuck with
vacuum openings. The height of the chuck and the height of the sensor are each measured
with four points as there is no automatic measurement available on the microscope. With
these four points the planes of the sensor and the chuck are defined by the measurement
programme and the distance between these planes is calculated and interpreted as the
sensor height. The measurement points are as depicted on the left in Figure 6.1.
Compared to other sites performing metrology measurements with an automatic mi-
croscope, the measurement described above with the manual instrument is considered as
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Figure 6.1: Left: The red measurement points are used for the height measurement. The
blue and the red measurement points for the determination of the sensor bow. Right: In
order to measure the height, the sensor is flattened with vacuum. For the bow measurement
the vacuum is turned off.

baseline and the minimum requirement as stated in Ref. [137]. With this method, small
variations in the thickness cannot be detected. However, large deviations across the sensor
can be determined.

The standard deviation of a single height measurement o, was obtained by measuring
one point h1 ten times to be

Oh, = \/lez (hu —E)Q =1.44pm.

It being so small tells that the judgement of the experimenter if the object that is measured

is in focus or not is only causing a small systematic error. Systematic uncertainties due
to the limited number of measurement points need to be taken into account. When all
four measurements are largely deviating, the thickness determination as average of the four
measurements should be taken with care. Especially as the standard deviation is small and
with error propagation for only four height measurements the thickness error stays as small
as

4
Z 0}2” =29pm.
i=1

op —

The bow is obtained by measuring nine points on the sensor without vacuum being
applied and calculating the sagitta of the sensor. In Figure 6.1 the nine measurement points
for the sagitta are depicted, both, the red and the blue measurement points on the sensor
have to be measured. The sagitta with the propagated error is calculated as

24+ 25+ 26 21+t2z2+ 23+ 27+ 28+ 29
bow = — ,

49



Chapter 6. Planar Sensors for the 1Tk

Table 6.1: Height and bow measurements of three calibration samples for qualification of
the market survey institutes.

Thin 1 Thin 2 Thick 1
Height | (101 £3)pm | (102+3)pm | (150 £ 3) pm
Bow | (1.2+3.5)pm | (2.2+3.5)pum | (4.0 £3.5) um

While the absolute values of the uncertainties seem small, it should be mentioned that
they amount to 11% and 14% for the height and the bow, with respect to the tolerance of
the height measurement of 15 pm and the maximal bow of 25 pm.

Visual inspection is also performed with the same microscope, using 200x and 10x
magnifications for detailed pictures of probable scratches and residues from production or
overview images, respectively. The implants and the aluminium layer on the pixel must be
clean to prevent any shortages between individual pixels. No more than 0.1% of the pixels
must show defects.

6.1.2. Samples and Results

Before measuring sensors from the qualifying vendors for sensor production for the 1Tk,
calibration samples were shared amongst the participating institutes. By comparison of
the results on the calibration samples the setups of the sites were qualified. Given the
non-detailed measuring of the height at the microscope in Géttingen, any further sensor
thickness measurements in Gottingen were omitted after confirming that the measurement
is in principle possible and comparable to the results in Dortmund. Hence, only calibration
samples were analysed regarding the height and the bow.

Two sensors with a defined height of 100 pm and one with 150 pm were analysed in terms
of thickness and bow and the results are shown in Table 6.1. All measurements lie well
within the required bow of < 25pm and thickness deviations of < 15pm [137]. Given that
the uncertainty of the bow is the same order of magnitude as the measurement value, a
better measurement device should be used.

While no further height and bow measurements were performed on market survey sensors,
these measurement techniques were extensively used and developed for module building, as
presented in Section 7.1.2.

In Figure 6.2 microscope images from visual inspection show two different types of defects.
The pixel geometry of (50 x 50) pm? pixels with bias rails is also visible. Darker rings around
the pixel metallisation show that UBM is already applied on the pixels. Large contaminations
as the round stain on the right, which looks like glue, have only been observed on calibration
samples and are therefore not worrying. Small debris was also observed on actual market
survey sensors but never caused an effect in any of the measurements.

6.2. Electrical Measurements

With electrical tests on the sensors, their capability of particle signal processing is tested,
following the procedure in Ref. [137]. Tests are conducted with SC sensors before irradiation
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Figure 6.2: Different kind of defects detected by visual inspection. The pixel geometry of

(50 x 50) pm? pixels with bias rails is also visible. Also, UBM is already applied on the
pixels, seen as darker ring around the pixel metallisation. Left: Small residues spanning
only one pixel. The passivation opening for electrical measurements is also visible. Right:
Large stain, maybe glue, spanning several pixels.

and after. DC sensors are only tested before irradiation.

The sensors are sent’ to be irradiated to fluences of 2 x 10 neq/cm? (1 MeV neutron
equivalent) and 5 x 10 neq/cm? after the initial measurements and after return measured
again. These irradiation fluences are chosen to match the fluences the sensors will receive
during their life time when operated in the ATLAS Detector in the HL-LHC. Sensors in
layer 1 and 2 receive fluences of up to 5 x 10'® and 2 x 10 Neq/ cm?, respectively.

For unirradiated sensors all measurements are taken at relative humidity RH < 50%
and a temperature of 20°C. In 1V tests, the leakage current dependence on the voltage
is measured by probing the sensors directly. Before irradiation, sensors are required to
have a leakage current of less than 0.75 1A cm™2 at a bias voltage of Vijas = Vdept +50V,
where Viepr is the full depletion voltage. As explained in Section 4.2.1, the pn-junction
should fully deplete the sensor for best signal formation. This happens at the depletion
voltage Vgepl. With a ¢V measurement of the sensor the voltage at full depletion can be
determined. Also, the stability of the current must be better than 20% within 48 h when
biased with Vyias = Viepl +50 V. The breakdown voltage V3,4, which is defined as increase of
the leakage current of more than 20% over a voltage step of 5V must be Vg > Viep1 + 70 V.
Tests before irradiation are discussed in Section 6.2.2.

In order to make sure that the sensors are still sensitive to the traversing particles in the
detector, the leakage current must not surpass the defined limits. This is why the change
of the leakage current [., due to irradiation is investigated. Also, [ieax is temperature
dependent, as shown in Eq. 4.7, which requires that cooling of the module to T'= —10°C
at the module NTC is applied during operation. Hence, the sensors are also measured at

"The University of Birmingham (UK) and the CYRIC irradiation facility (Japan) irradiate the sensors
with proton beams. The corresponding dose in neq/cm2 is calculated.

51



Chapter 6. Planar Sensors for the 1Tk

cold temperatures to understand their behaviour at real detector conditions.

The number of defects increases due to irradiation. During annealing, defects in the sensor
can repair and thus the leakage current caused by irradiation can decrease, as mentioned in
Section 4.2.3. However, annealing is dependent on time and temperature. The requirement
of the market survey is to measure after ten days of annealing at room temperature.

After irradiation and annealing the following requirements at a sensor temperature of
T = —25°C should be met by the different sensors and fluences:

e 150 pm thick sensors:
— Jieak < 25pA cm™2 at 400V for & = 2 x 1019 neq/cm2
— Jieax < 45pA cm™2 at 600V for & =5 x 1019 neq/cm2

e 100 pm thick sensors:
— Deak < 20pA cm™2 at 300V for @ = 2 x 10'° neq/cm?
— Deak < 35pAcm™2 at 400V for & = 5 x 10'° gy /cm?

These limits are needed to keep the compliance with the predicted performance of the
cooling system as otherwise the power dissipation is too large. The measurements are
performed at a sensor temperature of T'= —25°C to assure that annealing processes are
as small as possible. This allows to take a snap-shot of the sensor performance at defined
conditions. Section 6.2.3 discusses the results on irradiated sensors. Additionally to the tests
requested by the market survey, further complementary temperature, time and annealing
tests have been undertaken and are also presented in Section 6.2.3.

6.2.1. Setup

A semi-automatic probe station with temperature controlled chuck (PA 300 Probe Shield)
is used for the electrical measurements. HV is commonly applied via the chuck with a
Keithley 2410 and the ground terminal is connected to the probe needle to prevent arc-
overs. The current is measured with the same Keithley. A Cv measurement is performed
with an HM8118 LCR meter and a Keithley 6487 as HV supply. The impedance of the
sensor is measured at a frequency of 1 kHz and converted to capacity.

The temperature of the chuck is controlled with a chiller (Huber unistat with unistat con-
trol) with hydrofluoroether Novec 7200 as cooling liquid. Both, temperature measurements
inside the chiller and directly on the probe station chuck with a PT1000 temperature sensor
are used for the setting of the temperature. Humidity control is not possible in the probe
station, but can be measured with an HIH4000 humidity sensor. Dry air can be used to
flush the whole volume, which reduces the relative humidity RH to a value of ~ 3% which
is measured with a humidity sensor inside the probe station volume. All sensor readouts
are performed with multimeters.

The system should by design be light tight when the probe station is closed. See Figure 6.3
for photos of the probe station, the internal microscope used for approaching the sensor
with the needle, and an open view on the sensor positioned on the chuck. The circular
pattern on the chuck are the vacuum supply channels, where the hole connected to the
vacuum pump is right below the sensor in the middle.
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Figure 6.3: Photos from the closed and open probe station, where the microscope picture

with the needle on the sensor is shown on the left.

6.2.2. Before Irradiation

As for the mechanical measurements, before measuring sensors from market survey vendors,
the calibration sensors were measured to verify the setup.

Leakage Current Characterisation

In general, the measurement is performed by taking current measurements every 5V steps
and averaging over 10 measurement points until 600 V or compliance is reached. A compli-
ance of 10 pA is set to avoid higher currents of breaking sensors. As soon as the compliance
is reached, the voltage is ramped down. A short wait time of 10s is used to separate the
ten measurements and after each ramp step. The uncertainty of a current measurement for
one voltage step is as low as O(0.01) nA for all of the measurements. It is hence not visible
in any of the plots and not noted for any of the given current values in this chapter.
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Figure 6.4: Left: 1v curves of the six calibration sensors with a breakdown. Right: The
sensors from the market survey show small currents up to voltages of 600 V.

There are six qualification samples and two of them have been measured twice, once
before long-term studies and once afterwards. This is marked in Figure 6.4 on the left as
PIt (post It). For the market survey ten SC sensors from vendor 4 were tested. In Figure 6.4
the 1v-behaviour of the qualification sensors is shown on the left and the market survey
sensors on the right. Compared to the qualification measurements, the characteristics of
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Figure 6.5: 1v measurements on the DC sensors. Left: The first eight sensors seem to
follow two different trends, about 10nA apart. Right: All further sensors show different
trends and higher leakage currents.

the market survey sensors show much better sensor quality.

It is visible that the qualification sensors all show a steep current rise, the so-called
breakdown, while the market survey sensors do not show any breakdown and only very low
currents (nA). On the right one can also see that the current is fluctuating, which is due
to the cycles of the chiller. The leakage current dependence on the temperature is directly
visible.

As presented in Section 4.2.2 a plateau region is expected to be seen in the current while
there is no charge multiplication. This is not visible for either of the sensors, instead, the
current is constantly slowly rising for the market survey samples. Possible reasons could be
that edge and surface contributions increase the current. As the measurement is performed
with only one probe needle, there is no separate guard ring current which would protect
the main part of the sensor from these contributions.

In Figure 6.5 the 1v data for DCs from vendor 4 are shown and it is visible that the first
eight measured sensors have all low leakage currents without breakdown. The sensors seem
to follow two different trends, about 10nA apart. All further sensors show different trends
and higher leakage currents.

Within the supervision of a Bachelor’s thesis [2], algorithms determining the breakdown
voltage according to the market survey criterion were used on this data. Sensor4 of the
SC sensors was assigned a breakdown voltage of 525V, 530V or 555V, depending on
the algorithm. However, there is only a step visible in the measurement and no actual
breakdown. Sensor9 was also assigned conflicting breakdown voltages of 405V, 460 V and
530V due to fluctuations in the measurement, while no actual breakdown is visible. With
these algorithms none of the DC sensors are characterised as having a breakdown.

Depletion Voltage Characterisation

For the cv characteristic and determination of the depletion voltage of a sensor, every 5V
a measurement point is taken up to voltages of 200 V. In order to determine the depletion
voltage, the capacitance is plotted as % as a function of the bias voltage and supposed to
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Figure 6.6: Two different fits of the Cv measurement of sC sensor1 from vendor4 [2].
Left: Two separate straight lines are fitted to the measurement. Right: A continuous
function is fitted to the measurement.

Table 6.2: Depletion voltages for the sC sensors at 10 kHz.

Sensor Vaept [V]
Sensor 1 | 80.30 & 0.03
Sensor 2 | 83.31 +0.02
Sensor 3 | 83.80 4 0.02
Sensor 4 | 73.54 +0.03

follow Eq. 4.5. For voltages smaller than the depletion voltage Vgep the plotted function
% o Vp and for higher voltages the dependency stays constant. The depletion voltage is
hence extracted as the voltage at which the capacitance becomes constant. This is achieved
by fitting straight lines to the linear and the constant part of the function and extracting the
intersection of the two lines. Within the supervision of the Bachelor’s thesis [2], two fitting
methods were compared: the aforementioned method with two straight lines to a continuous
function that describes both sections in one function. The two different fits of sensor 1 from
vendor 4 are shown in Figure 6.6. Both methods yield good results, however, the fitting
with two separate lines is more stable and was used for the determination of the depletion
voltage. It is also the method which is recommended by the RD50 collaboration [143].

The measurements for the SC and DC sensors from vendor 4 are shown in Figure 6.7.
In the plot on the left for the SC sensors, the measurements for 1 kHz and 10 kHz of four
different sensors are shown. The behaviour is similar for both frequencies, as expected.
Table 6.2 summarises the depletion voltages for the sC sensors at 10kHz. On the right
in Figure 6.7, the cv data for 17 DC sensors at 1kHz is displayed. The few outstanding
points originate from connection issues between probe and sensor.

However, data taking with the setup described in Section 6.2.1 was causing serious
problems, which is why only the CvV measurements shown in the plots for the market
survey sensors were taken. Data taking was complicated by faulty hardware and for many
measurement trials a default value instead of real data points were output. This problem
was solved by subsequent users of the setup.With results from Dortmund and a valid cross
check for the available data, it was not problematic that no further measurements were
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Figure 6.7: ¢V curves of the market survey sensors. Left: Four SC sensors CV measure-
ments at two different frequencies of the LCR meter. The lines are fitted to the two parts
of the curve to extract the depletion voltage at their intersection. Right: 17 DC sensors
¢V measurements at 1kHz. All sensors of the same type show similar behaviour.

Current Stability

In order to determine the long-term behaviour of the sensors when powered, the current
is measured over 48 hours with measurement points being taken every 10 min. Figure 6.8
shows the long-term measurements of the current and the humidity over time for five
different market survey sensors at T' = 20°C. With the requirement of a measurement
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Figure 6.8: Top: 1t curves of the market survey sensors. An unstable behaviour with
variations of up to 63% can be observed. Bottom: Behaviour of the relative humidity
over time. Variations between 36% and 52% are observed over the course of 48 hours.
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Figure 6.9: Current behaviour versus relative humidity for sensor 8. The current is stable
up to RH & 40% and afterwards strongly rising.

at RH < 50%, all sensors are measured without RH control. Additionally two sensors are
measured at RH ~ 3%, obtained by flushing the probe station volume with dry air. It can be
seen for the uncontrolled measurements that towards the end of the long-term measurement
the RH was surpassing the limit. Also, the currents for all non-controlled measurements
are varying more than the permitted 20%. Exemplified for sensor 7, the current rises from
~ 8nA to ~ 13.5nA, which corresponds to an increase of 59%. Seeing variations of even
63% for sensor 8, the dependence on the relative humidity was investigated with dedicated
tests on this sensor.

As can be seen in Figure 6.9, the current is a function of the relative humidity. In five
separate runs it could be shown that the current is stable up to RH &~ 40% and afterwards
exponentially rising. The points with currents close to zero originate from bad contacts
between needle and sensor and should be ignored. Given the dependency on the relative
humidity, the long-term measurements are better to be performed at relative humidities
RH < 40% where they are stable.

The origin of the humidity dependence of the current is not clear. However, it has been
seen by other groups [144—146]. One reason could be that positive hydrogen ions accumulate
in the passivation layer of the sensor. This induces conductive layers between the implants
of the guard rings and the dicing edge which was shown to reduce the breakdown voltage
in [144].

6.2.3. After Irradiation

After irradiation no more Cv and It studies are performed, only IV measurements. CV
measurements are not meaningful after irradiation due to high leakage currents. Long
term studies after irradiation are in principle of interest, but not part of the market survey
study. These measurements are, however, taken in further studies towards production of
the sensors.

In Figure 6.10 a comparison of the leakage current at T' = —25°C after ten days of
annealing at room temperature of vendor1, 2, 3 and 4 for sensors with a thickness of
150 pm is shown for both irradiation fluences. For every vendor two functioning sensors
were measured, except for vendor 3, where the other sensor is broken from previous tests at
another institute. For the thinner sensors of 100 pm, only samples from two vendors were
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Figure 6.10: Comparison of 1v curves for four different vendors and 150 pm thick sensors
that were irradiated with fluences of 2 x 10'® ney/cm? and 5 x 10 ney/cm?. For every
vendor two functioning sensors were measured, except for vendor 3, where only one sensor
was provided. The sensor from vendor 3 is the only one which shows slightly higher currents
than accepted by the market survey requirement. Both sensors with pixel geometries of
(25 x 100) pm? (vendor 2 S2 (left) and vendor 2 S1 (right)) show slightly higher leakage

currents than the respective sensors with (50 x 50) pm? from the same vendor.
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Figure 6.11: Comparison of 1v curves for two different vendors and two 100 pm thick
sensors each that were irradiated with fluences of 2 x 10'° nyq/cm? and 5 x 105 neqy/cm?.
Sensor 1 from vendor 2 is broken from previous tests at another institute, which is seen
from the breakdown directly at the first current measurement (next to the y-axis). The
sensors from vendor3 show breakdown at voltages higher than the required minimal
voltage.

in Figure 6.11 for both fluences.

In Figure 6.10 and 6.11 the red line indicates the leakage current limit defined by the
market survey. The voltage at which the current limit is defined corresponds to the expected
bias voltage needed for full depletion after irradiation. From the CvV measurements the

minimum breakdown voltage is calculated to be Vipin b4 =80V +70V =150 V.

Almost all the thick sensors fulfil the market survey requirements, except for the sensor

from vendor 3 and in general the sensors show a similar behaviour for all vendors with only

o8



6.2. FElectrical Measurements

\\ >
\ \ \\
~ = > _ without

with vacutim= vacuum

Figure 6.12: Left: The climate chamber setup with four modules in a plastic box.
Middle: Simple PCB for sensor tests in the climate chamber. Right: The probe station
setup with Kapton tape to allow measurements of eight sensors with only cooling the
probe station once.

slight differences. Both sensors with pixel geometries of (25 x 100) pm? show slightly higher
leakage currents than the respective sensors with (50 x 50) pm? from the same vendor. This
is sensor 2 for lower irradiation and sensor 1 for higher irradiation of vendor 2. Of the other
sensors it is unkown which pixel geometry they have. For the thin sensors, sensor 1 from
vendor 2 is broken from previous tests at another institute. This is seen from the breakdown
directly at the first current measurement, a steep current rise directly next to the y-axis.
The sensors from vendor 3 also experience a breakdown, however, after the required minimal
breakdown voltage for the market survey.

Comparison of Probe Station and Climate Chamber

Given that not all institutes have a probe station with T-controlled chuck, an alternative
setup is tested. The sensor under test is glued and wire bonded to a PCB that allows to
apply the voltage and then cooled in a climate chamber to allow comparisons.

In Figure 6.12 the climate chamber and the PCB with the sensor as well as the probe
station are shown. The temperature measurements in the climate chamber are taken with
a PT1000 temperature sensor inside the chamber volume (white cable in the picture on the
left in Figure 6.12). In the top left corner of the probe station the yellow cables lead to the
PT1000 used for the chuck temperature measurements inside the probe station.

It is important that the PCB conductive parts have no connection with the climate
chamber, thus the PCBs are arranged on plastic boxes and only the connecting cables are
routed outside. While in a climate chamber easily several sensors at once can be cooled
and measured, in the probe station usually only one sensor can be measured.

To facilitate the measurement of up to 8 sensors at the same time in the probe station, a
Kapton tape is used as alignment barrier towards which the sensors are pushed with the
probe needle. In this configuration the sensors are not connected with vacuum to the probe
station, but only touching the chuck due to gravity and the touch of the needle. In order
to check if this method is proper or if the difference in temperature is large when using
vacuum and when not, the measurement on sensor 2 of vendor 2 was repeated with and
without vacuum and shows almost no difference. Hence the thermal contact of the sensor
is also given without vacuum, as shown in Figure 6.13.
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Figure 6.13: Comparison between 1v measurements when vacuum and no vacuum is used
for fixing sensor 2 of vendor 2 on the chuck of the probe station. The curves agree very
well.
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Figure 6.14: Probe station (PS) and climate chamber (CC) comparison measurements
on sensors that were irradiated with fluences of 2 x 10 neq/cm? and 5 x 101° ney/cm?.
Measurements in the climate chamber are taken faster to avoid thermal runaway and have
hence fewer measurement points. The opposite behaviour for low and high irradiation
originates from bad thermal contact in the PS for the highly irradiated sensor.

Comparison measurements in the probe station and in the climate chamber are shown in
Figure 6.14. In general there is a good agreement between the measurements in the climate
chamber and in the probe station. Close analysis shows, however, that for the lightly
irradiated sensor the same set temperature in the climate chamber is about 1K higher
than in the probe station. Also, this temperature behaviour seems opposite for the highly
irradiated sensor, where the measurements at —26 °C in the probe station agrees well with
the —25°C measurement in the climate chamber. This originates from the fact that the
thermal contact of the highly irradiated sensor in the probe station was not perfect, thus
resulting in slightly higher temperatures and thus higher currents. The not ideal thermal
contact occurred as one edge of the sensor slipped onto the Kapton tape used for alignment
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Figure 6.15: Climate chamber (CC) comparison measurements for different temperatures
on one sensor that were irradiated with fluences of 5 x 10'° n.,/cm?. Fast measurements
in the CC are compared to one slow measurement in the CC, on which thermal runaway
can be observed (red curve).

of the sensors in the probe station.

Leakage currents of irradiated sensors generate heat inside the sensor. When the sensor
heats up, the leakage current increases and a runaway can occur. In order to avoid this
thermal runaway, measurements in the climate chamber are taken faster than in the probe
station. The cooling of the probe station acts directly via a cold chuck on the sensor.
Compared to the indirect cooling with cold air in the climate chamber, the probe station is
more efficient and can handle a slower measurement. An example of thermal runaway for
measurements in the climate chamber can be seen in Figure 6.15. The slower measurement
curve in red shows a steeper slope than the fast measurements.

Temperature Studies on Irradiated Sensors

In Figure 6.16 temperature studies on thick and thin sensors in the probe station from
vendor 3 are shown. Due to a cyclic cooling behaviour of the chiller in the probe station,
slowly taken measurements show fluctuations in the current, as seen in Section 6.2.2. The
currents are larger for higher temperatures and irradiation with higher fluences, as shown
in Eq. 4.7 and Eq. 4.8. This is expected as higher irradiation fluences cause more damage
in the silicon crystal that lead to an increase in leakage current. The thin sensor with lower
irradiation shows an unexpected breakdown behaviour, which, however, occurs after the
current limit set for the market survey. Also, the sensors irradiated with a smaller fluence
are for much higher temperatures of —20°C still under the market survey limits. Better
temperature performance is also visible for the thinner highly irradiated sensor, while the
thick one requires cooling of —26 °C to meet the market survey requirements.

In order to understand the behaviour of irradiated sensors under different temperatures
better, further studies have been performed within the supervision of the Bachelor’s the-
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Figure 6.16: Temperature studies on sensors that were irradiated with fluences of 2 x
10'° neq/cm? and 5 x 10*° ney /cm?. Fluctuations in the measurements originate from the
cycle of the chiller.

sis [2]. The scaling behaviour of the leakage current with temperature was analysed with
regard to the predicted behaviour from Eq. (4.7). For this purpose the relative temper-
ature dependence between different measurements was calculated and compared to the
measurements. Overall there is good agreement between the theoretical expected value
from Eq. (4.7) and the experimental results. Larger temperature differences cause larger
deviation from theory which is especially visible for highly irradiated sensors. This hints
that contributions from surface and edge currents rise with irradiation.

