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Abstract

Study of the stitching region and 77-correction of novel passive CMOS sensors for
the HL-LHC upgrade of the CMS pixel detector

Passive CMOS silicon pixel sensors are a novel sensor type for pixel detectors in
HEP and are currently a candidate for the Phase-II upgrade of the CMS detector.
Passive CMOS sensors produced in a commercial 150 nm CMOS process use stitch-
ing for the production of large scale sensors. A study of the impact of stitching on the
performance of unirradiated sensors is presented in this thesis. Testbeam data with
120 GeV pions has been analysed and the measured cluster size, collected charge,
diffused charge and detection efficiency in pixels with stitching has been compared
to pixels without stitching. No difference between pixels with and without stitch-
ing was measured and no influence of the stitching on sensor performance could be
observed. An additional study of the sensor resolution for two pixel clusters has
been performed. Non-linear charge division worsens the spatial resolution of pixel
detectors. The y-algorithm is able to efficiently correct for this effect. The impact
of this algorithm on the resolution of two pixel clusters for passive CMOS sensors
has been investigated. The #-correction significantly improves the spatial resolution
by a factor of two for angles below 4°. No improvement is seen anymore for 9° as
expected for the pixel dimensions.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) is currently the largest particle accelerator in the
world. From 2026 until the end of 2028 it will undergo construction for the upgrade
to the High-Luminosity LHC which will drastically improve its performance. The
instantaneous luminosity is planned to be increased by a factor of five. During the
time of the upgrade, the Compact Muon Solenoid (CMS) experiment will also need
to be upgraded in order to withstand the increased radiation dose and pile-up re-
sulting from the improved luminosity. A crucial part of the CMS detector that needs
to be upgraded is the pixel detector. It is the detector part which is located closest to
the interaction point and thus receives the highest radation dose and highest parti-
cle fluence. The goals of the upgrade are an increased radiation hardness, increased
readout speed and increased spatial resolution.

For this upgrade, University of Bonn, ETH Ziirich and University of Ziirich have
developed and tested novel passive CMOS pixel sensors. They are produced in a
commercial 150 nm CMOS process, which uses a lithographic production technique
called stitching. With this technique, the sensor is not produced as a whole at once
but it is divided into indivdual parts which are produced and aligned step-by-step.
This allows for the production of larger sensor sizes at smaller costs in commercial
foundries and for more design possibilities by using a 150 nm CMOS process. The
region on the sensor, where two parts are aligned and connected together is called a
stitching line. For the application of passive CMOS sensors in high energy physics
and the upgrade of the CMS detector, the performance of the sensor should not
be influenced by the stitching line. The goal of part of this thesis is to investigate
the impact of stitching on the perfomance of passive CMOS sensors. Specifically,
the cluster size, collected charge, charge diffusion and detection efficiency will be
measured on the stitching line in a testbeam analysis and compared to regions on
the sensor without stitching.

The second part of this thesis investigates the influence of the application of the 7-
correction on the resolution of the passive CMOS sensors for two pixel clusters along
the short side of the pixels. Non-linear charge division in pixel detectors worsens
the spatial resolution for two-pixel clusters when using the charge weighted mean to
compute the cluster positions. The 77-algorithm uses the integral of the -distribution
to compute the cluster position. This algorithm is in principle able to reconstruct the
cluster positions more precisely. Two different implementations of the 7-correction
will be presented and compared to the uncorrected cluster positions.

Abrief introduction to the LHC and CMS and their past and future upgrades is given
in chapter 2. In chapter 3 an overview on the working principle and techniques of
semiconductor sensors and readout chips is given. Afterwards, chapter 4 gives a
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more detailed overview on CMOS processes in high energy physics, and presents
the RD53A readout chip with the data acquisition software Phase2-ACF and the
passive CMOS pixel sensor project. The testbeam setup and data acquisition and
reconstruction is presented in chapter 5. Finally, the results of the measurements
and the impact of stitching on sensor performance are presented in chapter 6 and
the results for the study of impact of the #-correction are shown in chapter 7.
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LHC and CMS

2.1 The Large Hadron Collider

In this section the Large Hadron Collider (LHC) at CERN in Geneva will be de-
scribed. After a short non-technical overview, the past upgrades of LHC and the
future upgrade towards the High-Luminosity LHC (HL-LHC) will briefly be dis-
cussed. The information for this section was in most parts taken from the technical
design reports [1], [2], [3], [4] and [5].