Studies on Different Annealing Times

The requirement of the market survey was to measure sensors after ten days of annealing
at room temperature. Ten days are chosen as it approximately corresponds to the time the
actual sensors in the detector will be without cooling during shut downs. However, having
to wait for ten days, easily another measurement for comparison could be taken several
days earlier. Further measurements are interesting to understand the annealing effect over
time.

In Figure 6.17 the currents for four sensors after three and ten days of annealing at room
temperature are shown. Overall the currents after longer annealing times are lower, this
is especially visible for the two sensors with higher irradiation. However, the breakdown
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voltages of the two sensors with lower irradiation are smaller for longer than for shorter
annealing times. This trend is also visible for sensor 2 exposed to higher fluence.
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Figure 6.17: Annealing studies on sensors that were irradiated with fluences of 2 x
10% neq/cm? and 5 x 105 ney/cm?. Longer annealing times, marked with open symbols,
lead to lower leakage currents.

6.3. Test Beam Measurements

In addition to the laboratory tests on the bare sensors, test beam measurements for the
market survey are performed at DESY on the SC sensors. These kind of tests expose the
sensors to particle beams to study their behaviour in situations similar to real operation
conditions. In order to be able to test the sensors, single chip modules are built as explained
in Section 5.3 and shown in Figure 6.19 on the right.

The measurement of interest is the hit efficiency € at perpendicular incidence. The
acceptable hit efficiency of 97% has to be reached at the same voltage where the leakage
current requirement is defined, which is dependent on the thickness and the irradiation
dose. For thin sensors the voltages are 300V and 400V and for thick sensors, 400V and
600V for fluences of ® = 2 x 10'° ngy/cm? and ® = 5 x 101 neq/em?, respectively. For
non-irradiated samples the targeted hit efficiency is 98.5%.

For samples with PT bias structure, inefficiencies around these structures are expected.
With the test beam tests it is possible to validate if the efficiency of sensors biased with
PT is overall high enough or if the biasing scheme must be changed for the production of
sensors for the 1Tk.

The following sections introduce the experimental setup at DESY, explain the analysis
and finally discuss the results.
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6.3.1. Test Beam Infrastructure

Three main components are needed for test beams: the beam itself, a beam telescope and
the data acquisition hardware and software.

Particle Beams

The particle beam is initiated in the synchrotron DESY-II which typically runs electron
beams with oscillating energies from 0.45 — 6.3 GeV [147]. However, the electrons are not
directly used, instead bremsstrahlung photons are generated with a fibre target in the
beam orbit which are consecutively brought to collision with a secondary target where
electron-positron pairs are created. The electrons and positrons pass a dipole magnet which
by deflection sorts the particles by type and momentum in a collimator. Finally, in three
independent beam lines and four test beam areas electron or positron beams are available
with selectable energies from 1 — 6 GeV.

In Figure 6.18 the test beam generation and the test beam area at DESY are depicted.
The measurements discussed in this thesis are performed with a 5 GeV electron beam to
have a sufficiently high particle rate with not too much multiple scattering.

- TEST BEAM

e 5

Secondary - w ; )
. Target , *4'Collimator =) . _
Primary = 8 e : o T [ CE
Target Y, __P_IENE Magnet 3

e N

““>  DpESYN >

Figure 6.18: Test beam area at DESY with the different beam lines and the scheme of the
test beam generation [147].

Beam Telescope

The actual measurement takes place in a EUDET-type beam telescope [148], which is an
array of reference detectors along the beam line. Six reference planes, detectors based
on the MIMOSA26 silicon sensor with an active area of (2 x 1) cm?, quadratic pixels of
18.4 pm pitch and a thickness of 50 pm [149, 150], are aligned before and after the module,
the so-called device under test (DUT). The readout of the MIMOSA26 sensors is done in
rolling shutter mode where the rows of the pixel array are read out one after another. This
consecutive readout leads to long integration times of 115.2 ps for the readout of the whole
pixel matrix. Figure 6.19 shows the EUDET-type beam telescope used at DESY on the
left. In the telescope two SC cards are mounted. The large aluminium jigs house the
MIMOSA26 sensors and provide cooling. A thin Kapton foil protects the sensor from light
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Figure 6.19: Left: EUDET-type beam telescope with 6 MIMOSA26 reference planes and

two mounted SC cards as DUTs at DESY. The FE-14 reference module is downstream
(left) behind the telescope and just after two scintillators. Two other scintillators at a
right angle are at the very front, upstream the telescope. Right: sc card for test beam
measurements.

and minimises the material budget and thus multiple scattering. The DUT is placed on a
micrometer stage to allow precise alignment in the beam between the telescope arms. A
photo of one DUT, an SC card, is shown on the right in Figure 6.19. A styrofoam box
offers light protection and also allows cooling with dry ice. The temperature range obtained
with this passive cooling is approximately between —20°C and —50°C. Another reference
module at the end of telescope is equipped with a FE-14 readout chip operating at 40 MHz
to set a time stamp for reconstruction as explained in Section 6.3.2.

Data Acquisition

MoDULE READOUT AND TUNING. There are many different readout systems for dif-
ferent module types and different purposes. This section is supposed to serve as a short
introduction of the systems used for the market survey, more detailed information for other
setups is given in the respective chapters.

RD53A modules are read out with common ITk software (1TkSw) which is based on
YARR [151]. The software called Yet Another Rapid Readout (YARR) was developed by
Berkeley for the common use of the 1Tk community.

The readout chips of the DUTs are tuned to thresholds of 1000 e or 1500 e. The charge
response, the ToT, is tuned to seven bunch crossings (7 bc) for an injected charge of 10ke
for all samples. This means that for seven bunch crossings, so 7-25ns = 225 ns, the charge
is above the threshold. Before data taking all noisy pixels are masked. This so-called tuning
and masking is done with the 1Tksw. Further details on this can be found in Section 7.3.2.
The FE-14 time-reference module has a planar silicon sensor with n-in-n doping. It is tuned
to a threshold of 1500e and a ToT of 7bc for 14ke. A bias voltage of 80V is applied for
full depletion.

TRIGGERING. For the data acquisition triggering is necessary. Four scintillators with

2

an active area of (20 x 10) mm* are hence mounted at the beginning and the end of the
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telescope in pairs of two. The trigger signal is transmitted to the Trigger Logic Unit (TLU)
[152]. In the case of coincidence of the MIMOSA26 and the trigger, the trigger signal is
distributed to the readout systems of the telescope planes and the DAQ system of the DUTs
and the FE-14 reference module. For the FE-14 module the USBPix system [153] is used
with the STControl software which is a small scale readout system for a limited number of
FEs. A detailed description can be found in [154]. The DUTs with RD53A sensors are read
out with YARR [151].

For the synchronisation of the readout trigger numbers are sent to all DAQ systems. The
integration of the different DAQ systems is done with the EUDAQ framework [155, 156].
Within a graphical user interface the systems can be connected and controlled and data
taking can be started and stopped. With an online monitor the data quality can be checked
on the fly.

6.3.2. Test Beam Analysis

In four test beam campaigns unirradiated and irradiated samples from five of the six vendors
have been measured. The test beam data is processed with the analysis and reconstruction
software EuTelescope [157]. MIMOSA hits coinciding with scintillator hits are reconstructed
with the General Broken Line (GBL) [158] algorithm. These reconstructed tracks are then
matched to corresponding hits in the DUTs with the tbmon2 analysis framework®.

The hit efficiency € at perpendicular incidence is defined as the number of registered hits
by the DUT divided by the total number of reconstructed tracks by the beam telescope:

tracks in region with matched hit in DUT

‘= total tracks in region

The sensors have different biasing mechanisms. For sensors with PT biasing, inefficiencies
around this structure are expected, as discussed above. In order to obtain a valid assessment
of the efficiency of the sensor under test if it was without bias structure, fiducial regions
excluding these structures have been defined. These regions are dependent on the sensor
design, as can be seen in Figure 6.20 for the two different sensor geometries. Based on the
fiducial region, the fiducial efficiency egq is defined in contrast to the global efficiency egop
for the whole sensor. Should the global efficiencies be below the accepted threshold, sensors
with valid fiducial efficiencies could still be candidates for the 1Tk under the constraint that
the bias mechanism is changed.

The sole purpose of the market survey test beams is the validation of the sensor vendors.
Validation of the readout chips or the hybridisation are done in other campaigns. In order to
focus on the sensor, masks are created to exclude bad areas from the experimental RD53A
chip from the analysis. Pixels are masked during tuning (light blue) as can be seen in
Figure 6.21 and was mentioned above. For the analysis the adjacent pixels of the pixels
masked during the tuning are added to the mask. This is shown in dark blue in Figure 6.21.
On the left the linear and the differential FE are used for analysis and on the right only
the differential, which is baseline for the test beam tests and hence done for all other tests
shown in the following.

8The code can be found in https://gitlab.cern.ch/tbmon2/tbmon?2.
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Table 6.3: Hit efficiency measurements of all the modules from the planar sensor market
survey. The unit of the irradiation fluence ® is 10'° Neq/ cm?. Under geometry the sensor
thickness in pm and the geometry of the sensor pixels in the format pixel-length [pm)]
x pixel-width [pm] are given. Possible PT is marked in the column labelled PT. The
masking described as unknown results from the fact that for these measurements the
linear FE was used instead of the differential FE. The masks are by default determined
on the differential FE and therefore no results for the linear FE are available.

ID geometry PT | & | VB [V] | €giob (%] | €ra [%0] masked pixels
V1S01 150 50 x50 | yes | O 90 803 3.18%
V1502 100 50 x50 | yes | O 35 unknown unknown
V1503 150 50 x50 | yes | O 90 unknown unknown
V2501 150 25 %100 | yes | O 150 33 0.13%
V2503 150 25 x100 | yes | O 150 0 0.00%
V2S11 100 25 %100 | - 0 100 - 1702 6.75%
V2512 100 50 x50 | - 0 150 - 9 0.04%
V2S13 100 25 %100 | - 0 100 - 934 3.70%
V2514 100 25 %100 | - 0 75 - 13 0.05%
V3505 150 25 %100 | yes | O 80 988 3.92%
V3506 150 25 x 100 | yes | O 80 19757 40.02%
V3513 100 50 x50 | - 0 80 - 1960 7.77%
V4501 150 100 x 25 | - 0 150 - 14324 56.81%
V4502 150 50 x50 | - 0 150 - 10617 42.11%
V4503 150 100 x 25 | - 0 150 - 7612 30.19%
V4506 150 100 x 25 | - 0 150 - 13687 54.29%
V6502 150 25 %100 | yes | O 130 69 0.27%
V6504 150 50 x50 | yes | O 130 21 0.08%
V6505 150 50 x50 | yes | O 130 98.3357 15 0.06%
V6512 100 50 x50 | - 0 80 - 648 2.57%
V6513 100 50 x50 | - 0 80 - 71 0.28%
V1S01 150 50 x50 | - 2 400 - 1849 7.33%
V2505 150 25 %100 | - 2 400 - 5127 20.34%
V2511 100 25 %100 | - 2 300 29.6496 - 24967 99.03%
V3501 150 50 x50 | - 2 400 - 10090 40.02%
V3512 100 50 x50 | - 2 300 - 950 3.77%
V4501 150 50 x50 | - 2 400 - 25166 99.82%
V6502 150 25 %100 | - 2 400 82.0036 - 9868 39.14%
V6511 100 50 x50 | - 2 300 - 5148 20.42%
V1502 100 50 x50 | yes | 5 400 5895 23.38%
V1503 150 50 x50 | - 5 550 - 21821 86.55%
V2503 150 25 %100 | - 5 600 - 10723 42.53%
V2513 100 25 %100 | - 5 350 - 20116 79.79%
V3502 150 25 x100 | - 5 600 - 3565 14.14%
V3503 150 50 x50 | - 5 600 - 1368 5.43%
V3S11 100 25 %100 | - 5 400 - 10034 39.80%
V3S14 100 50 x50 | yes | 5 350 92.5727 | 0.967016 | 22020 87.34%

V3S1x1026 | 100 25 x 100 | yes | 5 400 8042 31.90%
V3S1x1028 | 100 50 x 50 | yes | 5 400 96.2227 6475 25.68%
V4503 150 50 x50 | - 5 600 - 23238 92.17%
V6503 150 25 x 100 5 600 - 12924 51.26%
V6505 150 50 x50 | yes | 5 600 1232 4.89%
V6516 100 50 x 50 5 400 - 4567 18.11%
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Figure 6.22: Hit efficiency maps for two different sensors with both geometries. On the
left is sensor V1502 with (50 x 50) pm? geometry and on the right sensor V6S02 with
(25 x 100) pm? geometry. Both sensors are unirradiated. The global and the fiducial
efficiencies are indicated, corresponding to the areas in Figure 6.20.

a cross check of the results.

In Figure 6.22 two efficiency maps are shown. On the left is an unirradiated 150 pm
thick sensor with (50 x 50) pm? pixel layout and PT bias. The bias regions show as circular
regions with reduced efficiency. An unirradiated module with 150 pm thick sensor and
(25 x 100) pm? geometry is shown on the right. The plotted area corresponds to the grey
section, indicated in Figure 6.20. All pixels over the full sensor area are measured and then
folded onto the 4 x 4 or 2 x 8 pixel matrix to obtain the hit efficiency map. It should be
pointed out that the scale of the colour axis has as lowest value 0.8 and not 0.

The summarised results in Table 6.3 are structured by the irradiation fluence ® that the
sensors were exposed to before the measurement. The thickness and the sensor geometry
are noted in the format pixel-length [pm] x pixel-width [pm] as the rectangular pixels
were available in different orientations. In the table the units are omitted because of space
constraints. For the market survey sensors with PT bias structure the global and the
fiducial efficiencies are calculated. PT is indicated in the respective column. Efficiencies
which do not comply with the market survey criteria are marked in red, others in green.
The bias voltage Viias for the unirradiated sensors is set according to the requirement of
Vbias = Vidept + 50V at room temperature. For the irradiated samples, the setting of the
required testing voltage was not always possible due to high leakage currents. In this case,
the voltage is marked in red. In the last column, the number of masked pixels from tuning
and the analysis is indicated. These pixels are hence either dead, noisy or masked by the
analysis. The leakage current and the masks have a dependency. High leakage currents
disturb the electronics as the random fluctuations will be too large and therefore pixels are
marked as noisy. With a so-called leakage current compensation, which is a setting on the
chip that can be adjusted, this can be reduced. If this fails, the bias voltage, and with it
the leakage current, need to be reduced to obtain valid measurements. In total only five of
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Figure 6.23: Hit efficiency maps of V6S05 before irradiation and irradiated to 5 x
105 neq/cm?. The deterioration of the sensor around the PT structure after irradia-
tion can be seen.

the samples do not pass the global efficiency market survey criteria.

In fact, there are two modules where only the global efficiency but not the fiducial
efficiency is lower than the market survey requirement. V6S05 before irradiation has an
efficiency of 98.3% which is, however, only 0.2% below the requirement. The fiducial
efficiency egq = 99.7% meets the requirement. Also, a later measurement of the sensor
irradiated to 5 x 101° ng,/cm? yields both efficiencies above the threshold, as shown in
Figure 6.23. The deterioration of the sensor around the PT structure after irradiation can,
however, be seen.

For the actual detector operation, where perpendicular incidence is rare and usually
clusters of two to three pixels detect a hit, the degradation due to the PT is not problematic.

For the other three sensors with lower efficiencies, there is a pattern visible in the mask
used for the analysis. V2S11 was irradiated to 2 x 1019 meq/cm2 and €gloh, = 29.6%. It is
expected that the number of pixels masked increases with irradiation, however, for this
sensor nearly all pixels are masked, as shown in Figure 6.24, while before irradiation there
were almost no pixels masked. Also, for the test beam measurements only the differential FE
of the RD53A chip was measured. The synchronous and the linear FE are thus completely
masked in the plot. The different origins of the masks are indicated in the plot.

The other sensor V6S02, irradiated to 2 x 101 neq/cm2 and with egop = 82.0%, is not
nearly completely masked but has instead a masking pattern, as shown in Figure 6.25. As
discussed in Section 7.3.2, the pixels with no hits can have different reasons. The digital
or analog part of the chip can be broken, but also the bump connection between sensor
and readout chip might be the cause. A possible cause for a higher number of disconnected
bumps in the test beam samples could also be the shipping and handling during irradiation
and measurements. Similar for V3S14, irradiated to 5 x 10'° Neg/ cm?, a masking pattern is
seen. It masks almost the entire sensor.

However, there is another notion which should not be ignored: The effective voltage a
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Figure 6.24: Masks and hit efficiency for V2511. Almost all pixels are masked and the
global efficiency is only €glon = 29.6%.
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Figure 6.25: Masks and hit efficiency for V6S02. A pattern is visible in the mask which
might originate from broken bump bonds. The global efficiency is egon = 82.0%.

sensor is biased with is reduced for very high leakage currents. This means that the sensor
behaviour is not actually measured at the voltage it is supposed to, but at a lower voltage,
even though the correct voltage is set on the power supply. The effective voltage can be
calculated as

‘/eff = ‘/;et -R- Ileakv

where R = 200k{2 is the module resistance. Very high leakage currents were present for
V3514, V1S03 and V2S13, which means that they were effectively not measured at the
required voltage. However, with leakage currents at O(5001A), the effective voltage can
end up being higher when a lower voltage is set. Because of this, the three sensors were
measured at a 50V lower set bias voltage. Summarising, for sensors with high leakage
current the results are not completely trustworthy. Anyhow, V1503 and V2513 are marked
as passing the requirements. In total there were 20 out of 21 sensors which passed the global
requirements without irradiation. Six of eight passed after being irradiated to fluences of
2 x 10 neq/cm? and twelve out of 14 for fluences of 5 x 10 ney/cm?.
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Figure 6.26: Efficiency maps and masks for V4501. Unirradiated measurements are on
the left. Measurements after irradiation to 2 x 10'® n.q/cm? on the right.

Concerning the masks, it also should be mentioned that sensor V4S01 is heavily masked
and the results, which pass the requirements, are thus only obtained from a few pixels. Hence
these measurements may not necessarily be entirely reliable. For an example see Figure 6.26
of sensor V4S01, where the hit efficiencies before and after radiation and the respective
masks are shown. For the unirradiated sensor, a global efficiency of €glo, = 99.7% and for
the sensor irradiated to 2 x 105 ney/cm? an efficiency of egon = 98.9% was determined. It
can be seen that even though the upper part of the sensor is already almost completely
masked before irradiation, there are sufficient pixels to obtain a filled hit map. After
radiation, however, there are almost no unmasked pixels left.

For this vendor it is known that there is a bias structure applied only to the upper part
of the sensor which induces noise. Therefore, this part of the sensor is almost completely
masked.

6.4. Conclusions

Measurements within the scope of the 1Tk planar pixel market survey were dedicated to the
qualification of vendors for 1Tk pixel sensors. In laboratory and test beam measurements,
the performance of sensors was evaluated and suitable vendors were identified.
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Through visual inspection, it could be confirmed that the yield of sensors free from defects
or debris on the UBM needed for bump bonding is large enough. Also, the mechanical
properties of sensors, as measured by other institutes, are good enough to allow bump
bonding to the readout chip. The current characteristics of sensors measured before and
after irradiation to two different fluences, also cross checked by other institutes, show that
the sensors fulfil the requirements of the market survey. Thermal runaways of leakage
currents and unstable currents due to higher humidities are not relevant for operation in
the ATLAS detector as long as cooling and humidity control are provided.

Sensors are bump bonded to readout chips and SC card assembled which are used in
test beam measurements. In test beams the hit efficiency was measured before and after
irradiation. Most modules passed the requirements, however, efficiency degradation around
PT bias structure could be observed. In order to determine the performance without PT
bias, the efficiency in a fiducial region was defined which excludes the areas affected, and
was mainly meeting the requirements.

Also, heavy masking of the sensor, possibly due to disconnected bumps and high leakage
currents affects the sensor efficiency measurements. Not only are the efficiencies lower, but
also the statistics and therefore the credibility of the results.

Overall, the measurements have shown a good performance of the sensor prototypes
for the 1Tk and have resulted in three vendors to be chosen. FBK, which was labelled
as vendor 3 will be a vendor for 100 pm sensors with temporary metal for biasing. This
vendor is not qualified for the production of thick sensors and as shown in Figure 6.10
one thick sensor from vendor 3 was not meeting the requirement in the laboratory tests.
Micron Semiconductor Ltd will be vendor for 100 pm and 150 pm thick sensors and was
labelled as vendor 6. It uses PT bias structure on its sensors as they have shown to perform
sufficiently well with this design. The last vendor is HPK, vendor 4 for 150 pm with poly
silicon for biasing. As shown the PT biasing structure tried on one part of the sensors was
not performing.

Concluding, in all the measurements presented above, it could be shown that the vendors
qualified for the respective production meet the requirements. As of now, a pre-production
of sensors is ongoing. The next step towards the 1Tk is the assembly and quality control of
actual 1Tk modules, which is covered in the next chapter.
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CHAPTER [

Modules for the Outer Barrel

As discussed in Section 5.3, pixel quad modules are going to be built for all but the innermost
layer of the pixel detector. The final module components will be the 1TkPixV2 chip with a
suitable sensor and the final design of the flex. In ATLAS, before starting the production
of the actual 1Tk modules, several qualification steps have to be passed. Due to delays in
the design and delivery of the final chip and flex, it was decided that design qualification
of the modules is to be done with the prototype chip RD53A. Based on this decision, the
RD53A module campaign was started which evaluates the module building process and
the subsequent testing. After the successful completion of the RD53A programme, a pre-
production with 10% of the total number of 1TkPix modules, counting the RD53A modules,
is currently ongoing to validate the findings of the previous campaign on the almost final
detector components. The real production for the 1Tk starts only after this step is passed
and the final readout chip becomes available.
In the following sections, different steps of the RD53A campaign are discussed.

7.1. Module Assembly Tooling

As the ATLAS collaboration must guarantee ten years of functionality of the 1Tk detector,
the modules have to meet a set of specifications as defined in [159]. Ideally, all quad chip
modules used in the 1Tk are comparable in dimensions and electrical functionality. Given
the large collaboration, a common tooling was developed for a well-defined module building
process and is desired to be used by all contributing institutes.

Building modules means that the flex is attached to the bare module with adhesive applied
by a stencil and later wire bonded after curing. About 200 wires are bonded in a defined
order which prioritise ground and reference voltage connections to prohibit electrostatic
discharges that might destroy the chip. The wire bonding scheme can be found in [160]
and references therein.

The tooling for quad module assembly was developed at the University of Gottingen
to be used as the default tooling for the 1Tk pixel collaboration. It is based on an initial
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Bare module jig Flex jig

Figure 7.1: Left: The tooling for the quad module building comprises two jigs, one for
the flex and one for the bare module. Right: Adhesive is spread on the flex with the help
of the stencil tooling.

concept which stems from the 1BL module production [161] and was developed for the FE-14
modules as described in [5]. In parallel, a tooling was designed and produced in Japan, then
underwent upgrades for the different module components. This tooling is being qualified
to be used in Japan and will not be discussed any further. Similar, in Oxford, a specific
tooling for their laboratory equipment exists and is being qualified for them to be used.

Based on lessons learnt from the initial toolings, a more advanced version was developed
by the workshop of the II. Institute of Physics of the University of Gottingen. This first
RD53A tooling has undergone some development so that there exists another version now,
which is adjusted to the final module components. In this work the main focus is on the
RD53A version of the tooling as during the course of this thesis only RD53A modules have
been built. So the reader should assume that whenever a tooling is mentioned, it is the
RD53A version of the tooling.

The tooling for quad module building comprises two jigs that carry the flex and the bare
module and allows to place them on top of each other with 50 pm precision through rods
and ball bearings. With an additional stencil tooling and a spatula, a predefined amount
of adhesive can be spread on the flex before closing the tooling for attaching and curing.
Compared to the manual glue deposition for the FE-14 module building this constitutes
a large improvement. Also, the legacy tooling had only one jig where the bare module
was aligned and the flex positioned on top, thus aligning the flex and mating of the two
components was done in one step. The disentanglement of the flex positioning with small
pins and the overall positioning of the flex with respect to the bare module with larger rods
is an advantage over the FE-I4 tooling. Also, the alignment of the bare module and the
flex itself was improved by the use of pins with soft coating and perfectly fitted stainless
steel alignment pins, respectively.

The tooling and an example of spreading the adhesive with the stencil tooling can be
seen in Figure 7.1. Technical drawings and descriptions for the RD53A tooling can be found
in [162] and likewise for the ITkPix tooling in [163].

In Figure 7.2 the module building setup of the University of Gottingen is shown with
two jigs, vacuum suction, glue gun, stencil frame, precision shims and dial gauge. The
module components for a dummy module are shown on the jigs. This will be explained in
Section 7.1.1.

In the following sections, after detailing the specifications of the module and its compo-
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Figure 7.2: Gottingen module building setup in the lab with two jigs, vacuum suction,

glue gun, stencil frame, precision shims and dial gauge. A dummy bare module and a flex
v2.2 are shown on the jigs.

nents, the module assembly procedure is presented.

7.1.1. Assembly Specifications

Before building RD53A quad modules, module assembly sites have to undergo a qualification
process where they show that they are capable of building modules that fulfil the general
requirements. For this purpose silicon dummies instead of bare modules and the preliminary
version 2.2 (v2.2) of the common quad flex are used.

The actual RD53A quad module building is done with the fully functioning RD53A bare
modules and version 3.8 (v3.8) of the common module flex. The drawings for the RD53A
flex v3.8 can be found in [164].

Regarding the assembly itself, there are certain requirements which need to be met. In
the following these different requirements and specifications are explained.

Component Specifications

In order to validate the functionality of the module assembly tooling, the exact dimensions
of the bare components need to be known.

In terms of the bare modules, the overall flatness of the bare module and the Si-dummy
should be +25 pm and the coplanarity £50 pm. For the bare module the bump bond layer
between FE and sensor should be between 10-25 pm. The specifications for outer barrel
modules as of Ref. [165], which was used for the design of the tooling, are shown in Table 7.1.

The mechanical flex v2.2 was fabricated before all the details of the flex design were
finalised and has a few significant differences with respect to flex version 3.8. Some SMD
components, the temperature sensors (NTCs) as well as the HV hole changed location from
v2.2 to v3.8. Additionally, the alignment holes on the frame were changed into slots on
the diagonal for better alignment on the flex jig during assembly. The main change is,
however, the size of the inner part of the flex, which is glued on the bare module, as listed
in Table 7.1. Also, there were no tolerances specified for flex v2.2. Based on experience
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from flex validation sites, the vendor fabrication tolerances are about 100 pm'.

Table 7.1: Specifications of the two different versions of the flex and the Si-dummy.

y-dim. x-dim. Height
Si-dummy (41.10 £ 0.05) mm (42.20 £ 0.05) mm | (3254 55 —40) pm
Flex v2.2 40.6 mm 40.4 mm (160 £ 20) pm
Flex v3.8 (4044 0.04 —0) mm | (40.4 4+ 0.04 — 0) mm (160 + 20) pm
Distance dummy 0.5mm 1.8 mm

Assembled Module Specifications

For the assembled modules, in terms of mechanical requirements, a module needs to be
attached with a precision of £50pm in z and y to guarantee wire bonding angles and
suitable connector positions. For dummy modules the nominal z-distance between flex and
Si-dummy on both sides of the module is 900 pm and the distance at the y-top is 250 pm. For
real modules this should be the same, however, the module specifications have changed over
time. The original tooling was designed with the specifications in [165] which correspond
to the Si-dummy specifications as listed in Table 7.1. The actual production specifications
of the bare module vendors are subject to small changes and given in Ref. [166].

In terms of height, the module envelope of 2.25 mm must be respected as defined in [167].
As the thickness of the module is mainly influenced by the adhesive, it is therefore subject
to specifications. The coverage under the flex must be at least 80% without spreading
beyond the edge of the flex to allow wire bonding and assure stability of the module. This
leads to the requirement of an adhesive thickness of (40 & 15) pm and a defined weight of
the adhesive. Under the temperature sensors (NTCs) on the flex must be adhesive for good
thermal connection to the sensor. Additionally, points of greater stress where the modules
are picked up during loading must also be supported with adhesive.

The assembly procedure was developed to meet all these requirements and is presented
in the following section.

7.1.2. Assembly Procedure

The assembly procedure differs slightly for dummy modules and real RD53A modules. As
discussed in Section 7.1.1, the module components underwent changes. However, the module
assembly with the Si-dummies and flex v2.2 is more challenging than what is expected with
flex v3.8. Therefore, the successful site qualification with the dummy modules is more than
sufficient to ensure a high yield with the RD53A quad modules.

As the module building qualification of the University of Géttingen and results from
the later built real modules were done within the scope of this thesis, both are covered
in the following. The Si-dummy will be referred to as dummy bare module, to make the
descriptions easier.

The assembly process includes the calibration of the tooling but also measurements of
the components before and after attachment. For all modules, the following measurements

!Private communication with project engineer Sneha Naik from the University of Glasgow.
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are carried out:

e Measuring of the dimensions of the bare components before assembly.

Weight of bare components and module after assembly.

e Measurements of height of the module and the adhesive in particular.

e Pull tests of the wire bonds.

e Visual inspection at various processing steps.

The content of the following sections is taken or adapted from the module assembly

documentation [160].

Calibration of the tooling

In order to build a module with an even adhesive layer, it is important to calibrate the

tooling. The important parts of the tooling to be parallel are the two surfaces of the jigs

where (dummy) bare module and flex touch and this is assured by the mating principle

with guide rods and bushings, not by their angle with the back plane of the respective

tooling jigs. There is no need to specifically characterise the slope with respect to the back

plane and if these planes are not parallel this does no harm to the module. Getting the

surfaces of interest parallel to each other is obtained by calibrating the tooling with the

three adjustment screws and precision shims with 40 pm thickness.

The calibration requires the following steps:

1. The flex needs to be aligned onto its respective jig by aligning the flex with two alignment

pins and the aluminium block.

The flex is placed on the flex jig.

The frame-aligning pins are inserted according to the flex in use: for flex v2.2 the
holes on the top left and bottom right corner, see Figure 7.3 on the left. For flex
v3.8 the hole on the top right corner and the slot on the bottom right corner, see
Figure 7.3 on the right.

The aluminium block is used to flatten the flex.
The vacuum is turned on to fix the flex on the jig.

Careful lifting of the aluminium block and removal of the frame-aligning pins from
the flex jig.

2. The (dummy) bare module needs to be aligned on the bare module jig.

The (dummy) bare module is put on the bare module jig with the help of a vacuum
pen.

The (dummy) bare module is positioned on the jig such that it touches all three
alignment pins, see Figure 7.4.

Turning on the vacuum fixes the (dummy) bare module on the bare module jig.
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Figure 7.3: Left Positions of the alignment pins on the flex v2.2. Right: Position of
alignment pins on the flex v3.8.

Figure 7.4: Left: The process of placing a dummy bare module on the bare module jig.
Middle: Alignment of the dummy bare module to the alignment pins. Right: Dummy
bare module aligned with alignment pins on bare module jig.

3. The adhesive height is set.

o The precision shims are placed on top of the (dummy) bare module with the help of
a vacuum pin.

o The flex jig is placed very carefully onto the (dummy) bare module jig by mating
the guide rods and the guide bushings.

o Now the adjustable screws need to be screwed to the appropriate level with the help
of a hex wrench and a dial gauge. Here it is most important that the screws are
screwed very slowly and gently so that no movement is detected on the dial gauge.
As soon as the slightest resistance is felt or a movement is detected, the screwing
process needs to be stopped and reverted immediately. All three screws are lowered
and then the locking nut is fastened. This should also happen with a lot of care.

e Then the flex jig is removed from the bare module jig and the shims are removed.

To control the height of the adhesive, aforementioned adjustment screws set the distance
between the jigs. As it became evident in first measurements that all institutes are tending
to higher adhesive thicknesses than calibrated, the use of the dial indicating gauge was
introduced. It is set up such that it monitors a point on the closed tooling surface, as
shown in Figure 7.5. While screwing down the adjustment screws and tightening them, the
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Figure 7.5: Left: A dial gauge is used for setting the adjustment screws. The needle is
placed on the closed tooling with an additional jig on top and closely monitored when
turning the adjustment screws.

dial gauge is constantly monitored and the screwing reverted in case any movement of the
tooling surface is shown on the dial gauge. For this method to work well, a second flex jig
with ~ 1.2kg as weight was put on top of the closed module.

Assembling the module

Within the course of module building experience, the stencil layout was changed several
times to cover the full flex region with adhesive. In the photos in the following there are
therefore various stencil designs shown. For the purpose of the pictures the design can be
ignored, unless specifically mentioned. In Section 7.2.3 studies on the pattern are discussed
in detail and it should be noted that the glue weight clearly differs for both versions.

Concerning the general attachment procedure, there is a set of steps to follow. It is
assumed that the flex and the (dummy) bare module are still in position on their respective
jigs after calibration of the tooling.

1. The stencil tooling is placed onto the flex jig. The stencil frame guide rods are such
that only one orientation allows insertion into the flex jig. It is extremely important
that the stencil is screwed correctly in the stencil frame.

2. The adhesive is distributed on the stencil using the mixing nozzle on the glue gun.
Ideally the line should look like shown in Figure 7.6 in the middle.

3. With the spatula the adhesive is spread into the stencil holes in a controlled motion.
The stencil looks afterwards like shown in Figure 7.6 on the right. Figure 7.7 shows a
flex with adhesive distributed using the stencil method.

4. The stencil tooling is removed from the flex jig.

5. The flex jig is very gently placed onto the bare module jig, leaving vacuum active.
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Figure 7.6: Left: The stencil tooling is placed on top of the flex jig. Putting the adhesive
on the stencil. Middle: Adhesive distributed on one end of the stencil. Right: Adhesive
spread across the stencil.

Figure 7.7: The adhesive pattern on a flex v3.8 (with the almost final stencil) distributed
with the stencil method.

6. Leaving the flex jig on the bare module jig for at least 8 h at more than 21°C allows the
adhesive to cure completely. An additional weight of ~ 1kg should be placed on top of
the tooling so that any upwards force originating from the viscosity of the adhesive is
counterbalanced. An additional jig can be used for that.

The mechanical assembly of a module is completed after the aforementioned steps. How-
ever, electrical functionality is only established after wire bonding. Dummy modules, even
though in principle some electrical tests would be possible, are only wire bonded for practice
and never tested electrically. Both module types undergo quality control (QC) measurements
after gluing to analyse the assembly quality.
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Figure 7.8: Microscope and stereomicroscope for metrology measurements and visual

inspection.

7.2. Quality Assessment

In 2019 and 2020 Goéttingen produced 24 version 1 toolings for 15 institutes worldwide,
which all required validation before sending them out. The validation tests of the toolings
were done using metrology on RD53A modules and dummy components with the metrology
tools as described in Section 7.2.1 and are discussed in Section 7.2.2.

7.2.1. Measurement Setup

In the following, the measurement setup for all quality control tests, before and after
gluing, is introduced. The metrology equipment for measuring the module and the module
components in all dimensions and doing visual inspection especially for the wire bonding
comprise a microscope with z-y-stage and adjustable focus for z-height measurements and
visual inspection and a stereomicroscope for wire bond inspection. Both microscopes are
shown in Figure 7.8. The metrology microscope is the same that is also used for the sensor
market survey metrology measurements, as explained in Section 6.1.

Height measurements are performed with the dynascope that measures the height via
the focus. The measurement vacuum jig of the dynascope is defined as reference plane
for the measurements. Hence, in order to measure the height, the (dummy) bare module
is flattened with vacuum on the vacuum chuck and the height of the module component
is measured via a defined set of points on the surface. The height measurement is non-
automatic, however, certain analysis functions are provided which are employed for the
measurement of the height. With the defined points the (dummy) bare module plane is
defined and the distance between the reference plane and the (dummy) bare module plane
then results in the (dummy) bare module height. While the Si-dummy has constant height,
for the bare module there are two measurements to be made: the height on top of the
sensor and the height of only the readout chips. Figure 7.9 shows the measurement points
for the Si-dummy and the bare module in the middle and on the left, respectively.

The bow is obtained by measuring nine points on the dummy (bare module) without
vacuum being applied, and calculating the sagitta, as shown for the sensors in Section 6.1.

The flex height is also measured when the flex is held down with vacuum. For this
measurement many more points are needed than for the sensor, as shown in Figure 7.9 on
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Figure 7.9: Left: Measurement points on a bare module. Middle left: Measurement
points on a dummy bare module. Middle right and right: Measurement points on the
flex. The wire bonding area is measured with four points, the keep clear areas with five
measurements, the connector and the capacitor with two measurements each. For the bow
of the assembled module a row of measurements is taken in the middle of the module.

the right two images. The flex is divided in different areas as introduced in Section 5.3.3. The
wire bonding area is measured with four points, the keep clear areas with five measurements,
the connector and the capacitor with two measurements each.

Height measurements on the assembled module are again performed with vacuum turned
on with the exact same points as on the flex in order to extract the thickness of the adhesive
between (dummy) bare module and flex by subtracting the heights of the bare components.
For the bow a row of measurements is taken in the middle of the module, as indicated in
Figure 7.9.

For a cross check the flexes and dummy bare modules were also measured with a microme-
ter screw before and after gluing. Consistent results were achieved so that the measurement
with the micrometer screw that is more dangerous for the components was dropped for the
real modules. An example for a cross check is shown in Section 7.2.2.

7.2.2. Module Assembly Process

The validation tests of the tooling comprises z-y-alignment and z-height tests and visual
inspection, assuring the performance of the tooling to be within the required precision. For
the tests a dummy bare module was used instead of a real bare module in combination with
a flex v2.2. The same components were used for all the toolings to assure comparability.

First, in order to qualify the gluing procedure, repeated tests with one tooling have
been conducted on the bare components and on the assembled module. The following two
sections describe the z-y-alignment and z-height measurements.

z-height

As mentioned in Section 7.1.2, the adhesive height is set by calibrating the distance the
two tooling jigs are apart when mating them. During validation, the adhesive height was
causing the main problem as the actual obtained adhesive height is not the same across the
module and also not necessarily as expected from the set distance. The aforementioned dial
gauge with 0.01 mm accuracy was successfully used to cope with the problem by monitoring
the setting of the distance between the jigs, see again Figure 7.5.
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Figure 7.10: The new aluminium inlay for the flex jig of the tooling.

Table 7.2: Height measurements with micrometer screw and microscope in comparison.
All values are in pm.

All Wire bonding area | Keep clear area | Connector | Capacitor
pm-screw 50.8 £ 8.2 54.9 +5.4 40.3+5.9 51.0+£12.7 | 46.5+3.4
Microscope | 49.0 +10.4 51.9+9.9 41.84+7.2 55.8 6.4 | 35.8 4.9

Moreover, the adhesive height in the middle of the module has always been too high,
unless some foam piece was inserted in the middle of the flex jig inlay to enforce pressure
on the flex. It was realised that this was due to the instability of the flex inlay under
vacuum which was made out of perspex. Consequently, new aluminium inlays (G.AL C210
DYNAMIC/ AW 5083-03) were machined in the central workshop of the University of
Gottingen, as shown in Figure7.10 on the left. Plan parallelism and flatness have been
measured on these inlays and are within tolerances. The validation of these new inlays was
also done with gluing another dummy module.

The height measurements on the glued module, performed with a micrometer screw and
the microscope for comparison, show very similar values all across the module surface. In
Table 7.2 the results for the specific areas on the flex as introduced in Section 5.3.3 are
shown. The adhesive weight was measured to be 25.3 mg.

z-y-alignment

On the left in Figure 7.11, the measured distances for the validation of the x-y-alignment
on the upper left corner are shown. The image also indicates the bare module alignment
pins existent on the bare module jig. First measurements were done on a spare bare module
jig of the tooling, as shown in Figure 7.11 in the middle. The distances of interest for the
measurement of the alignment on a dummy module as seen under the microscope are shown
in Figure 7.11 on the right.

Example z-y-distance measurements for one glued module are presented in Table 7.3.
Only one of the measurements is outside the tolerances, when comparing them to the
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Figure 7.11: Left: The measured distances for the validation of the z-y-alignment and
the alignment pins as existent on the jig of the tooling are shown. Middle: Setup for the
microscope measurements of a glued module. Right: The distances of interest for the
measurement of the alignment on a dummy module as seen under the microscope.

Table 7.3: Example z-y-distance measurements for one glued module. For each side two
measurements have been taken and averaged. The precision for one distance measurement
is 3.7um. For the values stated below the precision is therefore 5.2 pm.

Measurement | Mean [pm] | Nom. [pm] | Mean - Nom. [pm]

Top distance 283.5 350 -66.5

Right distance 919.3 900 19.3
Bottom distance 336.3 350 -13.7

Left distance 853.8 900 -46.2

nominal values as presented in Table 7.1.

However, deviations of the flex and dummy bare module geometries can also lead to
x-y-distances between the separate components that are not within the tolerances. The
dummy bare modules used within the scope of this thesis were found to be = 50 pm larger
in z- and y-direction.

In Figure 7.12 on the left the by the module component sizes defined distances and the
derived distances are shown. Based on the alignment in the tooling with the pins on the left
side and on the top for the bare module and the two pins for the flex, two distances between
the flex and bare module edges are defined. The other two distances can be derived:

diStanceright = (xmeasuredisi - l‘measurediﬂex) - 900

diStancebottom = (ymeasured_Si - ymeasured_ﬂex) —250.

Given the detected deviation from the specifications, the actual distance should be taken
into account for the analysis of the distance for the non-defined sides. Also, the relative
distances between frame and flex inner part are not always according to the specifications.
Hence, for each module, the actual expected target needs to be calculated as shown in
Figure 7.12 on the right. The calculation is the following:

Offset in flex = Distance hole-flex-edge - nominal value.
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Figure 7.12: Left: Defined and derived distances for the relative alignment position of the
flex and the dummy bare module. Right: Defined distances for the relative alignment
position of the flex frame and the flex inner part.

This offset then needs to be subtracted (or added) for all sides. It could also be shown that
the y-alignment at the top (distance hole and central flex edge) differs by ~ 50 pm for the
flex v2.2.

By taking these measured distances of the glued module into account, the alignment
capability of the tooling could be verified to be within 450 pm. Given the recent relaxation
of the criterion, £100 pm deviation instead of +50um, slight inconsistencies in the bare
components can be seen as non-problematic.

Another value that needs to be determined is the distributed adhesive weight. Therefore
the bare components are weighed before assembly and the glued module after assembly.
Evidently the subtraction of both yield the adhesive weight. The nominal weight of the glue
has changed frequently due to different versions of the stencil. For the five dummy modules
used for the qualification of the University of Gottingen as module building site, the glue
weights are listed in Table 7.4. The nominal weight of the glue with the stencil version
that was used is 26.8 mg. Due to measurement problems on the components of the modules
(not perfectly dry flexes), lower glue weights than expected are measured. Monitoring of
the weight of the flex for 5min results in smaller flex weights and the corresponding glue
weight is marked in the table as “corrected”.

Not actually counting to the metrology measurements, pull tests have to be performed
on the wire bonds to test their strength. Some specifically for this purpose bonded wire
bonds are pulled before setting the module under electrical tests. Within the scope of this
thesis pull tests have only been performed on dummy modules and are hence not presented
here.

87



Chapter 7. Modules for the Outer Barrel

Table 7.4: Glue weight of five modules with a flex v2.2 and a Si-dummy. Measured with
a precise scale with uncertainty of 0.05mg. All values in mg.

1 2 3 4 5
Glue weight 17.7 | 153 | 32.1 | 12.6 | 11.9
Corrected glue weight 25.5

7.2.3. Delamination of Module Components

Modules might delaminate under temperature changes as expected during operation [168].
This comprises small range temperature changes from module operation between ~ —40°C
and ~ 25 °C, but also catastrophic scenarios such as COy from the cooling leaking on the
module and exposing it to temperatures of ~ —55°C or broken cooling and failing interlock
60°C. Simulations of the module with adhesive

applied with the stencil pattern as depicted in Figure 7.6 on the left were a reason for

~
~

which will heat up the modules to
concern. Hence, the stencil was improved to cover the full flex area with adhesive, as shown
in Figure 7.6 in the middle and on the right, to reduce probable delimination. The design
on the right was reworked several times with small changes to the hole diameter. The final
version is not shown in this thesis.

In the following, validation tests of the new stencil will be presented and concluded by
the delamination tests.

Stencil Validation Tests

For the new stencil several assemblies were performed in Gottingen with Si- or glass-dummies
and similar adhesive layer thicknesses achieved as before. The results for the specific areas
on the flex are shown in Table 7.5 and 7.6. As shown, the target adhesive weight of 50 mg
was also reached.

Table 7.5: Height of a module with a flex v2.2 and a glass dummy. Measured with a
micrometer screw. All values are in pm.

All
494+ 11.7

Connector
48.5+0.7

Capacitor
72.0+ 184

Wire bonding area
45.94+9.9

Keep clear area
48.8+2.9

Height

Table 7.6: Height of a module with a flex v2.2 and a Si-dummy. Measured with a

micrometer screw and the microscope for comparison. All values in pm.

All Wire bonding area | Keep clear area | Connector | Capacitor
nm-screw | 43.9 £ 16.2 35.44+9.1 47.8+6.9 49.5+10.6 | 81.5+2.1
Microscope | 51.5+17.2 49.8 £17.5 44.1+6.2 50.8 £10.6 | 80.8 +2.1

For a glass dummy the height of the glued module was measured with a micrometer
screw. The adhesive weight is 50.1 mg.

For the Si-dummy bare module the height of the glued module was measured with a
micrometer screw and the microscope for comparison. The adhesive weight is 50.8 mg and
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the height of the bare components is for the Si-dummy (318.8 + 6.7) pm and for the flex
(199.7 £ 10.4) pm.

In order to validate the stencil, several groups of institutes in 1Tk conducted assembly
trials. The judgement was based on the glue pattern either visible through the glass or
after removing the flex from the dummy bare module. A coverage of 80% of the module
area with adhesive is required. In order to evaluate the gluing several times, it was decided
that the modules should not be cured completely to allow reuse of the components.

Among the institutes very short times of ~ 30 min and longer curing times were tried. In
order to obtain valid results, the adhesive must not be altered between gluing and judging
the glue pattern. Possible issues are that the flex can bend once the vacuum is released and
thereby exert a force on the adhesive and make it spread. Additionally, a very soft glue
might be compressed further by the weight of the glass dummy itself.

To tackle these problems the vacuum should only be released of the bare module jig (and
not of the flex jig) after mating the jigs to avoid bending of the flex. Also, the curing time
should be at least long enough to prevent the glass dummy from compressing the glue. For
the evaluation of the pattern a picture analysis is suggested as the other option would be a
judgement by eye.

Based on these suggestions to the assembly procedure and the evaluation of the adhesive
coverage, an evaluation of the adhesive pattern without distorting the pattern is feasible.
Studies with different curing times using plexiglass and flex v3.8 were performed and are
presented in the following.

On the example of a short curing time of 15 min the analysis procedure is explained. To
see how the adhesive behaves, initially, only the vacuum on the bare module jig is released.
The pictures of the adhesive coverage are shown in Figure 7.13.

Figure 7.13: Left: Gluing pattern after application. Middle: Gluing pattern after 15 min

curing time and only releasing the vacuum on the bare module jig. Right: Gluing pattern
as seen from the side for contrast between adhesive covered area and free space.

A python script, partly written by the author, and a picture editing programme are used
to analyse the adhesive coverage. First, based on the colours of the image pixels, black and
white areas are defined. Then, a central part to be used for the analysis is defined as the
full module surface makes the calculation difficult and imprecise, as shown in Figure 7.14.
The whole image yields ~ 55% coverage and the central part ~ 67% - both are not meeting
the requirements. After releasing the vacuum from the flex jig and waiting for &~ 1 min it
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can be observed in Figure 7.15 that the adhesive is compressed.

Figure 7.14: Analysis of the adhesive pattern after a curing time of 15 min without releasing
vacuum on the flex jig. Left: Gluing pattern as seen from the side for contrast between
adhesive covered area and free space. Middle: Transformation of the full image with the
python script and a picture editing programme. Right: Definition of an analysis area.

Figure 7.15: The adhesive is pressed together after releasing vacuum on the flex jig and
waiting for 1 min for a curing time of 15 min.

Figure 7.16: Comparison of the adhesive coverage before and after release of the vacuum
in the flex jig shows that the alleged glue coverage is augmented once the vacuum is
completely released from the tooling jigs.