2.1.1 Overview

The LHC is the world’s largest particle accelerator operating at the highest center
of mass (c.o.m.) energy. Four large experiments (ATLAS [6], CMS [7], LHCb [8]
and ALICE [9]) and a number of smaller experiments are operating at LHC. Since
its commissioning in 2010, a number of relevant observations and discoveries have
been made, including the discovery of the Higgs boson by ATLAS and CMS in 2012
[10, 11] and hints of a violation of lepton flavour universality by LHCb in 2021 [12].

The LHC is able to produce proton-proton (pp), lead-lead (PbPb) and proton-lead
(pPb) collisions. The protons are injected into LHC through a network of smaller
accelerators shown in Figure 2.1. Until the end of 2018, H™ ions were, in a first
step, accelerated to an energy of 50MeV in the linear accelerator LINAC2. Then
the ions were stripped off of their electrons to produce protons and were then in-
jected into the Proton Synchroton Booster (PSB), where they were further acceler-
ated to 1.4 GeV. Since 2020, LINAC2 has been replaced by the new linear accelerator
LINAC4, which accelerates the H ions to an energy of 160 MeV. PSB then acceler-
ates the stripped protons from LINAC4 to an energy of 2GeV [13]. From PSB the
protons are injected into the Proton Synchrotron (PS) where their energy will be in-
creased to 25GeV. From PS the protons are further injected into the Super Proton
Synchrotron (SPS) where they will reach an energy of 450 GeV before being injected
into LHC where they will be accelerated to their final energy of 6.8 TeV.

In the most recent data taking period from 2015 to 2018, LHC has been operating
at a com. energy of \/s = 13TeV and a bunch spacing (time between individ-
ual proton bunches) of 25ns, reaching a peak instantaneous luminosity of £ =
2 x 10** cm~2s7! and a mean number of proton-proton (pp) collisions per bunch
crossing (pile-up) of 53. Since 2010, the LHC has delivered an integrated luminosity
of almost 200 fb~!. The yearly increase in integrated luminosity for the ATLAS and
CMS experiments is shown in Figure 2.2.
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2.1.2 Past upgrades of the LHC

The initial design goals of LHC were to reach a peak instantaneous luminosity of
L =1x10*cm 25! at an energy of /s = 14 TeV with a 25ns bunch spacing and
1.15 x 10! protons per bunch.

At the start of the first data-taking period (Run-1) from 2010 to 2012 LHC operated
at a c.o.m. energy of \/s = 7TeV with a bunch spacing of 50 ns reaching an instan-
tenous luminosity of £ = 2.1 x 1032 cm~25s~! and collecting a total integrated lumi-
nosity of 6.1fb~! [3]. In 2012 the c.o.m. energy was increased to /s = 8 TeV and
the instantanous luminosity to 7.7 x 10** cm~2s~! and an integrated luminosity of
23.3fb~! was delivered [3].

After each data-taking period LHC enters a longer shutdown period, referred to as
Long Shutdowns (LS), to upgrade and consolidate the accelerator and experiments
in order to achieve the goals of the initial design and beyond. During the first long
shutdown (LS1), from 2013 to 2014, the c.0.m. energy was further increased to /s =
13 TeV and the bunch spacing was reduced to the design goal of 25ns [1]. During the
subsequent Run-2 data taking period from 2015 to 2018, the instantenous luminosity
was continously increased reaching a peak value in 2018 of £ = 2 x 10** cm 25!
twice the design goal, and a total integrated luminosity of 160 fb~! was delivered to
the ATLAS and CMS experiments [1].

In the second Long Shutdown (LS2), which lasted from 2019 until the end of 2021, the
injector chain was further improved in order to achieve larger bunch populations for
the operation in Run-3 from 2022 to 2025. It is planned to reach a bunch population
of 1.4 x 10! in 2022 and 1.8 x 10!! from 2023 onwards [4]. The c.0.m energy will be
increased to 13.6 TeV, almost reaching the design goal of 14 TeV, and an integrated
luminosity of 250 fb~! is targeted for Run-3 [17]. At the end of Run-3, LHC will have
delivered an integrated luminsoity of almost 450 fb—!, well above the initial goal of
300 fb~1 [1].

7

2.1.3 The High-Luminosity LHC

After the end of Run-3, LHC will go into its third Long Shutdown (LS3) from 2026
until the end of 2028. During LS3, the accelerator will be upgraded to the High-
Luminosity LHC (HL-LHC), which will be able to deliver peak instantaneous lu-
minosities of up to 7.5 x 103 cm~2s~! increasing the average pile-up by a factor of
4 to reach 200 [1]. This level of luminosity should enable a collection of 300 b1
to 400 fb~! per year [1]. In its lifetime, the HL-LHC could yield an ultimate total
integrated luminosity of 4000 fb~! [1].

The luminosity increase of the HL-LHC will be achieved by improving the injection
chain, specifically by the replacement of the focusing quadrupoles and the use of
crab cavities in front of the interaction points, eliminating the luminosity reduction
from crossing angle effects [1].

2.2 The Compact Muon Solenoid

In this section an overview of the Compact Muon Solenoid (CMS) detector and its
individual components is presented. Then a brief overview of the requirements and
planned upgrades for operation at the HL-LHC (Phase-II upgrade) is given and the
Phase-II upgrade of the pixel detector is described in more details. The information
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FIGURE 2.3: An exploded view of the CMS detector. Plot reproduced
from [19]

for this section is taken from [7], [2], [3] and [18]. For a description of the coordinate
system used by CMS, see Appendix A.

2.2.1 Overview

The CMS experiment is a general purpose detector at the LHC at CERN in Geneva.
The goal of CMS is to explore the standard model and possibilities of new physics
at the highest currently achievable energies. One objective was the discovery of
the Higgs boson in 2012 [11]. Other objectives include searches for supersymmetric
particles, dark sectors and extra dimensions. In order to achieve these goals, a set of
requirements for the CMS detector have been set [7]:

¢ Good muon identification and momentum resolution over a wide range of mo-
menta and angles, good dimuon mass resolution (~ 1% at 100 GeV), and the
ability to determine unambiguously the charge of muons with p < 1TeV;

¢ Good charged-particle momentum resolution and reconstruction efficiency in
the inner tracker. Efficient triggering and offline tagging of 7’s and b-jets, re-
quiring pixel detectors close to the interaction region;

* Good electromagnetic energy resolution, good invariant mass resolution for
diphoton and dielectron events (=~ 1% at 100 GeV), wide geometric coverage,
7 rejection, and efficient photon and lepton isolation at high luminosities;

¢ Good missing-transverse-energy and dijet-mass resolution, requiring hadron
calorimeters with a large hermetic geometric coverage and with fine lateral
segmentation.

To meet these requirements, the main features of CMS are a high-field solenoid, a
full-silicon-based inner tracking system, and a homogenous scintillating-crystals-
based electromagnetic calorimeter. An overview of the CMS detector is shown in
Figure 2.3. The individual components of the CMS detector will be briefly described
below [7]:
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Tracker

The purpose of the tracker is the tracking of trajectories of charged particles in order
to provide a good momentum resolution and secondary vertex detection. The CMS
tracker is divided into two regions, the inner tracker and the outer tracker. The inner
tracker originally consisted of three layers of silicon pixel detectors in the barrel
region, which was upgraded to four layers during the Phase-I upgrade in 2016, and
two layers in the forward regions (upgraded to three layers). The pixel detectors
have pixel sizes of 100 um x 150 um with a thickness of 300 pm and are placed closest
to the interaction point with distances in » between 29 mm and 160 mm in the barrel
and up to 500 mm in the endcaps [18]. The outer tracker consists of ten layers in the
barrel and twelve layers in the forward regions of silicon microstrip detectors with
strip pitches between 80 pm and 183 pm and thicknesses of 320 um to 500 pm. The
microstrips are placed at radii between 20 cm and 160 cm in the barrel and distances
of up to 113 cm in the endcaps.

The tracker needs to provide a good granularity in order to achieve a good momen-
tum resolution of charged particles and needs to be sufficiently radiation hard as it
will see the highest particle flux due to its close placement to the interaction point.

Electromagnetic calorimeter (ECAL)

The electromagnetic calorimeter (ECAL) surrounds the tracker and is used to mea-
sure the energy of electrons and photons produced in the collisions. The ECAL con-
sists of lead tungstate (PbWQ,) scintillating crystals. It is made of 61200 crystals
in the barrel region (|| < 3) and 7324 crystals in the two endcaps. In front of the
endcaps a preshower detector is installed for a better 71° rejection. The scintillation
light is collected by silicon avalanche photodiodes (APDs) in the barrel and vac-
uum photo triodes (VPTs) in the endcap region. Because of their high density, short
radiaton length and fast scintillation decay time, PboWO, crystals allow for a fast,
fine granularity and compact calorimeter. In the barrel, the ECAL has a thickness
of 230 mm corresponding to 25.8 Xp, in the endcaps the thickness is 220 mm corre-
sponding to 24.7 X,.