Figure 7.16 shows the comparison of the adhesive coverage before and after the release of
the vacuum on the flex jig. The central selected area adhesive coverage yields 67% before
vs. 77% after the release of the vacuum.

Further tests with 30 min and 60 min curing time were performed. Additionally, the
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Figure 7.17: After letting the adhesive cure for 60 min, the adhesive does not spread much

more when the vacuum is released on the flex jig. Left: Gluing pattern after 60 min curing
time and only releasing the vacuum on the bare module jig. Right: Gluing pattern after
60 min curing time and releasing the vacuum on both sides of the jig. The glue pattern
changes only slightly and mainly on the outer edges, hence leaving the area of interest in
the middle of the module unchanged.

dependence on the time the nozzle used for the application of the adhesive is not used (and
the adhesive curing inside) is also evaluated.

Leaving the adhesive cure for a longer time (with a nozzle that was exposed to air for
20 min) the adhesive does not spread as much anymore after the vacuum is released from
the flex jig, see Figure 7.17. Several other compositions of curing time and nozzle age were
tried and a curing time of at least 60 min seems advantageous for stable glue dots while
measuring, still allowing to remove the glue completely to perform several tests.

Delamination Tests with Dry Ice

After gluing of modules, the actual delamination tests were performed to understand if
the bump bonds resist temperature cycles. For the test, the modules undergo 1, 5 and
10 cycles between dry ice (reaching approximately (—60 £ 5) °C) and room temperature,
monitored with a humidity and a PT1000 temperature sensor that are glued in the testing
bag close to the modules and read out with an arduino. A soak time of 5 min was applied
to the modules after reaching —55 °C or room temperature, respectively. The bag is flushed
with dry air to avoid condensation and ice on the modules, as shown in Figure 7.18. Two
dummy modules with flexes without SMD components (1, 2) and one module with SMD
components but one side where the Si-dummy was damaged (3) were treated with dry ice.

To probe potential delamination, manually 24 points on the flex were pinched with the
needle of the probe station after each set of cycles, as shown in Figure 7.19. A movement
of the flex can be observed as change of light in the microscope image.

The modules were inspected before the first cycle: module 1 showed slight movements
on one side close to the edge, module 3 also showed movement on the side with the broken
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Figure 7.18: Foam box used for the cycling tests with dry ice. The dry air supply and
the sensors inside the bag are used to monitor and maintain appropriate environmental
conditions.

Si-dummy, module 2 looked perfect with no movement observed anywhere on the module.
Table 7.7 lists the additional contact points showing movement after cycling. It should be
taken into account that SMD components on the flex do alter the behaviour of the flex
under cooling and warming up and also initially broken components are more error prone
as the silicon structure might be damaged further inside than visible.

In combination with results from other sites, it was, however, concluded that the stencil
design is sufficient to prevent large delamination.

Figure 7.19: Delamination measurements are performed by manually pinching the flex

with the probe needles in the probe station and observing the change of light. Left:
The view through the microscope where the change of light is judged. Middle: The
micrometer screws for manually moving the probe needle. Right: One position on the
flex, where the delamination is probed.

Table 7.7: Additional contact points showing movement when pinching with a probe
station needle after thermal cycling with dry ice.

Module 1 | Module 2 | Module 3
1 Cycle 0 0 0
5 Cycle 2 1 4
10 Cycles 2 2 8
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Stage Position

X -19,586
y 20,372
2 -0,569
a

Figure 7.20: Measurement points on the sensor part of the bare module and the readout
chip part.

Table 7.8: Nominal values for RD53A bare modules. The separate dimensions for FE and
sensor in the bare module are given according to Ref. [165]. All measurements are in pm.

Sensor height ‘ FE height ‘ Flatness ‘ z-dim. sensor ‘ y-dim. sensor ‘ z-dim. FE ‘ y-dim. FE
575+ 75—40 | 400+25—-10 | +25 | 39.5+0.05 [ 41.1+0.05 [ 42.240.05 | 40.3+0.05

7.2.4. RD53A Module Assembly

Specifically for the purpose of providing modules for the outer barrel demonstrator pro-
gramme, RD53A modules were built and tested mechanically and electrically in Go6ttingen.
The mechanical tests follow the mechanical tooling validation tests and the electrical tests
follow the description in [169].

In the following, the results for the first real module gluing in Go6ttingen are presented.
The mean and standard deviation of specific parameters such as the module height in
specific regions and the z- and y-dimensions and distances have been analysed.

The dynascope was used for the detailed inspection and measurement of the height of
the bare module and the z- and y-dimensions of its components. Figure 7.20 shows some
measurement points taken on three bare modules and one flex.

The nominal values of the module components are listed in Table 7.8. Actual measure-
ments on the bare modules can be found in Table 7.9. There are two different flatness
measurements shown. The flatness of the bare module determined when it was flattened
with vacuum corresponds to the distance of separate height points on the sensor with
respect to the mean sensor height. For the flatness measurement without vacuum the
differences between measurements with and without vacuum are taken. This can result in
large deviations as the bare module can bend and therefore lie at an angle with respect to
the measurement jig surface. This way the measurement must not necessarily reflect the
actual bare module flatness.

To actually determine the bare module flatness, the distances between each height point
are measured without vacuum with respect to a plane defined through these points. With
this last measurement only four of 39 values are > 25 pm, which is the required flatness.
These deviations are not of any concern as this bare module has a thick FE which is not
used in the modules for the 1Tk.

It can be concluded that the z-dimension of the sensor is 58 pym too small while the
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Table 7.9: Bare module and flex measurements for module assembly.

BM1 ‘ BM2 ‘ BM3 ‘ Specifications
Height and flatness of bare module [pm]
Sensor height 576.2 | 578.0 | 583.7 | 575+ 75—40
FE height 401.8 | 403.8 | 408.5 | 400+ 25—10
StdDev sensor height 8.9 8.8 8.8
StdDev FE height 2.5 2.2 6.0
Min flatness BM with vacuum -8 -12 -15 -50
Max flatness BM with vacuum 20 16 14 50
Min flatness BM without vacuum -2 -1 5 -25
Max flatness BM without vacuum 86 105 88 25
dimensions of sensor [mm)]
z-dim 39.442 | 39.443 | 39.436 39.5 4+ 0.05
y-dim 41.052 | 41.053 | 41.044 41.1+0.05
Stdev x 0.001 0.001 0.006
Stdev y 0.004 | 0.002 | 0.007
dimensions of FE [mm)]
r-dim 42.177 | 42.181 | 42.184 42.2 +0.05
y-dim 40.320 | 40.320 | 40.322 40.3 4+ 0.05
Stdev x 0.013 | 0.003 | 0.013
Stdev y 0.001 0.004 0.008
dimensions of flex [mm]
r-dim. 40.402 40.4+0.04 -0
y-dim. 40.423 40.4+40.04 — 0

y-dimension of the sensor is almost always within tolerances (48 pm too small). The z-
dimension as well as the y-dimension of the FEs is very similar for all bare modules, around
20 pm too small or too large, respectively. These deviations are also of no concern as these
bare modules are not used for the real 1Tk. The relevant values for the alignment of the bare
module to the flex in the tooling are the y-dimension of the sensor and the z-dimension of
the FEs. What should be mentioned is that the tolerances for BM1 and BM2 are in general
smaller than for BM3, as a close up function for focus setting on the microscope was used.

Table 7.10: Measurements of the glue height after gluing on the first RD53A module

(BM1). All measurements in pm.

‘ All ‘ Wire bonding area ‘ Keep clear area ‘ Min. ‘ Max.
Glue height | 44.0£10.9 | 458 +9.5 | 40.0+107 [ 21 | 63

The measurements of the z- and y-distances between the module components and the
glue height after gluing of module 1 are shown in Table 7.3 and 7.10. The glued module
fulfils all but one of the distance requirements as listed in Section 7.1.1. The distance on the
top is outside of the tolerances. Looking at the bare module measurements, the distances
on the right and on the bottom were expected to be too small due to the actual dimensions
of the bare module. However, it was observed that the top and left distances are too small.
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A possible explanation would be that the module was rotated for these measurements as the
RD53A bare modules do not have any marking so that rotating by 180° could be excluded.
The average glue height is within the specifications of (40 £+ 15) pm, however, there are
outliers. The smallest measured thickness is 21 pm and the largest 63 pm.

The flatness of the module is 43.7 pm on average and has a maximum of 91 pm and is
thus not within the tolerances. Also, the adhesive weight is 45.8 mg, which is below the
specifications. This is not a problem as the gluing process for the real 1TkPix modules has
been improved with the new version of the tooling.

In total, however, it can be concluded that the module building process is understood
and possible limitations are known. In the next section the electrical tests after module
building are discussed.

7.3. Module Electrical Testing

For the production phase, an electrical test system is employed to ensure the operational
quality of the modules. The key points are the electrical testing of the proper functionality
of the readout chips by tuning them and the bump bonding quality checks which may involve
the sensor. The sensor quality after module assembly is validated with an 1v measurement.
The full testing procedure is defined in Ref. [169] and includes thermal cycling tests (—55°C
to 60 °C and —45°C to 40 °C) and measurements at operation temperature which require a
setup with cooling options. Section 7.3.2 explains the module testing itself. The following
section describes the setup. And in Section 7.3.3 the testing results are presented.

7.3.1. Electrical Test Stand

The FE-14 testing setup as shown in [5] with a custom designed cooling jig was used for
initial tests of the RD53A modules at the University of Gottingen. The cooling jig which was
originally designed for FE-14-modules is, however, not suitable due to changes in module
geometry.

For the electrical testing of RD53A-modules a cooling unit was designed at the University
of Bergen, intended to be used by all 1Tk institutes. It is used for the removal of heat from
the power consumption of the module. The cooling unit comprises a foam housing with a
cooling chuck inside which is cooled by an external silicon oil chiller (Huber Unistat 705).
Inside is a stack of a Peltier element for precise temperature control, a cooling chuck and a
vacuum chuck which holds the module. Vacuum and dry air tubes as well as the module
data and power pigtails are routed through the housing.

The cooling unit setup can be seen in Figure 7.21. In the open cooling unit at the right
of Figure 7.21 part of the stack can be seen. On the white jig at the bottom of the cooling
unit the cooling chuck is placed, which is connected to a chiller and hidden. Above this,
the Peltier and finally the vacuum chuck are stacked, which are also hidden. The module
is placed in the frame of the module carrier without the bottom part on the vacuum chuck
to guarantee direct contact of readout chips to the vacuum chuck. Dry air supply to the
module is obtained with the transparent pipe connected to the module carrier. The blue
pipe is the connection to the vacuum pump.
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Figure 7.21: Cooling unit with foam housing and connections to a vacuum pump, a

chiller, dry air, power supplies, sensors and the readout PC.

The electrical connection of the module is obtained with data and power pigtails, which
are flexible PCBs that connect the two small rigid PCBs, shown on the left and right of the
picture on the right in Figure 7.21. Power and NTC readout is routed through the smaller
PCB on the left. The data pigtail is connected to the adapter board on the right, which
routes the signal to four display port cables which are connected to the readout PC.

Within the scope of this thesis the cooling unit was installed and commissioned for
Gottingen. This comprised the installation of temperature and humidity sensors in the
cooling unit on the vacuum chuck, the cooling chuck and close to the module itself and
the commissioning of the software. For the temperature and humidity readout an Arduino
Mega? is used which is run with LABREMOTE, a common ITk software package®. The
same holds for the control of the power supplies, used for biasing the sensor and powering
the module. The scripts running LABREMOTE were configured to the needs of the power
supplies for the cooling unit and the Arduino sensor readout was set up within the scope
of this thesis.

The readout for the actual module testing was also commissioned. Module readout
systems aim at collecting the detector FE hit data that will be stored, waiting for further
processing later. The readout chain is composed of a DAQ software communicating with
a dedicated hardware, usually FPGA-based, which is connected to the FEs. Two readout
systems can be used for RD53A readout, the YARR [151] or the BDAQ53 readout system
[170, 171]. YARR is a software that supports different hardware (Hw) platforms, PCI
Express FPGA boards, e.g. Spec, Tefl001, XpressK7, KC705. It can also support other FPGA
platforms like BDAQ53 board and RCE HW (zCU102). BDAQ53 is another python based
software® which uses a BDAQ53 board connected to the PC through Ethernet connection.
The aforementioned YARR based software is referred to as ITkSW. The single module test
setup for RD53A modules in the cooling unit was commissioned with a BDAQ53 board and
the common 1TkSW, for the first time demonstrating that the HW and SwW combination is
fully functioning.

2Arduino Mega https://docs.arduino.cc/hardware/mega-2560.

3Git repository of LABREMOTE ITk software for power supply and sensor readout
control in  https://gitlab.cern.ch/berkeleylab/labRemote ~ and  the common scripts in
https://gitlab.cern.ch /berkeleylab/labremote-apps/pixelmoduleqc.

“The BDAQS3 python based software is available at https://gitlab.cern.ch/silab/bdag53.
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The original plan was to install several cooling units for parallel testing in a radiation
shielded box which used to house the FE-14 testing jig to allow for source scans which are
needed to test bump bond connectivity of the bare modules. However, only one cooling
unit could be installed within the time frame of this work.

7.3.2. Testing Procedures

Electrical testing procedures are subject to regulations to ensure comparable procedures
at all 1Tk sites. As explained in Section 5.2, the RD53A chip has an analog and a digital
part. In order to perform measurements, the chips on the module need tuning to equalise
the response of every pixel. Apart from the tuning and the subsequent scans, the sensor
properties also need to be tested again in 1V scans.

In general, all tests were supposed to be performed at three different temperature: 20°C,
30°C and —15°C. However, the regulations were changed due to time constraints to require
only one complete set of measurements at 30 °C.

First, the functionality of the readout chips needs to be assured. As a first step the wire
bonding is visually verified. In particular, wire bonds defining the 2 pA current reference
and the chip ID selection should be checked. Then, before performing any tuning on the
module, the voltages provided by the SLDO for the digital and the analog part of the module
have to be verified. For this purpose and in general for the module testing, the readout
chips are serial powered with 4.6 A [169] to ensure that the voltage at the SLDO input of
the module is ~ 1.6 V. To protect the readout chips, a voltage limit of 2V is set on the LV
power supply. The sensor is reverse biased with Vyep + 50V and a current compliance is
set to 100 pA at the most to protect the sensor. The analog and digital voltages supplied
by the SLDO can then be obtained manually from the respective probe pads on the module
flex. If not already at the recommended voltage of 1.2V, register values are adjusted in the
chip configuration files. Settings of the registers from wafer probing of chips are used as a
starting point.

The turn-on behaviour of the SLDO in the RD53A chip is unstable. It therefore needs
to be determined for each chip separately to understand at which temperatures the chip
can be used. This comes from the fact that the SLDO for serial powering mode does not
work as expected and hence does not reliably provide the chip voltage at all temperatures.
For system tests (explained in Chapter 8) modules have to be used at cold temperatures,
which is only possible when they properly turn on. vI scans have to be taken, where the
chip voltage is monitored as a function of the input current of the power supply. This VI
scan has to be repeated at —35°C and if not successful at higher temperatures in 15°C
steps to understand at which temperature the readout chips turn on.

Following these initial tests on the chips, verifying that they are powered correctly,
the tuning and testing procedure starts. The testing procedure requires scanning the
occupancies of digital and analog injections, doing threshold scans and performing threshold
and charge response tuning. Scans simply describe procedures performed by the readout
system where the response of the front-end chip for different parameters is measured. The
sequence of the electrical measurements is as defined in [169] and available in the YARR git
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repository”.
In the following subsections the explicit testing scans are explained.

Digital- and Analog Scan

Basic operation of all pixels is tested with these scans. The digital or the analog injection
mechanism is used to inject hits into all pixels of the FE. For the analog test the injected
charge needs to be above the discriminator threshold.

For the analysis of the occupancy scans a defined number of hits is injected and the
response of the respective part of the pixel measured in digital- and analog scans. For
the digital part of the chip a perfect response is expected. The analog part of the pixel is
subject to noise, thus some pixels with non-perfect response are expected.

Typically, for YARR 100 triggers are injected. For a response of 98 < hit number < 102,
the pixel is called “good”. If less than 98 or more than 102 electrons are measured, the
corresponding pixel is excluded from other measurements and called a “bad” pixel. Pixel
with no hits are referred to as “dead”.

Threshold Scan

The discriminator in the FEs is used to suppress noise below a defined threshold. This
threshold can be adjusted. In an ideal world, the pixel would never fire for signals below
the threshold and always fire for signals above. This behaviour could be described by a
step function.

A real discriminator, however, is influenced by noise in the system, as explained in
Section 4.2.4. Therefore a so-called s-curve describes the turn-on behaviour of a pixel. The
hit probability is described by

Phit(Q) _ %Erfc <chreshold - Q) ’

\/Eanoise

with the charge @), the discriminator threshold Qnreshold Which is defined as the point with
a hit probability of 50%, the noise oyeise and the complementary error function Erfc

Frfe(x) = — /inf —v’q
ric(x) = — e Y.
VT Jo

The functionality of the threshold scan is in principle the same as for the analog and
digital scans. In this case, however, the occupancy is measured at different injected charges
for a fixed threshold. For a FE tuned to 1000 electrons one would expect every pixel
to register charges above 1000 electrons as hit. By fitting the hit probability curve the
threshold is interpreted as the charge value with 50% hit probability and the width of the
curve as the noise. The projected distribution of the thresholds and the noise for all pixels
is a Gaussian distribution. Fitting these distributions with the mean and the width the
threshold and the noise are characterised.

®Tuning script for module QC in https://gitlab.cern.ch/YARR/YARR/-/blob/master/scripts/rd53a-
module_ tuning.sh.
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Noise Scan

A noise scan is used for masking of pixels firing without a physical signal. When a pixel
registers a hit in the absence of a signal, which is more likely to occur at low discriminator
thresholds, the pixel should be masked to avoid overloading the readout bandwidth. This
means that this pixel is disabled and excluded from any further scans. To perform this
scan, trigger commands are sent to the FE at a fixed frequency. As soon as hits from
noise, random coincidence between trigger, cosmic radiation or broken pixels surpass an
occupancy of 1076 hits per bunch crossing, the pixel is masked. The noise is stated per
bunch crossing, but it is essentially a specific trigger time in which the number of hits is
counted.

Source Scan

With a source scan where a radioactive source is positioned above the module all pixels are
expected to see hits. If this is not the case, the pixel is counted as not-connected or dead.

In this scan physical hits from the sensor from a radioactive source or an X-ray source
are measured. As preparation the noisy pixels are masked with a noise scan. The hits issue
triggers to the FE chip and are read out. As components on the flex attenuate radiation
this is visible in the histogram of the scan.

There are also other scans for the same purpose, they work, however, all without an
external source and use internal injection mechanism of the chip. The scans are the
disconnected bump scan and the crosstalk scan. Both work via crosstalk, which is expected
to be seen between neighbouring pixels. By injecting in the four adjacent pixels and reading
out the pixel in the middle, information about the bump connection can be gained. The
same criteria for sorting pixels in “good”, “bad” or “dead” are applied as for the analog and
digital scan. However, as the injection is performed via the adjacent pixel, for any pixel
with “bad” or “dead” neighbours, the pixel must be marked as “unknown”. A last option
are threshold scans where the modules are forward-biased and one also expects to see the
disconnected bumps.

Tuning

As introduced in Section 5.2, the discriminator threshold and the time over threshold are
adjustable to compensate for manufacturing variations and radiation damage in the readout
chip.

The tuning procedure starts with configuring the FEs with default configuration. This
means that an arbitrary value for the global threshold is set and and the per pixel threshold
trims are set to the center of the range. First the global threshold is adjusted so that
the average is at the desired threshold. However, the shape is still a wide Gaussian. In
consecutive steps the individual pixel thresholds are tuned which narrows the width. For the
ToT tuning a similar procedure is performed. As ToT and threshold tuning influence each
other, the threshold fine-tuning is repeated after the ToT tuning. The resulting difference
in the distribution is exemplified shown for FE 4 of a module from Paris® in Figure 7.22.

5The module from Paris is used by the author for system tests as later described and therefore used here
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Figure 7.22: An example tuning to 1500 e for one FE compared to the untuned distribution.

7.3.3. Module Testing Results

Similar to the market survey on the sensors, sites have to qualify for the testing of modules.
Within the scope of this thesis, the testing qualification of the University of Gottingen was
performed with two digital modules that were built and successfully wire bonded at the
University of Géttingen”. For digital modules a glass substrate replaces the sensor.

The digital quad modules under test have functioning RD53A readout chips, functioning
flexes with SMD components, wire bonds, power connected via the power pigtail and the
readout pigtail connected with the connector on the middle of the module, but, glass
instead of a sensor. Hence, all scans except for 1v and bump connection testing scans can
be performed on these modules.

As explained, for the digital part of the chip, a perfect response is expected. Figure 7.23
shows the digital and analog scan occupancy with a few noisy pixels in the analog scan. The
other two histograms on the right show that the chip was successfully tuned to a threshold
of 1000 electrons and a charge response that leads to the ToT to be 7 bunch crossings (bc).

Apart from the tuning, Vi measurements were performed that check the turn-on behaviour
of the SLDO in the chips and all measurements were repeated at different temperatures.

The second part of the qualification for module testing requires the successful performance
of a source scan and cycling of the module between temperatures of -55°C and 60°C. These
tests were finalised outside of the scope of this thesis, showing that all required tests for
module QC can be performed at the University of Goéttingen.

The results of the RD53A modules built in the University of Géttingen are allocated to a

as example.
"The bonder model is FEK Delvotec 56xx WEP-00002 F/S Bondtec Ultrasonic Bonder with the bondhead
5630 and the pull head PH-100.
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Figure 7.23: An example tuning for one of the chips of the digital modules showing
the digital and analog occupancy scan and the successful tuning to a threshold of 1000
electrons and a ToT of 7bc.

thesis still to come at a later stage and will include sensor-related measurements. As these
modules have been sent to CERN for further processing and to be used on the demonstrator,
testing results for these modules are among those presented in Chapter 9. However, for the
sake of discretion, the modules are not explicitly marked.

7.4. Conclusions and QOutlook

Within the RD53A module building campaign, many modules were built and tested, out
of which five from the University of Gottingen. However, several shortcomings could be
identified. It was shown that deviations of the flex and dummy bare module geometries can
lead to z-y-distances between the separate components on the glued module that are not
within the tolerances. Regarding the adhesive and module thickness, there have also been
large variations among the groups. Coupled with the adhesive thickness is the coverage
of the adhesive. Depending on the user, the adhesive weight, spread and height vary: At
times, judged by the weight, more adhesive than expected with the stencil was applied.
Hence, larger adhesive coverage with similar thicknesses was obtained. As a consequence,
the stencil was subsequently further improved to anticipate a coverage of < 80% while
keeping the wire bonding areas free of adhesive. Apart from that, manufacturing tolerances
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affecting the precise closing of the tooling and the uncontrolled closing mechanism by hand
might also be the origin of some of the adhesive thickness or z-y-distances deviations.

Nonetheless, even modules outside the tolerances after gluing were wire bonded success-
fully, leading to a relaxation of the x-y-distance requirement from a precision of +50 pm to
+100 pm. The earlier requirement of an adhesive thickness of (40 &+ 15) pm has also been
dropped. However, a minimal adhesive thickness of 10 pm remains and the requirement for
the entire module thickness to be smaller then the module envelope.

For the RD53A modules, especially with the lowering of the requirements, a sufficiently
high yield of modules for loading and serial powering studies could be obtained. However,
the procedure would benefit from simplification in view of production. Thus, a new version
of the tooling was developed which will be used for module building with 1TkPix components.
The idea is to have a more elaborate and automated version of the tooling which leads to
less room for user mistakes. The stencil tooling is also completely reworked to discard any
room for handling mistakes so that, in principle, all sites should yield the same amount of
glue spread on the flex.

When it comes to module testing, a test setup has successfully been installed in Got-
tingen which allows performing module QC. The common cooling unit was installed and
equipped with sensors for environmental conditions monitoring and the respective 1TkSW
configured. With this cooling unit, electrical tests of the modules at all required tempera-
tures of 20°C, 30°C and —15°C can be conducted. It was shown that the module tuning
could be performed at these temperatures successfully. Also, in order to build electrically
functional modules, the wire bonds need to be analysed and the chip registers set correctly
by probing the SLDO voltage values. It was shown that this is possible by using digital
quad modules from G&ttingen. This was a requirement to qualify the laboratory at the
University Gottingen for further module building and module testing.