Hadronic calorimter (HCAL)

The hadronic calorimeter (HCAL) is placed outside of the ECAL and is used to mea-
sure the energy of hadrons by producing and detecting hadronic showers. In the
barrel region (|77| < 3), it consists of 14 brass plates and two steel plates as the inner-
most and outermost layers, acting as absorbers. The absorbers are alternated with
layers of plastic scintillators, which will detect the hadronic showers produced in the
absorbers. The scintillation light is converted by wavelength-shifting (WLS) fibres
and collected by hybrid photodiodes (HPDs). The HCAL in the barrel region is com-
plemented by a tail catcher outside of the solenoid, ensuring a thickness of at least
11 hadronic interaction lengths. In the endcaps, a Cerenkov based iron/quartz-fibre
calorimeter is used.

Superconducting magnet

Outside of the HCAL a 13 m long superconducting magnet with 6 m inner diame-
ter provides a 4 T magnetic field. The purpose of the field is to bend the tracks of
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charged particles inside and outside of the solenoid for a good momentum resolu-
tion of these particles. On the inside, the solenoid houses the tracker, ECAL and
HCAL. On the outside, the return field is strong enough to saturate 1.5 m iron yokes.

Muon system

Outside of the solenoid, four muon stations are integrated into the iron return yoke.
These muon stations serve for the identification of muons, momentum measurement
and triggering. A powerful muon detection is of central importance for recognizing
interesting signatures over a large background. Each muon station consists of layers
of aluminium drift tubes (DT) in the barrel region and cathode strip chambers (CSC)
in the endcaps. Additionally, the barrel and endcap are complemented by resistive
plate chambers (RPC), which provide a dedicated trigger system with a sharp pr
threshold.

Trigger

The bunch spacing of LHC is 25ns, which equals a crossing frequency of 40 MHz.
In Run-2, the average pile-up was 53. This produces an amount of data which is
impossible to fully store and process. The amount of data is reduced by a trigger
system selecting which events to store, depending on predefined event characteris-
tics. The process happens in two steps called Level-1 (L1) Trigger and High-Level
Trigger (HLT). The L1 Trigger is hardware based and consists of custom-designed
electronics, while the HLT is software based. The design output rate of the L1 Trig-
ger is 100kHz. Together with the HLT, the output data is reduced by a factor of
10°.

2.2.2 The CMS Phase-II upgrade

The CMS detector needs to be upgraded during LS3 in order to withstand the in-
creased luminosity and particle flux provided by the HL-LHC. This upgrade is called
the Phase-II Upgrade. The larger pile-up of up to 200 leads to increased radiation
and particle density. This requires an increased radiation hardness of the detector
components as well as increased detector granularity and increased bandwidth and
trigger rates for the higher data rates.

The trigger system will be upgraded to allow for a maximum L1 Trigger rate of
750kHz and 7.5kHz at the HLT [2]. In the muon systems, the full front-end electron-
ics for the DTs and CSCs will be replaced to increase radiation tolerance and in the
forward region improved RPCs and new gas electron multiplier (GEM) based cham-
bers will be installed [2]. The PbWO, crystals of the ECAL will be cooled to lower
temperatures and the front-end electronics will be replaced in order to be compliant
with the new L1 Trigger system and to allow for single crystal information for the
L1 trigger [2]. In the HCAL, the HPDs to read out the scintillation light from the
plastic scintillator will be replaced with silicon photomultipliers (SiPMs) before LS3
already and the scintillator tiles closest to the beam will be replaced during LS3 [2].
The endcaps of the ECAL and HCAL will be replaced with a combined multi-layer
electromagnetic and hadronic calorimeter based on silicon pad sensors to provide
higher granularity for improved pile-up rejection and particle identification [2]. The
entire tracker will be replaced with the new tracker, providing increased forward
acceptance, higher radiation hardness and higher granularity [2].
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The new tracker will also be compatible with and provide tracking information to
the upgraded L1 trigger. This means that the track has to send out self-selected
tracking information at every bunch crossing, which is a main driving factor for the
design of the Outer Tracker [3]. This is achieved by modules which are able to reject
signals below a certain pr threshold [3]. The use of tracking information in the L1
trigger will improve the transverse momentum resolution at L1, as well as the usage
of information on track isolation and will contribute to the mitigation of pile-up [3].

A more detailed description of the Phase-II Upgrade of the Pixel detector will be
given in section 2.2.3.