Outside of the scope of this thesis, two further requirements for module testing were
fulfilled. The capability of source tests was shown and thermal cycling of the module. While
with the cooling unit in principle also the thermal cycling tests are possible, another setup
involving a shock chamber at Gottingen was commissioned for this purpose.

Overall, Gottingen is since the end of 2019 qualified to build quad modules and from the
beginning of 2021 also fully qualified to test quad modules.
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Outer Barrel Demonstrator

8.1. Demonstrator Programme

As described in Sec 3.4.2, the 1Tk PIXEL Detector will be built of around 10000 modules
which are arranged in 5 layers, powered with serial powering and read out at 1 MHz.

The already mentioned demonstrator programmes are being conducted at CERN to test
integration and system aspects in detail to validate the design and detector concept before
the start of the large scale production. They comprise the building and study of the basic
building blocks of the 1Tk for a prove of concept. This is for example the serial powering in
a realistic setting with several serial powering chains, the HV powering of the sensors and
the cables and connections between modules and power supplies.

The final 1Tk PIXEL Detector will be built with 1TkPixv2 modules. As these are not yet
available, the demonstrator projects are using preliminary modules.

The first version of the demonstrator was built with FE-14-based modules, see also
Section 5.2. This is the readout chip used in the IBL in the current inner detector. The
main focus of this demonstrator was the prove of concept of serial powering for multiple
parallel chains with common ground (GND). The modules are loaded on pyrolitic graphite
tiles and then mounted on a longeron with cooling pipes. A longeron is an elongate light
carbon fibre composite truss structure for mechanical support while introducing a small
material budget [172]. This loaded longeron is housed in a light tight Faraday cage, referred
to as the environmental box. With CO4 cooling and dry air supply controlled environmental
conditions are available for electrical tests on the demonstrator.

With the current demonstrator with RD53A modules the final design of the outer barrel is
prototyped. Hence, not only a longeron but also a half-ring are commissioned with modules
and a new cabling and connector scheme (called services) to validate the design of the 1Tk.
This goes hand in hand with the qualification of the loading of the modules on cells which
are needed to integrate the modules on the mechanical support. In Figure 8.1 a computer
animated drawing of the loaded longeron is shown. The modules are on the bottom of the
structure. On the right in the figure, two modules (in purple) are shown on cells (grey)
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Figure 8.1: Computer animated design of a loaded longeron of the RD53A demonstrator.
The modules are on the bottom of the structure. On the right, two modules (in purple)
are shown on cells (grey) and screwed onto the mechanical support. The services are
shown in green [172].

and screwed onto the mechanical support. The services are shown in green [172]. The
demonstrator replaces the previous FE-14 demonstrator longeron in the environmental box.

The modules for the demonstrator are being built in different production sites and being
processed in various steps. In order to assure that the production yield of the modules
allotted to the real detector is large enough, the full procedure is rehearsed already now
for the demonstrator. This means that the modules undergo the full production chain and
are tested at every step. On the RD53A demonstrator they are also tested on system level.
The evaluation of the results from this version of the demonstrator are required to go into
the final design review (FDR) of the loaded local supports.

The exchange of the current RD53A modules on the demonstrator to later ITkPix modules
is in principle feasible due to the cell loading concept.

In the following, first, the serial powering concept will be explained. Then, different
aspects regarding the setups, the commissioning and the results of the demonstrator pro-
grammes are discussed.

8.2. Serial Powering Chains

In a serial power chain (SP-chain) the modules are powered in series with a constant current
[117-119]. Overcurrents need to be absorbed by the SLDO to assure that the readout
chip stays safe. The schematics of the powering scheme for the demonstrator are shown
in Figure 8.2. In serial powering, the local GND of one module is the input potential of
the next module in the chain. Thus each module has a different local GND potential. As
can be seen, the LV return line is connected to GND. This ensures that the GND of the
module with the lowest local GND is equal to the system GND, which is in Figure 8.2 the
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Figure 8.2: Powering scheme of the demonstrator according to Ref. [113].

module furthest to the right. In Figure 8.2, all modules are connected to the same HV
input potential. The HV return line is connected to the LV return line. As a consequence
of the shift in local module GND, each module sees a modified HV:

HVmod = HV — (n— 1) - Vinoa ,

where n is the number of modules between the point of interest in the chain and the
LV return. Thus, for the module on the right, the HV value stays unchanged. For the
demonstrator, there are two HV lines for a single SP-chain, like in the detector in the outer
barrel.

Results of tests with SP-chains in the FE-14 demonstrator are discussed in the following
section.

8.3. FE-14 Demonstrator

The FE-14 demonstrator is a longeron loaded with dual chip and quad chip FE-14 modules,
as introduced in Section 5.3. The modules are powered in up to six SP-chains with five,
seven, eight and 16 modules.

On the FE-14 demonstrator several different tests were done. Noise and threshold analyses
were performed at warm (17°C COs2 temperature) and cold (-25°C COq temperature) to
evaluate the module performance in sp-chains. The grounding concept of the 1Tk PIXEL
Detector was validated as well. Apart from this, the module performance at different
integration stages was compared.

Overall, with these tests, serial powering was demonstrated in a large test system envi-
ronment and the FE-14 demonstrator measurements were providing invaluable experience
in cable and connector design.

In the following sections the setup, studies on the sP-chains and grounding measurements
will be presented that were conducted by the author.
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43 sensors = 114 FE-14 frontends, 6 serial powering (SP) chains over 1.6m support

A-side (commissioned in 2019) C-side (commissioned in 2020)
R/ /A —_ ANNANNNANNNN\\N

A_IM_13-1 A_BM_7-1 z::O C_BM_1-7 C_IM_1-16
&—Sp—e e—Sp—e @ SP o sp &—Sp—e e—Sp—e

Figure 8.3: Schematic view of the demonstrator with the sp-chains on both of its sides.
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Default
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Figure 8.4: Top: Photo of the A-side of the demonstrator shows the quad barrel module
on the right and the inclined dual modules on the left. Bottom: HV and LV powering
options for the default mode and merged SP-chains. Default HV powering uses two HV
lines for one sP-chain.

8.3.1. Setup

The longeron is divided in two sites, the A-side and the C-side, according to the ATLAS
geometry. The FE-14 system has 7(A)+ 7(C) quad chip barrel modules (BM) on a flat
central section and 13(A)+ 16(C) inclined dual chip modules (1M) towards the ends of
the longeron, see Figure 8.3. On the A-side are only 13 modules because three of the
delivered 16 modules broke during further processing. Naming of the modules follows the
scheme of side__module type_ FE number. The names for the quad modules are hence
A/C_BM_1-7_1-4 and the names for the inclined dual modules A/C_IM_1-13/16_1-2.

All modules are powered in 4-6 SP-chains with coupled grounds, as explained in Sec-
tion 8.2. The inclined chains can be split to 8 +5(8) modules in separate chains or be
combined, as shown in Figure 8.4 on the bottom. For each SP-chain there exist two HV
groups.

Concerning the sensors, all of the BMs are n-in-p modules. The 1Ms are of n-in-n type
for the C-side and of n-in-p type for the A-side. Depending on the side, the modules use
either spare sensors from the 1BL, as on the C-side, or specifically produced sensors for the
demonstrator, as on the A-side. In principle, with IBL sensors, more modules could have
been produced for the A-side. However, the flexes needed for the 1Ms on the A-side and
the C-side are mirrored. As there were no further flexes for the A-side available, only 13
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Table 8.1: HV power settings for the six HV chains of the C-side. In the first HV chain in
SsP-chain 3 the voltage needs to be reduced because of an early breakdown around -60V.
For the second HV chain in this SP-chain even lower voltages of -20 V must be set to avoid
a breakdown.

SP-chain SP-chain 1 SP-chain 2 SP-chain 3
HV chain | HV 1 |HV 2 |HV 1 | HV 2 | HV 1 | HV 2
Value [-V] 80 80 80 80 60 20

modules could be mounted on the demonstrator.

Additionally, some of the sensors break down at a bias voltage of 0 V. This is the case
for modules 11, 12 and 13 on the A-side (A_IM_11, A_IM_12 and A_IM_ 13) which
are hence not powered with HV at all as otherwise the per pixel current limit of 9nA
would be surpassed. Other HV constraints can come from early breakdowns of the sensors.
For C IM 16 a low HV of -20V needs to be set as the module breaks down at -30V.
A IM 09 has a breakdown between -60 and -70 V and therefore also cannot be biased with
the foreseen -80'V.

In the following, results are only shown for the C-side of the demonstrator as it has
more functioning modules. The HV power settings for the six HV chains of the C-side are
depicted in Table 8.1. It is known from module QC that the depletion voltage for these
modules is about -30 V. Hence, the last four modules in the third sp-chain will not be fully
depleted.

The detector control system (DCS) which controls the sP-chains uses Pixel Serial Power
Protection (PSPP) chips [122, 173, 174]. PsSPP chips monitor the module and can bypass it
if necessary. They will, however, not be used in the real detector, but were foreseen when
the FE-14 demonstrator was built. Integrated in the DCS is the interlock to prevent damage
to the modules and operators. An interlock acts for example on the power supplies. When
environmental parameters like temperature or humidity change into an unsafe state for
module operation, the power supplies will turn off. The same holds when the environmental
box is opened and contact with components at a high electrical potential would be possible.
Interlocked power supplies stay turned off until the trigger of the interlock is not valid any
more and the interlock is unlocked by a user.

In the final detector, supply voltages, data uplinks and command downlinks are routed
via type-0 electrical connections from the module to Patch Panel 0 (pPp0). Each Sp-chain
is connected to one PP0. The type-0 connections are also called module pigtails. From pP0
a type-1 bundle goes to another Patch Panel (PP1). Type-1 bundle describes a cable which
transmits CAN, Interlock, Lv and HV signals. From PP1 the signals are transmitted via
another type-2 bundle to PP2, from which then type-3 cables go to the interlock, the power
supplies and the DCS (CAN) separately. This path is depicted in Figure 8.6 at the bottom.

At the time of the FE-14 demonstrator the patch panels were not yet available. Instead,
a cable saver board (CSB) was used to split the combined cables in the type-1 bundle to
separate cables. A sketch of the cables and connections as used in the FE-14 demonstrator
is shown in Figure 8.6 on the top. The FE-14 demonstrator measurements before the scope
of this thesis showed that cross talk occurred between too close lines in the ppP0. This led

107



Chapter 8. Outer Barrel Demonstrator

to an update of the design of the PPO.

While in the lab readout chains the FEs are directly connected to the ITk DAQ HW as
explained in Section 7.3, the detector readout requires indirect connection through long
optical fibre connections and transceiver and/or aggregator hardware. As these devices are
inside the detector, they must be radiation hard. For the FE-14 demonstrator the readout
is instantiated with high speed gigabit transceiver (GBTx) ASICs [175] which serialise the
electrical signals from the modules. In versatile transceiver (VTRx) chips [176, 177] the
electrical signal is translated to optical signals and vice-versa. The optical signals then go
in the DAQ system. Details and studies on the DAQ system can be found in [123, 178].

Figure 8.5: Left: The demonstrator testing box with the longeron. In a light tight
environmental box the longeron is shielded from external factors and COg2 cooling and

dry air supply allowed controlled environmental conditions. Right: A view on the
demonstrator with the inclined modules visible on the left side.

First stage: Standard type -1 bundles with CSB and standard type-3 cables

1 box I extension
: CAN H
—_—m
PPO il csB :_r\I}erIock H -
type-1 HvV
bundle

i :
N

Later stage: full off-detector cable chain including PP1, type-2 bundle, and PP2

CAN
PPO PP1 bee——] Interlock
PP2 | Vo
type-1 type-2 HV
bundle bundle type-3 cables

Figure 8.6: The schematics for the cables and connectors for the demonstrator are shown.
On the top is the first stage where a cable saver board (CsB) is used instead of a PP1
and a PP2 which are not yet available. The type-1 bundle transmits power, interlock and
monitoring data (via Controller Area Network (CAN)) and at the CSB separate cables go

to the respective receivers.
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Before conducting final measurements, the demonstrator had to be moved between two
different labs at CERN, so that the system had to be recommissioned. This included
recabling of the interlock and powering system, and reinstalling the detector readout. Also,
the COs cooling system had to be reconnected to the setup. A rapid pressure drop was
noticed at the COs inlet, which required checking the COs-system for leaks with a COq-
sensor. The measured pressure drop over time for 20 days is shown in Figure 8.7. In orange
is the temperature measurement over the same time frame. As the system was subject
to temperature changes, the pressure normalised to the temperature is also shown in red.
One single fit (dashed line) and two separate fits (orange and yellow), starting at the large
change in temperature were performed. From the fits it can be concluded that the pressure
drop rate was ~ 160 — 170 bar d~! which does not allow operation of the CO5 cooling system.
After the replacement of a ceramic electrical break, the CO2 cooling was recommissioned
and no further leaks detected so that the final tests could be conducted.

39.0 temp corrected pressure
21.5

" 38.5
©
O
o 380 21.0
—
=
& 37.5
4 .
o F20.5
e
ko] 37.0
£

36.5 SR F20.0

~
36.0 A

QO .o.0%.0%.00 a0 .o .o%..0%, .00 .o .o .o%..o% .o .aR .o .o, .o, .0
S 0090, 90, 90, 000, 00, 0, 0, 00, 00, 0, 00, 00, o0, 0 0
9% 0% 0% 9% 9% 0% O O o of OF; o o 0l Of 0% 0% 0% O 0%
S A A A A M I NI LIV BRIV N ER VAR VLAV S S A B S i 8
Date and Time

Figure 8.7: CO5 leak data. The pressure on the COs inlet is plotted for 20 days, showing
a decrease over time (blue). In orange, the temperature is plotted. Because of high
temperature changes the pressure normalised to the temperature is also plotted, which is
then fitted. One single fit (dashed line) and two separate fits (blue and yellow) are shown
and the slope of the fits is indicated in matching colours.

8.3.2. Study of Serial Powering Chains

In order to characterise the performance of modules in SP-chains and understand the inde-
pendence of separate SP-chains, the SP-chains were tested in several different configurations
on the A- and C-side of the demonstrator.
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Table 8.2: Overview of the possible different powering combinations on any side of the
demonstrator, labelled as scenario “S1” to “S7”, that are used to test the stability and
independence of the serial powering scheme of the demonstrator. The “v"” symbol indicates
a powered SP-chain, while the “x” symbol corresponds to a deactivated chain.

Scenario | SP-chain / Hv-chains 1 | SP-chain / HV-chains 2 | SP-chain / HV-chains 3
S1 v v v
S2 v v X
S3 v X v
54 v X X
S5 X v v
56 X X v
S7 X v X

Measurement Methods and Powering Configurations

As shown in Table 8.2 there exist seven possible different powering configurations for all
separate HV and LV chains (one for the barrel modules and two for the inclined modules)
on each side of the demonstrator. The powering configurations are called scenario “S1” to
“S7”. The “v"” symbol indicates a powered SP-chain, while the “x” symbol corresponds to
a deactivated chain. Both sides of the demonstrator are tested separately.

The tests of interest are threshold and noise studies, where the average noise level of
the module, the measured leakage current of the sensors and the voltage drop over the
FEs at each module (measured with the PSPP chips) are used to evaluate the behaviour
of the demonstrator under the various scenarios. Apart from the different scenarios it
also needs to be verified that the two demonstrator sides are independent of each other.
Hence, the measurements were performed once with the other side being fully powered and
once with it being turned off completely. The aim for the measurements within the scope
of this thesis was to do a final evaluation of noise and thresholds for different powering
configurations of the inclined and barrel spP-chains and to compare to measurements from
2020 for consolidation of results.

All tests were performed at To = 17°C, which means that the modules are at a temper-
ature of Ti,0q =~ 30°C. Before running the tests, all modules were retuned to a minimal
threshold of 3000e. In Figure A.1 a comparison of the average threshold and noise values
before and after retuning are shown for comparison. Only very few modules in the inclined
chains actually needed to be retuned.

The findings of these and especially the studies from 2020 will also be published in a
paper by the collaboration.

Results

The results for the C-side with the A-side being turned on are shown in Figure 8.8 and 8.9.
The uncertainty of the measurements is +(0.01% - Vout + 0.01% - Viom ), where Viom = 600V
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Figure 8.8: Results of the measurements performed on the C-side of the demonstrator.
Left: The leakage currents for the six different HvV chains are measured for all seven
scenarios. They remain stable. The uncertainty of the measurements is +(0.01% - Ioyu +
4nA). Right: The voltage drop over the SP-chains is shown. Residual currents in
the DCS line cause small voltage drops in the first two modules at the beginning of
each chain, even when they are turned off. The uncertainty of the measurements is

+(0.01% - Vout + 0.01% - Vaom)-

is the nominal voltage of the power supply'. On the right in Figure 8.8 the measured
voltage drops are shown for the IMs and the BMs. The chains start with BM1, IM1 and 1M9
for the C-side. It can be noted that residual currents in the DCs line cause small voltage
drops in the first two modules at the beginning of each chain. This behaviour was observed
with inactive modules, as it is intrinsic to the PSPP chips. Apart from this, no significant
differences between the scenarios were observed. Bypassed modules and broken PSPP chips,
which are not returning valid measurements, are marked by -0.1. The leakage currents for
the HV lines, as shown on the left, remain stable in all scenarios. The uncertainty of the
measurements is £(0.01% - Iyt + 4nA).

In Fig 8.9, the mean threshold and noise of the modules is shown. The mean values of
threshold and noise are obtained by fitting a Gaussian to the per-pixel threshold and noise
distributions, which are obtained using the s-curve method, as explained in Section 7.3.2.
The errors are the fitted standard deviation. All values are stable for the different scenarios,
except for FE chip C_IM_05_2 in scenario 5. This chip is known to be unstable. The
high noise in the last modules originates from incompletely depleted sensors and will be
explained in Section 8.3.2.

The measurements were repeated with the A-side being turned off and the results are
compatible, as expected. For the A-side the same measurements were performed, once with
the C-side active and once inactive. The two results are also compatible, as expected.

'The exact uncertainty is not known as the uncertainty specifications for the power supply are only
guaranteed for one year. Also, the exact model of the power supply is not listed in the available manuals
any more (https://iseg-hv.com/en/products/detail/EHS). However, the power supply belongs to the
same series and hence the same specifications hold.

2Same comment as above.
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Figure 8.9: Top: Mean thresholds of the modules. Bottom: Mean noise measured for
each module for the different serial powering scenarios. The mean values are obtained by
fitting a Gaussian to the per-pixel threshold and noise distributions, which are obtained
using the S-curve method. The errors given are the fitted standard deviation.

Measurement Methods - Serial Powering Configurations

In order to understand if there exist effects related to the number of modules in a single
SP-chain, two different chain lengths were tested on the dual modules on the C-side of the
detector. The nominal scheme, which is shown in Figure 8.3, where the first eight modules
and the remaining ones are powered in different SP-chains was compared to the merged
sP-chains. In the merged sP-chain tests the default HV powering scheme with four separate
HV groups for the IMs was used and only the LV powering is changed, such as shown in
Figure 8.4.

Results

The measurements for the C-side with the A-side inactive are shown in Figure 8.10 and
8.11. The missing voltage drop for 1M15 is due to a breaking PSPP chip. Interestingly,
7.2 1A was measured for the last HV group for merged SP-chains, which is more than double
the leakage current compared to separate chains. In the last HV chain are the modules
C_IM_13-16. Also, the average noise for the last modules is lower in the merged scenario.

These results can be understood as indication that in the merged configuration the last
modules are fully depleted and in the separate configuration not. That the modules are
not fully depleted in the separate configuration is known. As shown in Table 8.1, the last
HV line has a lower set value than the required voltage for full depletion of the sensor. Full
depletion in the merged scenario is possible as the applied bias HV and the per-module
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Figure 8.10: Left: Measured leakage currents for C-side modules under two different Sp
scenarios: separate and merge chains. For the last HV line the current is much higher
when the LV lines of the inclined modules are merged as the sensor is effectively biased
with a higher leakage current. Right: Voltage drops are slightly different in the later
modules in the merged scenario. The missing voltage drop for 1M15 is due to a faulty
PSPP chip.
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Figure 8.11: Top: The thresholds for the last modules are lower in the single merged
sp-chain (1sP) compared to the separate Sp-chains (25P). Bottom: The average noise
for the last modules is lower, indicating that in the merged configuration the last modules
are fully depleted and in the separate configuration not.
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voltage drop over each module
2V 2V 2V 2V 2V 2V 2V 2V

System GND 0V

LV in series

MOdUIeGND. . . . .1 . .1 .

HV in parallel -60V -60V - -20V - -20V -20V
effective HV -60V -62V -64V -66V -28V -30V -32V -34V

16V

Figure 8.12: Bias HV levels and voltage drop in the last SP-chain exemplified for eight
modules. The applied bias HV of -60V or -20V and the per-module variation of the
ground potential add up to higher effective HV values for modules further back in the
chain.

variation of the GND potential for the specific modules add up to higher values for the
merged SP-chains compared to the separate sP-chains. This is common for SP-chains and
explained in Section 8.2.

For the third spP-chain with inclined modules of the C-side of the demonstrator, the
scenario is exemplified shown in Figure 8.12. An approximate voltage drop of 2V is
assumed and a chain length of eight modules. The sP-chain has two different HV lines,
SC3-HV1 and SC3-HV2, both connected to four modules each. The first one at -60 'V, the
second at -20 V. As can be seen, the local GND of the second module in the chain is 2V
above the system GND. With the HV being referenced to the sp-chain ground, the sensor
is exposed to an effective bias voltage of HV,0q = HV 4+ 2 V. Sensors further back in the
chain are at even higher GND potentials. The last sensors in the second HV line are in this
scenario at bias voltages around -30V. With these effective higher HV biasing values, full
depletion of the sensor is possible. In the real scenario the voltage drop is slightly lower as
shown in Figure 8.10. Also, there are 16 modules in the chain, which means that the local
ground is even higher towards the end of the chain.

The explanation for high leakage currents and low noise in the merged scenario can be
concluded from the findings above. As explained in Section 4.2.1, the capacitance of the
sensor changes with depletion. From Section 4.2.4 it is known that the capacitance has
an impact on the thermal noise in the readout chip. Not fully depleted sensors thus have
higher noise, which is what is observed in Figure 8.11. The higher leakage currents are
also easily explained. Sensor C__IM_ 16 in the last chain experiences a breakdown at -30'V.
With an effective HV close to the breakdown voltage the leakage current rises.

In order to verify the upper assumptions, in the default setup with two SP-chains the
HV line SC3-HV?2 for the modules C_IM_ 13-16 was varied form 20V to 30V in steps of
2V. Closer to 30V the noise and threshold values approach the noise and threshold values
that were measured in the merged sP-chain scenario, as shown in Figure 8.11. The same
holds for the leakage current.

114



o
o
=
=

=
!
[N
R
)
3
»
T
s
~
S
3

Threshold [e]

— 1 1 T T
4000 =— . —
= - 20V - 22V 24v 26V - 28V -30V =
3500 = {(: —
3000 =—@® 4{.«;:{ coe ©o cooe coveee @ Coee @ cocecee euote @ e &
2500 =—— —
2000 =— —
1500 F=— —
1 1 1 1 1 1=
RN R R RN RN R N N N RN R R N R R
cr-errf¥ a8 mnondIecsrsrslvww8ocelrrrS - Y8820 Dl oSN 2 020 NN el n® o
O‘OIO\ cID‘GIBI O\ D' O\ D\D\ O‘olo\olo‘clD\clo‘clc\c'c’! D\ G\ D' a\ole\olo\olg\clg\ola\olc\ D'cl 0' c‘ 4 T F"i\v_l ‘7\?'(\‘_‘ ] i b o ]
I 232> 23232325 EsZsEsEs2 22z EsEsEsEsEEEEE32323
U‘glg\ 353:3 zw 0'2‘ z\ﬁ 0‘33\30‘@3\30‘2'30'3 iw zwo'u‘o'u‘o'u‘o'u‘o'u‘o'u‘o'u‘ doogoadge degdadaey

Noise [e]

400 = T T T T T —
= - 20V o 22V 24v 26V -* 28V 30V _——
300 =—d ® —]
= @ & =
— (@ L —
200 |/ ® @ @ g *‘tt++—_
— ; @ . , a? —
100 /— wocCopoe © Coge © ea®® © Cuageg ((IT((L @@ €0z 3
— 1 1 1 1 1 1=
D T T I I T T T T I T TP U T B B B Ty P I B I I B I B, OB I TR I
°w5.5|5‘°ug.g‘g\"u8.g|g\°wg.g|g.°wg\g|g.°ug\g‘°5‘B\B.°|5“’\3‘°|3.°w3‘°|5,°|3‘°\'5,°.3,°\3“\9"\5,“.%"5‘“.3,“‘2“.E‘
Z2z=zz2z=zz22zz2z22zz2z2zz2z22zz2zz222z2z2z2z2z2z2z2z2zE3232z232z2z<¢z
0‘$Izl3\U'?jl?j\z\0'ﬁl:;IS\u‘ﬁlil3IU‘$\$ISIU|$\$\Uﬁ\3?:IUIU‘Q‘o‘(_)IU'U‘Q‘OIU'OIU‘U‘U'QIQ'U‘UU‘U‘O‘U'UIU‘U‘U‘UIQ'O‘UUIU‘

Figure 8.13: Average threshold and noise for the C-side modules for different HvV values
for the modules C_IM_8-16.

Conclusions

For the last four modules differences in terms of leakage current and average noise are seen
when the length of the sp-chain is varied from eight to sixteen modules. This behaviour is,
however, caused by the nature of the modules and the design of the sP-chains. The applied
HV in a separate SP-chain is not high enough to fully deplete the sensor, while with the
different per-module variation of the ground potential in the longer SP-chain it is. Due to
high leakage currents the voltage in the separate sP-chain was kept at the lower value.

It was shown that in general the different sP-chain configurations do not have any effect
on the module performance, as long as the HV supply of the modules allows full depletion.

8.3.3. Drain Wire Tests

In the following, the surge protection in the 1Tk is verified, for which a 3m long wire with
AWG 32 is foreseen. The one and only ground connection of the detector must survive a
failure, such as the disconnection of the power supplies (i, or Ioyt) in an accident. This
requires that the highest maximal current on the drain wire does not damage the wire. For
wires with AWG 32 the maximal current for separate wires is 0.53 A [179].

In order to mimic this failure, the current supply of the FE chips in the quad barrel
sP-chain on the C-side of the demonstrator is cut. Tests are conducted for both separately,
cutting I,y and Iiy,.

It should be mentioned already here that the currents of the FE-14 readout chips are
different, compared to the 1TkPix currents. For a final evaluation of the results, the tests
described in the following should be repeated with the final readout chips.
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Measurement Methods

custom made -
switch board ’

— ].
—_—
WIENER A 1 - |
prototype | | scope probe | 1SP 7 quad
current ) | for trigger chain | modules
source | — | (1MQ) l
—e"—

differential scope |

probe '\ :

Mimic foreseen detector’s ground
connection to reference potential

Figure 8.14: Setup for the grounding tests with a resistor mimicking the drain wire.

The demonstrator setup is prepared for the tests by disconnecting all parasitic grounding
lines of the demonstrator in order to make sure only one well defined grounding line is left.
The evaluation of the surge protection is then done in several steps. First, a 1.8 resistor
is connected as grounding line. It mimics the effective resistance of the foreseen drain wire
of 3m length with AWG32. The resistance at 20°C for AWG32 is 0.538 Qm~1[179], hence
the resistance for 3m is

0.538Qm ™' -3m=1.6140Q.

The voltage drop in the resistor, when the current line is disconnected, is measured for
three different supply currents (I, =1A, 1.5A and 2A) with the probe of a scope with
limited input bandwidth to suppress any high frequency noise pickup. Next, the resistor is
exchanged by 3m long cables with different wire gauges (AWG 32, 26, 20) to be realistic in
terms of inductance of the wire. On these wires the voltage drop is measured again in the
different disconnection scenarios.

The first part of the test with the resistor had been done before and was repeated for
confirmation of the results. See Figure 8.14 for the setup of the measurements. A prototype
WIENER current source is used which is connected to a switch board with mechanical
switches. The switch board allows easily disconnecting the connection to either the input
or the output line of the current source. A differential scope probe is connected in parallel
to the resistor or the drain wire to measure the voltage drop over the wire. It is triggered
on voltage changes.
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Measure F1:amplic1) P2--- P3--- Pd:--- P5--- P&--- PY--- FP8---
value 1063Y
status '

Figure 8.15: Measured voltage drop in the probe in pink for cutting I, with 2 A supply
current and measuring over the resistor. The yellow curve shows the power supply terminal

voltage.

Results

For Iy, = 2 A and disconnecting I,y an oscillating voltage with a maximal positive ampli-
tude of =~ 130mV is visible on the probe over the 1.8 resistor, as shown in Figure 8.15 in
pink. After the disconnection, a lower frequency oscillation remains. In yellow the power
supply terminal voltage is shown. The moment the wires are disconnected is marked by
the exponential drop of the voltage. It is unclear why there is a voltage drop of -100 mV
over the resistor seen already before cutting the current line.

Before disconnecting the current and right when cutting it, there are also very short
voltage peaks, which are interpreted to be related to the mechanical switch and its contact
bounce. When the switch is being used, the momentum and elasticity of the switch
mechanical components make the two components bounce apart several times. This causes
switching between on and off before settling out of contact. After cutting the current this
can be seen as spikes in the voltage. Touching the switch right before using it might also
cause disturbances.

When disconnecting the incoming current line, there is no long lasting voltage drop
measurable, as can be seen in Figure 8.16. Again, a very short peak is seen directly when
cutting the lane and in the 100 ps afterwards from the contact bounce of the switch.

The two scenarios are repeated with Iy, = 1.5A and 1A and the measured voltages
are listed in Table 8.3. For lower supply currents the observed maximal positive current
amplitude when cutting the outgoing current line reduces. When cutting the incoming
current line only a very short pulse is visible in the probe exactly at the moment of the cut.
For both cut scenarios and both voltages several voltage peaks from bounce can be seen.

For actual drain wires instead of the resistor, the scenarios look similar. The only
difference is that the probe signal is much noisier. This results from the length of the wire
and its capability of picking up other electrical signal from surrounding instruments.

See Figure 8.17 for the voltage measurement with a supply current Iy, = 2 A and cutting
Iout over a 3m long wire with AWG32. On the probe approximately 120mV are visible
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Figure 8.16: Measured voltage drop in the probe in pink for cutting I;,, with 2 A supply
current and measuring over the resistor. The yellow curve shows the power supply terminal

voltage.
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Figure 8.17: Measured voltage drop in the probe in pink for cutting I,y with 2 A current

and measuring over a 3m long wire with AWG 32.
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value 1064
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Figure 8.18: Measured voltage drop in the probe in pink for cutting I;, with 2 A current

and measuring over a 3m long wire with AWG 32.

118



8.3. FE-1; Demonstrator

Table 8.3: Induced voltages on the drain wire when cutting the output line of the current
supply. The voltage drop scales linearly with an offset of -30 mV for the resistor. An
uncertainty of £20mV for the measurements is assumed.

Wire gauge I, [A] | Voltage drop [mV] | Yeltasedrop [y A—1] | Yoltage dop [y A1)
Resistor R = 1.8Q 2 130 40 (-30mV offset) 2.32
Resistor R = 1.8Q 1.5 90 40 (-30mV offset) 2.14
Resistor R = 1.8Q 1 50 40 (-30mV offset) 1.79

32 2 120 60 2.14
26 2 60 30 1.07
20 2 ~0 ~0 ~0

and a seemingly unrelated short pulse before cutting the line. In Figure 8.18 the result for
I, = 2 A and cutting Ij, over a 3m long wire with AWG 32 is shown. Only a short pulse
and noise from the bounce of the switch are visible on the probe.

For different wire gauges both disconnection scenarios are repeated with I, = 2 A. The
wire with AWG 26, which corresponds to a larger diameter of the wire, behaves as expected
and shows a smaller voltage drop of &~ 60 mV when cutting the outgoing line. Noise and
short peaks can be measured when disconnecting the incoming line. The overall noise is
also lower. For the wire with AWG 20 the noise is drastically reduced and only a short peak
in the probe is measured for both scenarios at the time when the current is disconnected.
This is expected as a much thicker wire has less resistance. The voltage drop values for
these measurements can also be found in Table 8.3. In order to improve the measurement,
the current should be directly measured with a current probe instead of a voltage probe
over a very small resistance. Also, the voltage reading of the scope was done by eye. Based
on the scale, the uncertainties of the measurements amount to £50 mV. However, due to
large scale width, they can be assumed to be £20mV.

Conclusions

For each measured voltage drop, over the resistor or the drain wire, the voltage drop
corresponding to Is, = 1 A is calculated, as noted in Table 8.3. For seven modules in the
sP-chain with four FEs each, 28 FEs in total, the voltage drop per ampere and FE can be
calculated. It is stated in the last column of Table 8.3.

From the table it can be seen that the voltage on the GND line scales with the supply
current. For each 0.5 A supply current the measured voltage drop rises by 40 mV. Extrapo-
lating this, there is an offset of -30 mV for no supply current, which is surprising and might
originate from improper calibration of the probe. The current on the grounding line for
a voltage drop of 40 mV amounts to approximately 50 mA for Iy, = 0.5 A. The values for
grounding with resistor and corresponding drain wire diameter are consistent.

For larger wire diameters the voltage drop is lower, as expected. The resistance of the
3m long wire with AWG26 is Rawaos = 0.134Qm~! - 3m = 0.402 and of the 3m long
wire with AWG20 Rawgoo = 0.033Qm~! - 3m = 0.099 Q2. From the voltage drop over the
wire with AWG 32, the expected voltage drop for the other two wires can be extrapolated.
For the 3m long wire with AWG 26 a voltage drop of 0.52mV is expected, which is slightly
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below the obtained value. The negligible voltage drop for the wire with AWG 20 is also
expected.

It could be shown that the foreseen drain wire with AWG32 can withstand the current
peak of a discharging FE-14 SP-chain of seven quad modules without being damaged. Due
to the linear scaling behaviour of the measured voltage drop, the expected current on the
grounding line for higher supply currents for the ITkPix modules can be approximated. The
exact supply current is not yet defined. Currents higher than 6 A can be critical. However,
if the current on the drain wire will not exceed 500 mA, the drain wire with AwWG32 is also
suitable for the 1Tk.

8.3.4. Summary and Outlook

The FE-14 demonstrator has served to prove design concepts for the 1Tk and to define what
needs to be checked on the RD53A demonstrator. Among these tests is the validation of the
new PP0O which was improved with a thicker layer of Kapton after detecting crosstalk on
the original version. Serial powering for multiple parallel sP-chains with coupled grounds
and up to 16 modules was successfully demonstrated. The behaviour of the modules in the
sP-chains is not influenced by the powering status of surrounding sP-chains. Changes in
the length of an sP-chain also, in general, do not influence the module behaviour, except
when the module sensors are not biased with a high enough HV to fully deplete the sensors.
In this case, the, by design of the Sp-chains, different local GND levels of the modules can
have an influence on the module performance.

Another shortcoming of the FE-14 modules is the LV connector, which will, however, only
be replaced on the 1TkPix modules and not on the RD53A modules yet. The modifications
of the SLDO, based on findings from the FE-14 demonstrator, can be tested with the RD53A
modules. However, as mentioned in Section 7.3.2, the turn-on behaviour of the RD53A chips
is unstable and this problem is only fixed in the 1TkPix chip. The same holds for the correct
handling of overcurrents in chips, which need to be absorbed by the respective SLDO to
keep the sp-chain running.

It was also shown that the surge protection concept for the 1Tk with a 3m long wire with
AWG 32 sufficiently works for FE-14 modules. An SP-chain powered with 2 A will induce
a maximum current of approximately 200 mA on the drain wire. This does not break the
wire. For higher currents, as needed for the 1TkPix modules, the foreseen drain wire might
be sufficient, depending on the final supply current and configuration. Other wire gauges
were tested, so that a wire with smaller wire gauge could most likely also be chosen. Tests
with the final system still have to be conducted once the HW is available. In the meanwhile
these tests are also performed on the RD53A demonstrator.

8.4. RD53A Demonstrator

The purpose of the RD53A demonstrator is to refine the validation of 1Tk design, module
loading procedures and to develop an infrastructure for the loaded local supports, to which
the longeron and the half-ring count. Cables, connectors, power supply units, the DCs and
also the cooling system comprise the infrastructure. The RD53A demonstrator is currently
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still in the construction phase.

8.4.1. Setup of the Demonstrator

The setup of the RD53A demonstrator evolves in a laboratory at CERN. It can very generally
be split into these different components: the actual loaded local support with cooling pipes
inside the environmental box, the interlock and the powering chain, and the readout chain.
For the 1Tk titanium cooling pipes will be used, which are integrated in the mechanics.

All parts of the demonstrator setup are developed and prepared in different institutes
and brought to CERN to commission the demonstrator. The RD53A demonstrator, as well
as the previous demonstrator project, is therefore an enormous international teamwork
throughout the outer barrel community.

il o 'D demonstrator

Do ndt forget to add 3 m UP and 3 m DOWN to the total length |
s n— 12 s

rack area |

Figure 8.19: Left: Additional Faraday cage to the environmental box to house the cSB
for the power cables and to mimic the ppP1. Right: Overview of the locations of the
demonstrator components. The yellow rectangle marks the environmental box, in blue
are the racks with the interlock and additional power supplies.

While no components of the loaded local support of the previous FE-14 demonstrator
can be used any further, the environmental box, several power supplies and the interlock
hardware can. Also, apart from the cooling system on the mechanics, the original available
COg4 cooling system in the laboratory is reused. Only a small additional box was added to
the Faraday cage to house an adapter board for the power cables and to mimic the PP1, as
can be seen in Figure 8.19. As for the FE-14 demonstrator, the PP1 and PP2 as well as the
cable bundles in between are replaced by an adapter board, again called ¢SB. The PP1 in
the real detector functions as the end of the Faraday cage and can hence be simulated with
this box. Given there is insulation between the small box and the environmental box, it
can be opened during operations on the demonstrator. So from outside, the demonstrator
setup will still look almost the same. Flushing with dry air and temperature control via
the CO3 cooling system to assure safe conditions for operating the modules is possible, just
like for the FE-14 demonstrator.

In order to develop the setup from FE-14 to RD53A, all powering and readout cables and
all mechanical structures belonging to the loaded local support of the previous version of
the demonstrator had to be removed. Temperature and humidity sensors can be reused,
however.

Different to the previous setup, the power supplies for the RD53A demonstrator are located
in the so-called rack area, next door to the experimental hall with the environmental box.
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The same holds for the readout PCs. 65 m long cables are used to connect the power supplies
and readout PCs with the demonstrator. A map of the locations of the demonstrator
components can be seen in Figure 8.19. The interlock keeps its previous position in the
blue rack as indicated next to the demonstrator: analog signals from the sensors cannot be
transported over that long distance, so the interlock signals will go from the experimental
hall to the rack area and the power supplies.

longeron

inclined
halfring

Figure 8.20: Sketch of the RD53A demonstrator setup.

The demonstrator itself will have at least 29 RD53A modules in three SP-chains. The
maximal capacity is 40 modules. For prototyping the 1Tk, mechanics from layer 3 are used
for one half populated inclined half-ring with one sp-chain of 11 modules and for a longeron
with 2 sp-chains of 6 and 12 quad modules, as sketched in Figure 8.20. This will allow to
test all three variations of SP-chains. The modules have 150 pm thick FEs and 150 pm thick
sensors as planned for the outer barrel region. As mentioned in Section 8.1 the OB module
loading concept allows that loaded cells can be easily installed and removed such that the
0B demonstrator mechanics are in principle capable of housing ITkPixV1.1 modules once
all tests on the RD53A modules are done. In Chapter 9, the modules for the demonstrator
are discussed.

In the following sections the interlock and the readout system will be explained in more
detail as this was the focus of the work within the scope of this thesis. The Dcs and the
monitoring system will also briefly be introduced.

Readout Chain, Monitoring and DCS

As explained in Section 8.3.1, the detector readout requires indirect connection through long
optical fibre connections and transceiver and/or aggregator hardware between on-detector
and off-detector readout parts.

For the demonstrator readout, the DAQ ITkSW communicates with a custom PCI Express
FPGA board, called Front-End Link eXchange (FELIX) which is hosted in a FELIX Server.
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FELIX is the interface to the on-detector readout components. It sends the configuration
and control commands to the detector FEs through its fibre down-links. It also receives the
aggregated FE data through its fibre up-links.

The first FELIX was installed in the Phase-I upgrade for the New Small Wheel and
the trigger readout of the LAr calorimeter [180]. For the Phase-II upgrade of the ATLAS
Detector, FELIX will be adopted as common readout system for ATLAS [181]. It will hence
also be used for the 1Tk and therefore be tested on the demonstrator. The FELIX version
used for the demonstrator builds on the initial version Phase-I FELIX [182].

From the FEs several 1.28 Gbit/s e-links are aggregated in one up-link which operates
at up to 10.24 Gbit/s. Each module can use up to four e-links. If there are four e-links
to transmit data, then each FE is associated with one e-link. If there are fewer e-links
than FEs, a master FE can merge data stream from slave FEs. The number of e-links
is dependent on the expected particle rate at the position in the detector. The e-link
aggregation is performed in an IpGBT chip, an upgrade of the GBTx chip, [183]°. This is an
asymmetrical transceiver/aggregator ASIC with several configuration possibilities*. On the
downlink, the IpGBT splits the bandwidth between up to 16 modules so that they receive
commands at 160 Mbit/s each [183].

The e-link uplinks running at 1.28 Gbit/s each suffer from degradation through the
electrical wires before arriving to the IpGBT aggregator. Equalisation is thus necessary
to enhance the signal quality. This is done in a GBCR chip [184]. The IpGBT electrical
high-speed up-link and down-link are transformed to/from optical signal through vTRx+
(another dedicated As1C [185, 186]).

An opto board is a PCB on which up to four IpGBTs, GBCRs and one VTRx+ are
assembled. For the demonstrator, an optobox with seven opto boards is used as shown in
Figure 8.21. The optobox includes also a power board, a connector board, housing and
cooling plate. Opto boards with only one or two IpGBT are used, which leads to a different
mapping than in the final detector. The optobox needs auxiliary power (1.2 V) which is
derived on the power board of the optobox by a system of DCDC converters.

The DCS controls the powering of the detector elements. It was written within the scope
of the master thesis in Ref. [187]. The DCS is integrated into a finite state machine (FSM)
with quick navigation and a control hierarchy, similar to the FsM that is used for the
control of the current ATLAS detector. It keeps track of the states of all the components
of the demonstrator and provides methods for the operator to send components from one
state to another. GUI panels have been developed for all detector components to facilitate
the operation. As an example, turning on and off several sp-chains is possible in a simple
panel.

Detector module and optobox voltages as well as temperatures are monitored with a so-
called MoPSHUB 4beginners. MOPS stands for Monitoring Of Pizel Systems. The MoPSHUB
4beginners differs from the final MoPSHUB in that it is controlled by a RaspberryPi, instead
of an FPGA. The MOPS is an ASIC with an ADC and a CAN bus [188]. In Figure 8.21
the MoPSHUB 4beginners is shown with one CAN Interface Card (CIC) module and the

3The manual serves as the main reference: https://Ipgbt.web.cern.ch/lpgbt/v1/.
“The up-link runs at 5.12 Gbit/s or 10.24 Gbit/s with two Forward Error Correction choices (FEC5, FEC12),
whereas the down-link operates at 2.56 Gbit/s with FEC12.
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Figure 8.21: Left: The MoPSHUB 4beginners, housing the RaspberryPi and a CIC card.
Middle and right: Optobox with seven optobards, including power board, connector

board, housing and cooling plate.

card with the RaspberryPi. Analog signals are measured and digitised and then routed to
the DCs for monitoring. The interlock status and COs cooling plant monitoring is also
integrated into the DCS, where the first is shown in Figure 8.22. Signals from these units
come from a different monitoring system intertwined with the interlock.

An overview of the infrastructure with off- and on-detector services is shown in Figure 8.23.
The off-detector services describe the ¢SB and all the cables that connect the power supplies,
the MoPSHUB 4beginners and the interlock. With respect to the FE-14 setup, the HV power
supply and the power supply for the MoPSHUB 4beginners are reused. A new LV Wiener
power supply is used and the existing interlock is updated. Pigtails, PP0s and the type-1
cables belong to the on-detector services. All of them have been exchanged with regard to
the FE-14 demonstrator.

Interlock

The purpose of an interlock is to protect operators and the detector. It bypasses the DCS
and blocks the power supplies (HV, LV, MOPS power (monitoring), opto system power)
directly in case of need. The interlock is based on an Interlock Matrix Crate (IMC) with
an FPGA as centrepiece, which is used in the current 1BL and was also used for the FE-14-
demonstrator. The interlock program is, in fact, an updated version of the interlock already
used for the FE-14 demonstrator. Eventually, the interlock system is to be upgraded to a
completely new Local Interlock & Safety System (L1SSY) which is planned for the 1Tk [189].
This system will replace the current updated but preliminary system, however, it is not yet
commissioned.

The general functionality of the interlock is the following: analog signals are routed to
interlock cards where the signal is compared to a threshold. The output digital signals
are routed into the FPGA of the IMC. Based on a logical OR of certain input signals
an interlock decision for a certain component is made by the FPGA. This means that
the FPGA has to be configured correctly to set the interlock dependencies for the RD53A
demonstrator. The interlock signal is then distributed to the respective components which
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Figure 8.22: Representation of the interlock in the FSM. The interlock input signals are

seen in the top row and the output signals on the left. Red means that the output is

interlocked or the input is invalid, green means that the output is not interlocked or that

the input signal is valid.
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Figure 8.23: Sketch of the RD53A demonstrator infrastructure. The off-detector services
describe all the cables and connectors that lead to the power supplies. Pigtails, PPOs and

the type-1 cables belong to the on-detector services.

need to be interlocked, such as the power supplies.

On the 1MC are also monitoring

units which transmit the interlock and cooling plant signals to the DCS, as mentioned

before. Additionally, they provide the monitored temperature values. The monitoring units,
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however, cannot be used to change the interlock logic.

On the interlock cards specific thresholds can be set for the comparators. For the NTCs
of the sp-chains a threshold of 40°C is set. The opto board NTCs interlock at 30°C. Two
further sensors make sure that the box is closed and light-tight. There also exist specific
interlock cards which handle these signals. The same holds for the humidity signals, which
are reworked temperature interlock cards. Another input signal is the status of the cooling
plant. The functionality of all cards is documented in Ref. [190].
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Figure 8.24: Photo of the 1MC with schematic labelling of the components.

A photo with schematic labelling shows the interlock with the interlock cards in Fig-
ure 8.24. In the upper row, the input from the cooling plant, the dew point sensors, the
door switches and the temperature sensors from modules and the optobox are mounted. In
the lower row are the interlock output cards which transmit signals to the LV, HV, MOPS
and opto power supplies. There is also a card which evokes a delayed signal for the Lv
power supplies as they need to be turned off with a delay with respect to the HV power
supplies. For all other systems the monitoring cards are integrated.

It needs to be made sure that the right combination of signals leads to interlock outputs.
In order to protect operators, it needs to be made sure that there is no high voltage potential
on any part of the demonstrator which could accidentally be touched. This means that
as soon as the box is opened up the module power needs to be turned-off immediately.
Regarding the module side, threats are high humidity combined with cold temperatures,
leading to condensation and possible ice on the module. This could induce mechanical stress
or shorts on the module. Hence, humidities with respect to the cooling line temperatures
and the temperature of the environment need to be controlled. For this purpose the dew
point is measured and must never be above the module temperature. To assure that the
leakage currents of the sensors are not too high, no light must be in the box which could
cause an additional photo current.
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Figure 8.25: Representation of the interlock matrix. On the left the inputs are listed,
such as the temperature and humidity sensors, the door switches and the light sensor. On
the top row the power supplies for Hv, LV and opto power are represented. The matrix
indicates by using crosses which sensor has an effect on which power supply channel, i.e.
crosses mean that input will trigger output. Greyed out crosses are indirectly input signals
to the interlock for the LV power supplies as LV is turned off with a delay with respect
to the HV power supplies.