2.2.3 The Phase-II upgrade of the CMS pixel detector

In order to withstand and exploit the increased radiation and particle density caused
by the increased luminosity from HL-LHC, the pixel detector of CMS will have to
be replaced during the Phase-II upgrade. The upgraded pixel detector must be able
to withstand an integrated luminosity of 3000 fb~! [20] with little efficiency loss.
This integrated luminosity is equivalent to a radiation exposure of up to 2.3 x 10'°
1MeV neq cm ™2 [20] for the innermost layers of the pixel detector. In addition, the
upgraded detector has to have a higher granularity to keep the pixel occupancy
below the per mille level for the increased pile-up of up to 200 [3]. Also a two track
separation of the pixel detector will have to be improved to increase the track finding
performance in highly energetic jets [3].

The upgraded pixel detector will employ thin n-in-p type silicon sensors of thick-
ness 150 pm and pixel sizes of 25 um x 100 pm or 50 pm x 50 pm, which are able to
withstand the expected radiation dose and deliver the desired levels of resolution
and occupancy [3]. For the innermost layer, 3D silicon sensors are also considered.
The readout chip will be based on 65 nm CMOS technology and was developed in
a joint R&D programme together with the ATLAS collaboration called RD53A [3].
This readout chip will have a total active area of 16.4 mm x 22.0 mm [3]. The RD53A
programme and readout chip will be described in more detail in section 4.2.

The layout of the Phase-II pixel detector is shown in Figure 2.4. It consists of four
cylindrical layers in the barrel region and twelve disc-like structures in the forward
regions which extend the acceptance to |77| =~ 4 [3]. Modules with two readout chips
and four readout chips, arranged as 2 x 1 and 2 x 2 respectively, are planned [3]. The
pixel detector will be cooled to a temperature of —20 °C to reduce the noise level in
the sensors and readout chips [3].
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FIGURE 2.4: Sketch of one quarter of the pixel detector layout in r-z
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ure reproduced from [3].
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Chapter 3

The Physics of Pixel Detectors

In this chapter, an overview of the physical and technical working principles of the
sensor and readout chip of a hybrid pixel detector will be given. In section 3.1 the
energy deposition and charge generation mechanisms in silicon for charged particles
will be described. Then in sections 3.2, 3.3 and 3.4 the principle and structure of the
sensor and the readout electronics of a hybrid pixel detector will be presented.

3.1 Interaction of charged particles in silicon

The principle of detection of particles and radiation relies on their interactions with
the detector material. Part of their energy is deposited in the material, which gen-
erates secondary particles which can be detected as electric signals. Typically, semi-
conductors, and in particular silicon, are used for pixel detectors.

The charge transport in silicon can be described by the band model. While atoms
have discrete energy levels, in crystals they become energy bands. The last band
that is filled with electrons is called the valence band. The bands with higher energy
are called conduction band and contribute to the charge transport in the crystal. De-
pending on the band gap betewen valence and conduction band, a crystal is either
an insulator, a semiconductor or a conductor (see Figure 3.1). In a semiconductor the
band gap is small enough (1.12 eV for silicon) that a small fraction of the electrons in
the valence band can be thermally excited to the conduction band. Energetic parti-
cles interacting with the silicon are able to excite electrons from the valence band to
the conduction band, creating electron-hole pairs which can then be measured as an
electric current.

Completely empty

cenduction bang
.I.Il :ﬁl rL,J Partialty fill=d
conauction ban: conduction band

Conduction band VT T T TT T
"-Jrr.’fli‘l-.‘|:.'lm_'| \alen e e
welence band Hos e
a b € d

FIGURE 3.1: Energy band structure of insulators (a), semiconductors
(b) and conductors (c, d). Figure reproduced from [21].
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Charged particles, heavier than the electron, mainly interact with silicon via ioniza-
tion. Charged particles continously deposit part of their energy via scattering on
electrons while passing though the detector material. The mean energy loss per unit
path length (stopping power) for charged particles heavier than the electron, is de-
scribed by the Bethe-Bloch formula which is valid in the region 0.1 < By < 1000

[22]:
dE\ 5,21 [1. 2me®BPy*Wiar o 6(B7)
A
where 2022
Winax = 2mec fy (32)

14 2yme/ M+ (m./ M)?
is the maximum possible energy transfer in a single collision and

Z—f: stopping power

K = 471Nar?m.c*> = 0.307075MeV mol~! cm?]

z:  charge number of incident particle

Z:  atomic number of absorber (14 for silicon)

A:  atomic mass of absorber (28 gmol ! for silicon)
B:  velocity of the particle = ¢

mec?: electron mass xc? (0.511 MeV)
1

I:  mean excitation energy (173 eV in silicon [23])

v:  Lorentz factor

d(By): density effect correction at high energies
M: incident particle mass.