As the interlock is built based on a logical OR, one forbidden state triggers an interlock.
These dependencies can be shown in a matrix, as in Figure 8.25. The inputs signals are
listed on the left, such as the temperature and humidity sensors, the door switches and the
light sensors. On the top row the power supplies for HV, LV, opto and MOPS power are
represented. Crosses indicate which sensor affects which power supply’s interlock. Greyed
out crosses describe the input signals to the interlock for the LV power supplies, but routed
through the delay modules [190] as they are turned off after the HV power supplies. These
delay signals are used when the temperature rises beyond the threshold of 40°C on the
module NTC of the last module in the chain or the CO4 cooling is stopped. The signals
from the cooling plant are used in the interlock system such that all HvV power supplies
are stopped when the cooling plant is stopped. In a situation where the dew points are
too high, the cooling plant is warming up and as soon as it is at warm, the HV power
supplies will be interlocked as well. The HV power supplies are also interlocked when light
falls into the box or the module NTCs show too high temperatures. The optobox is the
only system that stays on when the box is opened and only interlocks when the optobox
temperature exceeds the threshold temperature. In addition, an emergency button for the
operator interlocks the full system, switching everything off.

This matrix has then been translated to verilog code and flashed on the FPGA within
the scope of this thesis. Two files are needed, where one describes the inputs and outputs
(I/0O) on the FPGA and the other defines the logic between these. The version of the matrix
in Figure 8.25 is used while operating the RD53A demonstrator. The pinouts of all the
interlock cables at the IMC are also documented®. The existing interlock documentation

5Code and the pinouts are on gitlab: https://gitlab.cern.ch/atlas-itk-pixel-systemtest/imc-for-rd53a-
demonstrator/-/tree/master.
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was updated as IMC-V40 document in Ref. [190].

In order to commission the interlock, all I/O channels were tested separately. Custom-
made connectors with LEDs show if a pin of a connector is active or not. These connectors
were used to validate that the correct turn-on and turn-off signals are sent to the power
supplies. The temperature and light sensors from the FE-14 demonstrator have been used
as inputs to test the temperature and light interlock settings. The COs9 cooling system, the
humidity sensors and the box switches were directly tested with the respective hardware.
The emergency switch was also tested to turn off everything. As a final commissioning step,
the representation of the interlock in the DCS was confirmed.

8.4.2. Commiissioning of the Setup

After commissioning the interlock and DCS system, a preliminary demonstrator test setup
was set up right outside of the environmental box to allow for commissioning the readout
infrastructure of the RD53A demonstrator. The CO9 cooling system was therefore not used
for this setup, instead a small cooling chuck cooled with a chiller. However, the interlock,
the MoPSHUB and the DCS were used to control the powering of the modules and the
optobox.

Before using the final readout path with the PP0, preliminary readout paths were used
to install and commission the DAQ system. This means that the opto boards and FELIX
were used in the DAQ chain with cables and connectors from the module testing setups as
the PP0O was not yet available. On the module side the opto boards are therefore connected
to breakout boards which are linked with display port cables to the adapter board that is
also used for module testing. The module testing pigtail then connects the modules. On
the FELIX side, the final DAQ path is used with the fibre connections between optobox
and FELIX. A sketch of this initial setup is shown in Figure 8.26.

Opto Board

DP cables

VTRX+ FELIX
fibre

LpGBT| GBCR

Figure 8.26: First setup with FELIX readout but not final hardware. The PPO is replaced
by break out and adapter boards.

In this preliminary test system, FEs of several modules could be read out. However, some
issues were remaining. As depicted in Figure 8.27, the scans were imperfect, with lower
than expected electron counts observed and multiple pixels disabled. A possible explanation
is faulty hardware connecting the module pigtails with the opto boards. However, this
hardware is not intended for further use in the detector. In order to rule out that the
imperfect scans have another origin, the final pre-demonstrator setup was commissioned
and tested once the PP0 became available. It is still outside the environmental box.

The pre-demonstrator is equipped with the full module readout path, which contains the
opto boards, data and power cables directly from the PP0 and fibre connection from the
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Occupancy Map

Figure 8.27: Imperfect digital scans with non final hardware.

optobox to the FELIX servers in the rack area, as shown in Figure 8.28.

One module is connected to the PPO, the green PCB in the photo. The final outer barrel
pigtails are used, except that they are not bent yet, which is later needed on the loaded
support. All green rigid PCBs on the PP0 are bridges on the positions where other modules
can connect to. These slots need to be bridged as the PP0 is meant for serial powering and
hence cannot have open circuits.

Because the PPO services are built for the final 1TkPix chip, which uses data merging,
these services only route one or two uplinks out of a quad module, depending on the design
and the layer of the outer barrel. However, the RD53A modules in use for the demonstrator
do not have this data merging feature, as explained in Section 5.2. Therefore only two of
the four chips can be read out. For this particular PP0 only one chip can be read out (chip
4). Also, only one module pigtail was available at the time of the measurements, so only
one module was read out.

With the final hardware the readout chain was commissioned and validated by testing
one digital module on all positions of the PP0. It was also tested in several module testing
setups at CERN and the results compared. Robust communication and readout was possible
to be established. The results of the comparison tests are shown in Section 9.5.
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Figure 8.28: Top: Pre-demonstrator setup with full module readout path, which includes

the PPO of the inclined half-ring (in the middle and in close up below), opto boards in
the optobox (on the right), data and power cables connected to the PP0O and the CSB
and fibres from the optobox to the FELIX servers. All green rigid PCBs on the PPO are
bridges on the positions where other modules can connect to, in order to close the serial

powering circuit.

8.5. Conclusions and Outlook

The RD53A demonstrator setup is still in the commissioning phase. Several aspects of the
demonstrator setup were developed, implemented and tested within the scope of this thesis.
The interlock system, based on the IMC used in the IBL, was adapted to the RD53A setup
and is currently in use.

With the pre-demonstrator setup without the longeron mechanics, the full readout chain
was validated. First tests with one module connected to the final DAQ hardware components
have successfully been concluded, paving the way for measurements with several modules.
In fact, since the measurements within the context of this thesis, the mechanics have arrived
and the first sP-chain on the longeron was commissioned. First measurements are shown in
Section 9.5 after discussing the modules, that are needed for the demonstrator in Section 9.2.
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Modules for the Demonstrator

As described in Section 8.4, at least 29 modules are needed for the OB RD53A demonstrator.
CERN, Gottingen, Liverpool, Paris Cluster, Siegen and KEK have contributed as module
building and testing sites. In order to assure quality standards for all modules, careful
analysis of the module performance is done after assembly. The module QC needs to
be done in a standardised way and with well-defined procedures to have a high yield
of functioning modules and to assure comparability of the results. The procedure is as
discussed in Section 7.3.2 and analyses the number of broken pixels regarding digital and
analog behaviour of the chip. Apart from that the bumb bond quality and the sensor
quality itself are of interest.

In Figure 9.1, the production flow of testing is shown. Module QC after production is
referred to as first stage of testing. It is foreseen within the RD53A demonstrator programme
that after passing the first stage all modules are delivered to CERN to pass further steps.
While in the following the focus is on the electrical tests, metrology requirements are either
checked at the production site or complemented at CERN. Ideally, all modules come from
the production sites with the same set of tests. This means they have all undergone thermal
cycling (1 x —=55°C to 60°C and 10 x —45°C to 40°C) and full electrical tests, including

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Electrical
tests without
source scan

Visual
inspection

Production site

CERN

Figure 9.1: Production flow of RD53A quad modules.
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source scans.

At the stage of reception at CERN the thermal calibration of the FE NTCs is performed
in a thermally controlled reference environment. Based on that some of the register values
of the chip are set which assure that the FE NTCs all show comparable results. In case
module building sites could, however, not fulfil all QC measurements after assembly at their
site, they are being completed at CERN. This mainly means additional thermal cycling
and repeated electrical testing. In a next step the wire bonds are protected. Wire bond
protection is crucial for demonstrator modules and is done by potting with Sylgard as the
foreseen mechanical protection with a small carbon roof for the 1Tk modules was not yet
available for all the modules at the time of the module reception. For the 1Tk the wire
bonds will be protected with Parylene and the mechanical protection as Sylgard is not
radiation hard enough. Parylene protects the bonds and at the same time provides HV
shielding between readout chip and sensor. To make sure that no damage was done to the
module during potting, visual inspection afterwards is crucial before passing the module to
the electrical tests.

The tests after potting represent the second stage, where the full set of tests is repeated.
For perfect comparison, the configuration files from the production sites are used for the
tests at CERN.

The next step before the modules are ready for further handling outside CERN is the
so-called tab cutting. Tab cutting refers to the process where the connection tabs of the
flex are cut, which connect the inner relevant part with the flex frame for better handling.
Tests after this stage are considered as the third stage of the modules.

After passing electrical tests after tab cutting, the modules go to cell loading. They are
loaded on cells e.g. at the University of Geneva, before returning to CERN for further
testing and mounting on the demonstrator. Once on the demonstrator further tests follow.

The main focus of this thesis is the comparison of the performance of the modules after
potting and after tab cutting. Testing of loaded modules or modules integrated on the
demonstrator was not performed within the scope of this thesis and is hence not part of
the comparison.

The 29 modules for the demonstrator pass different stages. The criteria to pass the
electrical module test sequence to be mounted on the OB demonstrator are that at least
FE4 (and FE2) are fully functional, as the demonstrator readout is only possible for those
two FEs. Apart from that, the sensor needs to be functioning and the turn-on behaviour
of the FEs needs to be understood.

In Table 9.1, the specific features of the modules are listed, using the names of the modules
on the demonstrator. So far only the first SP-chain with six modules is commissioned, all
other modules are named M1-M23. In the table it is noted whether all four FEs of a
module are functioning or only three. Specific comments for the behaviour of the modules
or the number of the failing FE are also included in the table. Apart from that, the
temperature at which the FEs turn on is given. The procedure to follow requested that
the temperature is increased by 15K if the module does not turn on [169]. However, not
all of the module building institutes followed this recommendation. Therefore all different
start-up temperatures were recorded. As mentioned in Section 7.3.3, the variation of the
cold start-up temperatures of the modules is expected for the RD53A chip.
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Table 9.1: Modules for the demonstrator. The number of working FEs and specific

features.
4 FEs | 3 FEs | Cold start-up T [°C] Comments

M-B-1 (x) X -35, -35, -35, -35 FE1 broken after loading
M-T-1 X -35, -35, -35, -35 no FE1
M-B-2 b -20,-21,-21,-21 works only with 16x1 FW
M-T-2 X -35, -35, -35, -20
M-B-3 X -31, -31, -31, - FE4 non-functional when too cold (< 30°C)
M-T-3 X -35, -35, -35, -35

M1 X 10, 10, 10, 10

M2 X -35, -35, -25, -35 no FE2 (only for inclined)

M3 X -3,-3,-3, 8

M4 X -35, -35, -35, -35

M5 X -35, -35, -35, -35

M6 X -35, -35, -35, — no FE3, no FE4

M7 X -35, -35, -35, -35

M8 X -20, -35, +10, +10

M9 X -35, -35, -35, -20

M10 X -35, -35, -35, -20

M11 X -35, -35, -35, +10

M12 x -35, -35, -35, -35

M13 X -24,41,-9.7,+1

M14 X --26.5,-26.5,-26.5 no FE1

M15 X -26,-26,-13,-26

M16 X -35, -20, - , -20 no FE3

M17 X -23,-23,-14,-14 no tuning for FE3 possible
M18 X -, =30, -30, -30 no FEl

M19 X 13, -24, -13,-13

M20 b -26,-12,-26,0 large leakage curent
M21 X -, =30, -30, -30 no FEI1, large leakage current
M22 X -35, -35, -35, -35

M23 X -35, -35, -35, -35

9.1. Procedure, Comparison and Framework

The comparison of the modules’ performance is undertaken in two steps. First, the electrical
test data produced by the common testing procedure is analysed for the comparison of the
performance of one module in different stages. Then, different modules are compared with
each other.

For this purpose a framework was written'. With the framework an easy comparison of
module performance for up to six stages for one module is possible. The analysis framework
was initiated in a project for a CERN summer student, supervised within the scope of this
thesis, and then further developed by the author of this thesis. The goal is to analyse
the results from digital scans, analog scans, disconnected bump scans (discbump scans),
crosstalk scans, source scans, threshold with noise scans, ToT scans, forward bias scans and
Iv and VI scans. For this purpose the .json files from the electrical tests are used.

Version of the framework that was used for this thesis can be found in tag v2.1 in the git repository:
https://gitlab.cern.ch/atlas-itk-pixel-systemtest/plotting/module-dossier/- /tree/master.
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Figure 9.2: FExample result for the module overview plot for module SiegenQ4. Two
areas can be identified. The coloured area shows the active area of the RD53A FEs. In
the middle of the module the sensor cannot be read out and the space is used for module
information or analysis results. The chip number, chip identifier and the type of analog
FE is displayed in this example. The FE numbers are defined anti-clockwise, starting at
the top left. The digital scan shows a bad area in the differential FE of FE4. These can
be identified by the colourful and white pixels which do not show the expected value of
100 e (dark red) as in all the other FEs.

For an overview of the module performance, the electrical data is plotted in module layout
with top view. This is shown in Figure 9.2 for the module SiegenQ4 and a digitalscan. Two
areas can be identified. The coloured area shows the active area of the RD53A FEs. In
the middle of the module the sensor cannot be read out and the space is used for module
information or analysis results. The chip number, chip identifier and the type of analog
FE is displayed in this example. The FE numbers are defined anti-clockwise, starting at
the top left. As explained in Section 7.3.2, pixels are evaluated as “good”, “bad” or “dead”
depending on the occupancy or the number of hits in a pixel. Hence, specific data ranges (0
hits, 98-102 hits, ...) are also plotted in top view to easily identify possible bad or broken
areas in the module. This is shown in Figure 9.3, where it can be seen that there is an area
with many dead or bad pixels in the differential FE of FE4. These can be identified by the
colourful and white pixels which do not show the expected value of 100 e as in all the other
FEs.

In the analog scan analysis plot in Figure 9.3 the number of pixels with zero hits are
shown. As discussed in Section 7.3.2, pixels are masked when they are not classified as
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Figure 9.3: Example result for the range specific analysis plot for module SiegenQ4. Here
the dead pixels in the analog scan are shown. Dead pixels are pixels with zero hits. They
are marked in red and blue, while red pixels are masked (“msk”) from the digital scan
before whereas others (blue) are only broken in the analog scan and hence not masked
(“nm”). The number of masked and not masked pixels for each FE is shown in the FE
sections and the sum over all FEs on the top right of the plot.

good in digital or analog scans. This means that bad or dead digital pixels are masked
and therefore disabled in the analog scan and in all consecutive scans. Bad or dead analog
pixels are additionally masked and disabled in all further scans, such as disconnected bump
scans or crosstalk scans. For source scans, additionally, a noise scan is performed to mask
noisy pixels before starting the scan with a radioactive source. According to the legend
in Figure 9.3, there are many pixels which are masked (“msk”). This means that they
are disabled in this scan. Additionally some pixels are marked as not masked (“nm”)
but without hits. Pixels which are not masked but without hits were in previous scans
considered to be good, but in the scan of interest show imperfections. They are hence
considered to be dead.

To draw information from the aforementioned plots, the overview of the evolution of e.g.
disconnected pixels over the stages is shown. An example for the disconnected bump scan
which is marking disconnected bumps of module Paris6 is shown in Figure 9.4. The data
from these plots is exported to .csv files, which are then needed for the next step.

The comparison of several modules is also evaluated per FE type and stage. Of interest
are comparisons of the number of working FEs, leakage current values at 50V and 100V,
threshold and noise distributions, number of zero hits in source scans (disabled or dead
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Figure 9.4: Example plot of the evolution of dead pixels for a disconnected bump scan
of module Paris6 FE1. The dead pixels are marked as (“nm”) and the disabled pixels as
(msk). The analysis is done per FE which is why the numbers are also shown per analog
FE.

pixels) and number of zero hits in disconnected bump scans (disabled or dead pixels). The
analysis is not only aimed at comparing the different modules in different stages with
each other, but also at identifying suitable methods to identify disconnected bump bonds
between sensor and readout chip or other issues in a module.

9.2. Results of Electrical Measurements and Comparison

The electrical measurements on the demonstrator modules comprise the 1V measurements
of the sensors and all the aforementioned scans. In the following, the electrical results of
the modules for the demonstrator and respective failures are explained. Additionally, the
number of working FE chips per module is discussed. Based on this experience, the module
building for 1Tk module production can be improved.

9.2.1. Current Voltage Behaviour

At first, the sensor 1v is analysed for the 29 modules for the demonstrator. Of these 29
modules there are already six modules cell integrated in the longeron structure, therefore
represented together in a plot. The other remaining modules are randomly attributed
to plots with eleven and twelve modules to contribute to the sP-chains with elven and
twelve modules. The final modules for the demonstrator chains have, however, not yet been
decided at this stage, so these attributions should not be assumed to be in any way related
to the final ones on the demonstrator.

The leakage current [, is normalised to 20 °C. An example plot for module SiegenQ1
is shown in Figure 9.5. The current rises with stage and a behaviour like a breakdown
is visible after ~ 70V. The original requirement for sensors with a thickness of 150 pm
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Figure 9.5: Left: Leakage current comparison for three different stages for one module.
The current is normalised to 20°C. A slight rise of the current with stage can be seen.
Right: Comparison of different modules and their leakage currents for 50V and 100V,
normalised to 20 °C.
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Figure 9.6: Comparison of leakage currents at 50 V and 100 V, normalised to 20 °C.

is Jieax < 0.75pAcm ™2 at Vipjas = Viepl + 950V and a Vi,qg > Vgept + 50 V. According to
these requirements, the breakdown of the sensor would qualify it as bad. For comparison
with other modules the leakage current for a bias voltage of 50V and 100V is compared.
Plots for six, eleven and twelve modules show the current for these two data points and
the evolution over stage. The comparison for the modules for the short longeron Sp-chain
is shown as well in Figure 9.5. For the remaining modules the comparison is shown in
Figure 9.6.

Some modules show higher leakage currents after tab cutting. In the tab cutting process
with a pair of scissors the flex tabs are cut and very rarely it happens that the sensor is
touched with the blades. This might be the reason for higher currents after the process.

Three modules show much higher leakage currents than the other modules as can be seen
from the full range plots in Figure 9.7. M9 with higher leakage currents in the initial stage
can, however, be ignored. As in later stages the current is low, the high current before
either originates from measuring mistakes or the temperature allocated to the measurement
was not correct so that the data was improperly scaled.
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Figure 9.7: Full range comparison of leakage currents at 50V and 100V, normalised to
20°C.

Concluding, there are several modules with higher leakage currents. For the purpose
of the demonstrator tests, modules which do not fulfil the requirements can also be used.
Regarding the modules later used in the 1Tk, the quality requirements are of course crucial.

9.2.2. Number of Working FEs

As a first step towards readout chip performance assessment, the number of working FEs
in the different stages is compared.

In Figure 9.8, where the six modules are compared, it can be seen that one FE was broken
in the initial module QC step but later worked again. This is the FE which was labelled as
only working with temperatures > 30°C, but could be used at the tests at CERN at 30°C.

In Figure 9.9, the FE counts for the remaining modules are shown. Two modules lose one
FE during tab cutting (stage 3), where due to handling mistakes the FEs were damaged.
M16 also has one more FE in the second and third stage, which can be explained by missing
wire bonds on one of the chips in the first stage, which were later added at CERN. In total
there are seven modules that have only three working FEs: M2, M6, M14, M16, M17, M18
and M21.
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Figure 9.8: The overview of the working FEs per stage is shown for the six modules.
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Figure 9.9: The overview of the working FEs per stage is shown for the remaining twelve
and eleven modules.

9.2.3. Noise Distribution Comparison

The noise distribution of the FEs is very important to be low and similar for all modules as a
higher noise can be an indication of introduced problems in e.g. the powering or the readout
path. It is evaluated per analog FE and again shown for the three SP-chains separately.
For the demonstrator all three analog FEs are used as the available area for measurements
is already very small due to the small size of the RD53A chip and the limitations on the
number of chips that can be read out simultaneously. However, as for the 1Tk only the
differential FE (diff FE) will be used in the following the results for the differential FE are
discussed, while all other measurements of the synchronous (syn) and the linear FE (lin
FE) can be found in the Appendix B.

In Figure 9.10, the noise distribution for the differential FEs of the sP-chain with six
modules and in Figure 9.11 and 9.12 the noise distribution for the SP-chains with eleven or
twelve modules are shown. The value that is displayed is the fitted noise distribution for
the differential FE with the error bars being the standard deviation calculated by ROOT.
The mean noise distributions all show very similar noise values around 50 e.
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Figure 9.10: Mean noise distributions for the differential FEs of the modules for the short
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Figure 9.12: Mean noise distributions for the differential FEs of the modules of the

remaining eleven modules.

The same analysis is made for the other FE types and shown in Appendix B.1.1 and
B.1.2. Overall, the noise of the modules is low and stable for the different stages.

9.2.4. Source Scan Comparison

A very important property of a module is the goodness of the bump bonds. It can be
evaluated with different scans as introduced in Section 7.3.2. An example source scan is
shown in Figure 9.13 on the left, where an x-ray source was used to create electron-hole
pairs in the module. It is visible where the active parts of the RD53A are and how the FE
chips are arranged in a module. According to the absorption of hits, the SMD components
on the flex and different structures within the flex can be identified. On the right is an
analysis result for pixels which received zero hits. As mentioned before, pixels with zero
hits are identified and marked as disabled or dead according to their status in the previous
scans. Pixels are masked and hence disabled when they were considered as bad in digital or
analog scans or noisy in a noise scan, as stated in Section 7.3.2. For the following scans, a
noise scan is run for 5-15 min without source to identify noisy pixels which will be disabled
for the actual source scan. Therefore, only the dead pixels are interesting in such that they
give information about the status of the bump bonds.

The differential FE source scan for the six modules is depicted in Figure 9.14. FE2 of
M-B-3 has a large area of dead pixels, as shown in Figure 9.15. This is most likely an area
where the bump bonding is failing. Possible reasons are a strong bow of readout chip or
sensor in this region, which push the bump bonds apart. Mistakes during the production
process in the company are also possible. Compared to stage 1, in stage 2 additional
pixels are disabled. These additional disabled pixels are an interesting feature and might
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Figure 9.13: Source scan (left) and zero hit pixel analysis (right) of module Paris3 in stage
2. The pixels marked as not masked “nm” (in blue) in the plot correspond to the dead
pixels. The masked (“msk”) pixels are disabled during the scan. There are 3 dead pixels
and 110 pixels masked.
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Figure 9.14: Source scan for the differential FE for the six modules.

be explained with the choice of the scans that are actually used for the analysis. The
demonstrator team at CERN receives scan data which should be used for the analysis from
the initial sites. Usually, the digital and analog scans are some of the first scans taken.
In case a module degrades over time, in the scans from early stages broken pixels might
not show up. In later stages and measurements at CERN new analog and digital scans are
taken which then show these broken pixels. This results then in new masked pixels in the
source scan.

M-B-1 and M-B-2 have several masked pixels from the analog scan, as shown in Figure 9.15.
M-T-3 rE4 has a differential source scan where almost the whole area of all differential
FEs is masked. There exists no source scans from the first stage for comparison, but for all
stages the analog scans have lots of bad pixels, although no dead pixels.

For the twelve modules, Figure 9.16 shows the number of pixels with zero hits for the
differential FEs. M11 has lots of masked pixels in FE2 from a bad digital scan. This is
shown in Figure 9.17. M8 and M10 have lots of pixels masked, which is again explained
by bad or dead analog pixel. In Figure 9.18, the source scan of the differential FEs of the
eleven modules is shown. As can be seen M14, M16, M17, M18, M19 , M21 and M22 have
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Figure 9.17: The pattern that is seen in FE2 of M11 is coming from the digital scan,
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Figure 9.18: Differential sourcescan for the eleven modules. M14, M16, M17, M18, M19 ,
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a few more dead pixel after the potting step.

The same analysis is done for the other FE types and shown in Appendix B.2.1 and
B.2.2. Similar problems as in the differential FE, such as scans of bad quality, lead to dead
and disabled pixels. Overall, the number of dead and disabled pixels in the modules is not

concerning and mistakes during the tests are understood.

9.2.5. Disconnected Bump Scan Comparison

A similar analysis is performed for the disconnected bump scan. The FEs are analysed
separately and the pixels which give no hits are categorised in masked or not-masked
pixels, hence disabled or dead, whereas the latter are again expected to be the pixels with
disconnected bump bonds. In Figure 9.19, the disconnected bump scan of the differential
FEs of the six modules is shown. It is evident that there are much more pixels marked with
occupancy zero than in the source scans before. Also there are not as many masked and
therefore disabled pixels. More pixels are classified as dead, i.e. have disconnected bump
bonds.

For M-B-1 a pattern in the disconnected bump scan of stage 1 is visible. As this pattern

dead VS disabled pixels
o 200 discbumpscan Occupancy = 0 o 40 discbumpscan Occupancy = 0
S 180; = Initial Module QC diff AFE S E = Initial Module QC diff AFE
= + Aterpating 5% + Aterpating
1601 Afer TabCuting o Afer TabCuting
140 —
120 %
100/ 20—
8o | 5| “
60— E
E ! Il 10— H
w—| | | ‘ . E | \ ‘
E b | { =
o | I || Ii ||i ‘ s ' | | \ I
= \\\\\\\\\\\\\\I\I\\ L o Ml \\\\\I\\u'\'\\-\l\‘-\-\\l\l\\ll\l\\

FE1
FE2 =
FE3
FE4
FE1
FE2
FE3
FE4
FE1
FE2
FE3
FE4
FE2
FE3
FE4
FE2
FE3
FE4
FE2
FE3
FE4
FE1
FE2
FE3
FE4 =
FE1
FE2
FE3
FE4
FE1
FE2
FE3
FE4
FE2
FE3
FE4
FE2
FE3
FE4
FE2
FE3
FE4

M-T-3,FE1
1
1
1
1
1
1
1
1
2,
M-T-2FE1
2
2
M-B-3FE1
M-T-3,FE1
3

T
M-B-:
B
M-B-2
B
T
M-T-2
T-
M-T-2
B
M-B-3
M-B-3
M-B-3,
M-T-3
M-T-3
M-T-3
M-B-
M-B-2
B
M-B-2,
M-T-2
M-B-3
M-B-3
M-B-3,
M-T-3
M-T-3

Figure 9.19: Disconnected bump scan of the differential FE of the six modules. There are

many pixels in M-B-1 which are shown as dead.
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Figure 9.20: Disconnected bump scan of the differential FE of the twelve modules. There
are many FEs with very high number of dead pixels. FE2 in M2 has a large number of

disabled pixels.

is a known feature which sometimes can happen in disconnected bump scans, these pixels
which are marked as dead pixels must not necessarily be dead. When comparing to the
second and third stage, it is evident that the large number of dead pixels originated from
a failure in the scan. In retrospective, the scan of stage 1 should have been repeated.
Probably this was not done as it was not clear at the time of the measurement what was
to be expected from the scan results. Other than that, only small variations between the
stages are visible. For M-B-3 FE2 the large broken area causes lots of dead pixels. They
have also been identified in the source scan, as depicted in Figure 9.14 and 9.15. In the
disconnected bump scan 20969 pixels are identified as dead, while there are only 14322
dead pixels marked in the source scan.

In Figure 9.20, the disconnected bump scan of the differential FE of the twelve modules
is shown. M1, M2, M3, M5, M8 and M9 have a pattern in stage 1 which leads to dead
pixels, as for example shown for M1 and M2 in Figure 9.21. M10 has a pattern in stage 3
for FE4 and 3, FE2 of M2 is broken in stage 3, as was shown in the number of FE analysis
in Figure 9.9. There is also shown M12, which has in FE4 a bad area in the digital- and
analog scan and hence lots of disabled pixels in the disconnected bump scan.

In Figure 9.22 is the disconnected bump scan of the differential FE of the eleven modules
shown. M16 has a pattern in stage 1 and M22 has a pattern in all stages. Other masked
pixels originate from bad analog pixels.

The same analysis is done for the other two FE types and shown in Appendix B.3.1 and
B.3.2. Similar problems as in the differential FE, such as scans of bad quality, lead to dead
and disabled pixels. Overall, the number of dead and disabled pixels seems to be slightly
higher in the linear and synchronous analog FE types.

9.3. Conclusion for Demonstrator Modules

After the third stage, 22 modules with four FEs and seven modules with three FEs are
functional. 17 of these modules can be run with HV > 100V, nine modules can only be
operated with HV < 80V, two modules show high leakage currents and one module breaks
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Figure 9.22: Disconnected bump scan of the differential FE of the eleven modules.

down below 20 V. For several modules the leakage current is higher after tab cutting. Due
to these problems the HV requirement was dropped. It was put in place to make sure that
the sensors do not show a breakdown within the operation range. This is justified as, for
the demonstrator, sensor quality tests are of lower priority, and a high enough module yield
is more important. Even with all care taken during the tests, two FEs were lost in module
testing due to handling mistakes and following mechanical failures.

It can be observed that the noise levels stay similar at different module stages and also the
number of pixels with no occupancy in source scans does not seem to change significantly over
the stages. Some modules show large numbers of dead/disconnected pixels in source scans,
which can, however, mostly be explained by mistakes made during testing, as discussed
above. Additionally there are some modules with defects from the producer. Even though
there are a number of dead or disconnected pixels in each module, these modules can still
be used for tests on the demonstrator. It mainly needs to be understood if any of the steps
the modules undergo introduce problems. These types of studies do not require perfect
modules, but reliable comparisons between the different stages.

Disconnected bump scans show more disconnected pixels than source scans. However,
only parts of them are corresponding to disconnected areas found in the source scans. The
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differential FE shows for several modules a pattern due to timing problems with the RD53A
chip in disconnected bump scans, which is known and resolved for the updated readout
chips. In general, the reliability of the disconnected bump scan is questionable. The source
scan is the most reliable test of disconnected bump bonds as actual particles are passing
the module. A test, such as the disconnected bump scan, which shows more disconnected
pixels than in the source scans detected, is not favourable. Better agreement is expected
for the 1TkPix chips and needs to be studied in more detail.

0.4. Lessons Learnt

Most of the problems seen in the comparison of the modules originate from mistakes of
the operator. Hence, clear instructions are required to get comparable data, which means
that ideally all scans at all institutes should be run in exactly the same way, with the same
parameters and settings as defined in Section 7.3.2. To achieve this can be seen as one of
the big challenges of this highly decentralised production.

Apart from missing scans and the thereby created lack of information, non-ideal tuning
also leads to incomparable results. This is the fact as a module cannot stay untuned in the
later steps and needs to be retuned. After retuning, no full comparison with earlier stages
is possible. To avoid these failures, the procedures have to be improved.

Moreover, masked and therefore disabled pixels can originate from digital or analog pixel
parts being broken, which is what is expected. However, missing scans before the scan of
interest can also lead to distorted results. All pixels in a missing scan are masked, which
does, however, not give any physical information about the state of the pixels. Pixels with
zero hits in the scan of interest might then be marked as disabled, even though they are
actually dead. It is thus extremely important to do careful book-keeping, and systematic
testing is essential. Best would be to adapt a tuning and testing routine where before doing
a disconnected bump scan or a crosstalk scan, a new set of digital and analog scans is taken
to update the masking.

Compared to the scans discussed above, for the source scan the masking is actively done
by running a separate scan routine. It is extremely important that for the masking the
source is turned off, as otherwise almost all pixels get masked, again, without any real
physical meaning.

Concluding, a large number of modules has already passed the first three stages despite
the aforementioned complications. A detailed understanding of the module behaviour in
the first stages is available, as shown above. Based on this, in the latter stages, possible
problems in the demonstrator setup can be distinguished from intrinsic problems of the
modules. As of now, all demonstrator modules are already loaded and the first SP-chain is
fully assembled.

In the last sections module results on the demonstrator are presented.

147



Chapter 9. Modules for the Demonstrator

digitalscan OccupancyMap (Module: DQ12) (Staget) digitalscan (Module: DQ12) (Stage5)

FE:20UPGFC0029305 |
FE:20UPGFC0029318 (i)

Not Available

e aoupGrouzsats (i) |

FE: 20UPGFC0029317 (dif)

FE 0UPGFOO0RS3S () | g 200maFG0029377 i)

Not Available Not Available

Rows Rows

Figure 9.23: Digitalscans of the digital quad 12 used for the tests of the final readout path
with the PP0. Left: In lab test setups all four readout chips can be read out. Right: In
FELIX, by design, only one chips can be read out.

0.5. Measurements on the Demonstrator

The local support for the demonstrator was only provided mid-2022 which made it impossible
to perform measurements on the loaded local support within the scope of this thesis. What
could be achieved is a first measurement with a digital module in the final readout path, as
explained in Section 8.4.2. In Figure 9.23, 9.24 and 9.25 results from digital and threshold
scans (threshold and noise) of one FE taken with lab DAQ software and with the full FELIX
readout chain are compared. Several different laboratory setups and two FELIX setups
were used to evaluate the performance. These different measurements are referred to as
different stages in the plots. The first two stages and the fourth stage are measured in
laboratory setups. In the third stage a laboratory setup of FELIX without optoboards is
used and in the fifth and sixth stage the pre-demonstrator with FELIX as well.

The digital scan is only shown for the final readout path and one laboratory setup, for
comparison. In both setups perfect digital scans are possible, which means that commu-
nication could be established and readout is possible. Which is an important step in the
validation of the demonstrator readout chain. The threshold values for FE4 are also very
similar for all stages. In the first five stages the same tuning file is used, while the last
measurement uses a new file, retuned with FELIX. All threshold and noise values are very
similar. It is visible that after retuning with FELIX the threshold distribution is even
narrower and the most probably value of the noise as well. With these measurements the
validation of the readout system can be concluded.

As a preview to future doctoral theses, and to show that modules also perform in stage
5, first source scans of an SP-chain with six modules on the full demonstrator inside the
box are shown in Figure 9.26. The plot is made with the analysis framework and with its
adaptations shown in Ref. [191].

Conceptionally these measurements paved the road for the performance evaluation of the
demonstrator through all production stages.
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Figure 9.24: Threshold distributions of the differential FE of the digital quad in different
setups. The threshold values for FE4 are very similar for all stages. In the first five
stages the same tuning files are used. The first two stages are measured in different
laboratory setups. In the third stage a lab setup of FELIX without optoboards is used.
The fourth stage is again another lab setup and stage five and six are measurements on
the demonstrator. The last measurement is after retuning with the FELIX system. All
threshold distributions are very similar.
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Figure 9.25: Noise distributions of the differential FE of the digital quad in different
setups. The noise values for FE4 are very similar for all stages. In the first five stages the
same tuning files is used. The first two stages are measured in different laboratory setups.
In the third stage a lab setup of FELIX without optoboards is used. The fourth stage
is again another lab setup and stage five and six are measurements on the demonstrator.
The last measurement is after retuning with the FELIX system and the most probable
value of the noise reduces.
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cHAPTER 10

Summary and conclusions

This thesis made significant contributions to various aspects of the 1Tk pixel quad module
production for the ATLAS upgrade for the HL-LHC.

10.1. Pixel Sensors

Modules of the outer barrel system and the outer layer of the inner system of the 1Tk
comprise planar sensors. Within a sensor market survey mechanical and electrical tests
were conducted on planar sensors from six different vendors. The market survey aimed at
qualifying vendors for the production of sensors for the 1Tk modules. Based on the results
from the market survey, the pre-production is currently ongoing as final validation step
before production.

The work of this thesis shows important contributions regarding the electrical tests of
the sensors before and especially after irradiation. Before irradiation, in 1v, ¢v and 1t
measurements, the leakage current behaviour, the depletion voltage and the long-term
current behaviour was studied. A dependency of the leakage current on the humidity was
demonstrated which led to a change in the testing requirements to yield comparable results.
After irradiation, current characteristics for different temperatures, annealing times and
test parameters were obtained for sensors from four different vendors.

In test beam measurements, together with an analysis and data taking team, the hit
efficiency behaviour of sensors from five vendors were tested. The tuning of parameters of
the readout chips of the modules in preparation for the data taking was one of the main
responsibilities apart from the cross check of the reconstruction and analysis results of the
modules themselves.

Based on all of these results the final decision on several vendors was taken.

10.2. Module Assembly

Module assembly is the next step from sensor to full detector elements. The assembly
comprises gluing of the sensor - readout-chip hybrid, the bare module, to the flex with high
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precision and the subsequent wire bonding.

In order to assure module quality among all 1Tk production institutes, a common tooling
was developed in the University of Gottingen. The validation of the tooling was shown,
which resulted in several adjustments on the tooling until the requirements were fulfilled.
In order not to violate the available detector space, there are height constraints on the
module which entail requirements on the adhesive thickness between bare module and
flex. With a more robust and stable aluminium inlay in the tooling and an additional dial
gauge for monitoring the height setting, the required adhesive height could be obtained in
repeated tests. Apart from the height, the z- and y-alignment of the two components to
each other needs to be within the requirements. It was shown that the tooling is capable of
precise gluing, provided the components are within specifications as there are no adjustment
options for x- and y-alignment. Based on experience with this tooling a new version was
designed which will be used for pre-production and production.

10.3. Module Quality Control

The University of Gottingen was qualified as assembly site for RD53A modules. Some
example measurements of the adhesive height analysis and the z- and y-alignment are
shown on dummy and on real modules. During the process of institutes getting qualified
for module assembly, the stencil for the gluing pattern was adapted to limit delamination.
Extensive studies were performed to assure a concise determination of the adhesive pattern
and the covered area. A recommendation was therefore given to the community.

Part of quality control are also the electrical tests of modules. The installation of a
cooling unit for the purpose of module testing in the University of Gottingen was shown.
Also, the module testing capabilities were demonstrated and the University of Gottingen
qualified as module testing institute. For the outer barrel demonstrator up to 29 modules
are needed, originating from different 1Tk production sites. An analysis framework was
developed and demonstrated for easy analysis and comparison of module testing data. This
is in use to qualify modules for the demonstrator and was used to perform the analysis of
data taken during the first assembly stages.

10.4. OQOuter Barrel Demonstrators

In the demonstrator setups system aspects are studied to validate the design of the 1Tk
loaded local support, the services and the detector design concept. Final serial powering and
grounding tests were performed on the FE-14 demonstrator setup consolidating previous
results. The functionality of serial powering for several module chains on common ground
and a suitable grounding scheme were shown. For the RD53A demonstrator the interlock was
programmed and validated with a pre-demonstrator setup. Besides, several commissioning
studies paved the way to system tests, amongst which successful electrical scans with the
full readout path were shown.
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APPENDIX A

FE-14 Demonstrator Additional Plots

A.1. SP-Chain Configuration Tests

In Figure A.1, the comparisons of the average noise and threshold values before retuning,
after retuning and after doing the grounding tests are shown. A few modules, mainly in
the duals of the C-side, needed retuning, while most others kept their tuning values. The
grounding tests did not have any effect on the module performance. One exception is the
breaking FE chip A_IM_ 052 which works unstably.

Threshold [e]
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3500 *
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Figure A.1: Comparison of performance before retuning, after retuning and after doing

the grounding tests. Some modules, mainly on the C-side, benefited from the retuning.
The faulty FE chip A_IM_ 05_ 2 works unstably and shows higher results after retuning.
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APPENDIX B

RD53A Demonstrator Additional Plots

B.1. Noise Distribution

B.1.1. Synchronous FE

In Figure B.1, the noise distribution for the synchronous FEs of the sP-chain with six
modules is shown. The value that is displayed is the fitted noise distribution for the
synchronous FE with the error bars being the standard deviation calculated by ROOT.
The noise values are all ~ 120e, except for M-T-2. The tuning of the initial stage has
either failed or was not done for the synchronous FE of M-T-2, resulting in a more wide
spread noise distribution in the following stages. Also, there are no valid scans from the
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Figure B.1: Noise distribution of the synchronous FEs of the six modules.
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Figure B.2: The threshold and the noise distributions are shown for FE2, where it is
visible that the threshold scan is run on a chip without or failed tuning. A tuned chip has
O(2000) pixels at the peak threshold, whereas for this chip there are only O(800) pixels
at the peak and large tails are visible.

initial module Qc. In Figure B.2, the threshold and the noise distribution are shown for
FE2, where it is visible that the threshold scan is run on a chip without or failed tuning. A
tuned chip has O(2000) pixels at the peak threshold, whereas for this chip there are only
O(800) pixels at the peak and large tails are visible.

For the other modules, the fitted noise distribution for the synchronous FEs are shown
in Figure B.3. They as well have mainly very similar noise values around 120 e with some
FEs broken, as shown in Figure 9.9. Only M8 and M9 have significantly higher noise values
during module QC. As this is, however, only the case for the first measurement, it seems
to be setup and not module related.

B.1.2. Linear FE

The fitted mean noise distributions for the linear FEs are shown in Figure B.4 and Figure B.5.
The modules have very similar noise values around 70e.

B.2. Source Scans

B.2.1. Synchronous FE

Figure B.6 displays the number of pixels without hits for the synchronous FEs in a source
scan for the six modules. There are no additional pixels without hits beyond the already
masked ones, hence all pixels are masked and dead, which means that they are disabled
from the scans before. This is why only the plot for the disabled pixels is shown.

M-T-1 did not get a synchronous FE source scan, thus all of its pixels are masked, M-B-2
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B.2. Source Scans
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Figure B.3: Noise distributions for the synchronous FEs of the remaining modules.

has a low occupancy source scan in stage 1, as can be seen in Figure B.7. This also results
in lots of masked and hence disabled pixels.

Figure B.8 shows the numbers of pixels with zero hits for the twelve modules in the
source scan of the synchronous FE shown. All pixels with zero hits are masked, which
means disabled.

M1 and M5 have no synchronous FE source scan in stage 1 so that all pixels are marked
as masked pixels. This makes sense as there is no information about these pixels and thus
the mask is set by the program to mask all pixels and disable them. M2, M3 and M4 have
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ST | T

Figure B.4: Mean noise distributions for the linear FEs of the modules of the short Sp-

chain.

synchronous FE source scans with low occupancy in stage 1 and therefore disabled pixels.
For all the other modules with a source scan in the initial stage there is no degradation
after the second stage (potting) seen with respect to the previous stage.

Figure B.9 shows the analysis result of the low occupancy source scan for M2. This scan
with low occupancy has disabled pixels, which is in principle not expected as digital- and
analog scans are of good quality. One possible explanation, which can, however, not be
verified, is that the source was still on during masking and thus resulting in masking pixels.
An indication for this is the fact that the SMD components are shown as disabled. In a
noise scan with a source still turned on, the sensor underneath the sSMD components would
get less hits, as the radiation is absorbed. Hence, in the real scan, where the pixels outside
of the SMD component areas are masked as the irradiation was interpreted as noise before,
a larger area under the SMD components would still be active and detect more.

In Figure B.10, the source scans for the synchronous FEs of the remaining eleven modules
are displayed. For these modules some of the pixels with zero hits are dead.

M23 has a pattern in the synchronous FE source scan, as shown in Figure B.11, which is
not necessarily a feature of the chip but most likely a general readout problem and hence
results in dead pixels. M18 has several disabled pixels on the boarders of the FEs, also seen
in Figure B.11 on the right. They have been marked as noisy in the noise scan.

B.2.2. Linear FE

In Figure B.12, the results for the source scans of the linear FEs of the six modules are
displayed. The number of dead and disabled pixels for the linear FEs of M-B-3 and M-T-2
is remarkable. The first one has several bad analog pixels in the linear FE which are in
stage 1 not yet masked and therefore counted as dead. A possible explanation for this is
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Figure B.5: Mean noise distributions for the linear FEs of the remaining modules.
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Figure B.6: The disabled pixels in the synchronous FEs are shown for the six modules for
the demonstrator. There are no additional pixels without hits beyond the already masked

ones.
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Figure B.7: The source scan in the initial stage has a very low occupancy as the source that
was used is not very strong, hence requiring long integration times. The pixels marked as
not masked “nm” (in blue) in the plot correspond to the dead pixels. The masked (“msk”)
pixels are disabled during the scan. There are no dead pixels, only disabled pixels.
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Figure B.8: Number of disabled pixels for the twelve modules in the source scans of the
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Figure B.9: M2 has 6028 pixels marked as masked from a low occupancy source scan. The

pixels marked as not masked “nm” (in blue) in the plot correspond to the dead pixels.

The masked (“msk”) pixels are disabled during the scan.
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Figure B.10: Dead and disabled pixels for the eleven modules in synchronous source scans.
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Figure B.11: For M23 a pattern is visible in the synchronous FE and M18 has more than

350 disabled pixels at the FE borders which were masked during the noise scan. The

pixels marked as not masked “nm” (in blue) in the plot correspond to the dead pixels.

The masked (“msk”) pixels are disabled during the scan.

given in Section 9.2.4. M-T-2 has several analog pixel marked as bad, resulting in disabled

pixels in the source scan.

oad (maskednot masked) 3
3

Figure B.13 shows the same for the twelve modules. M3 has several dead pixels while M11

has a pattern of disabled pixels from the digital scan before, this has already been shown

for the differential FE in Figure 9.17. In general, a pattern like this does not mean that
the chip has broken parts but that there was a failure in the scan. Repeating of the scan
usually solves the problem and should always be done to avoid these kinds of misleading

results. It should be mentioned here again that only the analysis of the data is presented

in this thesis and that the data sets come from many different origins, hence there is very

little control over their content.
The remaining modules are shown in Figure B.14. M15 has disabled parts which originate
from digital pixel parts being broken, as shown in Figure B.15. M19 and M22 have many

disabled pixels from bad analog FEs.
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Figure B.14
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Figure B.15: Large broken area in digital FE part results in large disabled area in the
linear FE of chip four of module M15. The pixels marked as not masked “nm” (in blue)
in the plot correspond to the dead pixels. The masked (“msk”) pixels are disabled during

the scan.
discbumpscan Occupancy = 0 discbumpscan Occupancy = 0
4 5001 p pancy 4 5001 p pancy
;_4507 « Iniial Module QG syn AFE ;_4507 « Iniial Module QG syn AFE
3 e 5 UE L o
400 At TabCuting 400 At TabCuting
350 — 350 —
300— 300 —
250 —
200~
150
100 —
50 —
07\ L1 | | \\I\ il L1 L
e M os N @ oo owmos Coom e ow oo T C 8 M s N @ e r w s o meCNm T o T
D A S Sl e B B A R VR R QR R QO G A O i D A S Sl e B B A R VR R QR R QO G A O i
I A N N N R R S O S B S I A N N N R R S O S B S
2= = == === === =:==2:==3=2325=2:3=2%3=2¢5:2-¢: 2= = == === === =:==2:==3=2325=2:3=2%3=2¢5:2-¢:

Figure B.16: Disconnected bump scans of the six modules for the synchronous FEs. There

are many more dead than disabled pixels.

B.3. Disconnected Bump Scans

B.3.1. Synchronous FE

In Figure B.16, the disconnected bump scans for the synchronous FEs for the six modules
are shown. It is evident that there are much more pixels marked with occupancy zero than
in the source scans before.

The masking is calculated from the digital- and analog scan before the disconnected
bump scan, as mentioned before for the source scan. M-B-2 has several masked pixels
around the edge in stage 2 from a failed digital scan in FE3, which is shown in Figure B.17.

Figure B.18 displays the disconnected bump scan of the synchronous FEs of the twelve
modules. M2 has in stage 3 a broken FE2, which led to masked and then disabled pixels.
M4 has no digital scan for FE3 in stage 1, hence every single pixel with zero hits is masked.

In Figure B.19, the disconnected bump scans of the synchronous FEs of the eleven modules
are depicted. M16 has no disconnected bump scans for the synchronous FEs, which results

naturally in all pixels shown as masked.
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Appendiz B. RD53A Demonstrator Additional Plots
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Figure B.20: Disconnected bump scans of the linear
M-B-3 have lots of disabled pixels.
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Figure B.21: Disconnected bump scans of the linear FEs of the twelve modules.

B.3.2. Linear FE

Figure B.20 shows the disconnected bump scans of the linear FEs of the six modules. M-B-1
has a bad quality analog scan for stage 1 and the linear FE hence lots of masked and
disabled pixels. For M-B-3 the disabled pixels originate from dead pixels in the analog scan.

In Figure B.21, the disconnected bump scans of the linear FEs of the twelve modules are
depicted. M2 has masked pixels in FE2 which result from the broken FE. M4 has masked
pixels from the missing analog scan for the linear and the differential FE. Other masked

pixels are mainly from bad analog pixels.
In Figure B.22, the disconnected bump scans of the linear FEs for the eleven modules

are depicted. M15 has masked pixels from a bad digital pixel area as shown for the source
scan in Figure B.15. M22 has a bad quality disconnected bump scan, which results in lots

of dead pixels.

178




B.8. Disconnected Bump Scans
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Disconnected bump scans of the linear FEs shown for the eleven modules.
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