For low energies (0.1 < By < 1), the stopping power decreases as ~ 1/ reach-
ing a minimum at around By ~ 3. A particle with minimum stopping power is
called minimum ionizing particle (MIP). The minimum stopping power of muons is
1.66 MeV g_l cm? for v = 3.58 [22]. For higher energies it increases logarithmically
and corrections such as the density effect correction are introduced. For y 2 1000
radiative losses have to be included (see [22] for more information on density-effect
corrections and radiative losses).

As can be seen from Equation 3.1 and Equation 3.2, the mean stopping power only
has a minor dependence, and only at high energies, on the incident particle’s mass
M through the maximum energy transfer W,,,,. For most practical purposes, the
mean stopping power (dE/dx) in a given material is only dependent on . A plot of
the mean stopping power for muons in copper is shown in Figure 3.2.

For thin detectors, the energy loss is subject to significant statistical fluctutations and
its distribution is heavily skewed towards larger energy losses. The distribution of
the energy loss in thin detectors is described by a Landau distribution. The main rea-
son for these large statistical fluctions are so-called J-electrons. These are secondary
electrons, that obtain enough energy from a single collision with the incident parti-
cle to become ionizing particles themselves. The occurence of é-electrons increases
with increasing energies, which increases the mean energy loss for higher energies
(Equation 3.1). The maximum or most probable value (mpv) A, of the energy loss
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FIGURE 3.2: Mean stopping power for muons in copper as a function

of By. The region 0.1 < By < 1000 is described by the Bethe-Bloch

formula Equation 3.1. For By 2 1000 radiative losses dominate over

ionization. For By < 0.1 nuclear losses have to be included. Figure
reproduced from [22].

distribution is only minorly affected by the larger tails of the distribution and reaches
a plateau for high energies. For this reason, the mpv A, instead of the mean of the
distribution is used to describe the energy loss in thin detecors. The mpv energy loss
in thin detectors depends on the thickness of the detector and can be calculated as

[22]:
211102 B2~2 ’
Ap=¢ lnwﬂngﬂ—ﬁz—ﬂﬁv) , (33)
where ¢ = (K/2)(Z/A)z?(x/p?) with x the detector thickness in gcm ™2 and j =
0.200. The ratio of the mpv energy loss normalized to the detector thickness and the
mean energy loss for the case of muons in silicon for different thicknesses is shown

in Figure 3.3.

The é-electrons deposit their energy across several hundred micrometers inside the
silicon. This leads to a shift of the reconstructed hit position of the inital particle and
thus limits the resolution of silicon tracking devices.

The number of electron-hole pairs Q generated by a traversing particle is given by

AE
= — 3.4
Q=" (34)
where AE is the deposited energy of the traversing particle and w is the mean energy
needed to create an electron-hole pair. For silicon w ~ 3.6 eV [24]. The difference in
energy to the band gap of 1.12eV in silicon generates phonons (lattice vibrations),
which will dissipate as thermal energy.

Using the stopping power of MIPs %min = 1.66 MeV gfl cm? [22], the density of sil-
icon ps; = 2.33 gcm 3 [22] and estimating of the plateau value for the most probable
energy loss for a thickness of 150 pm from Figure 3.3 as approximately 0.7, one can
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FIGURE 3.3: Most probable energy loss of muons in silicon scaled
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1.66 MeV g~ ! cm?). Plot reprocuded from [22].

find the number of electron hole pairs generated per unit distance:

1.66MeV g lcm?-233gcm 2 0.7
3.6eV

=75e /pm (3.5)

3.2 Hybrid Pixel Detectors

A pixel detector is a device that is able to detect relativistic charged particles and pro-
duce images with a high granularity (pixel size). Typically the signal is generated in
a semiconductor (e.g. silicon) and processed electronically, with parallel data read-
out. At high-luminosity conditions, highly specialized sensor material cells individ-
ually connected to a dedicated readout chip via small metal bumps (bump bonds)
are commonly used. This is called a hybrid pixel detector and a single pixel cell of
such a detector is shown in Figure 3.4.

This design has the consequence that the size of the front-end-electronics of a sin-
gle pixel must match the size of the pixels, which limits its complexity. To deplete
the sensor, a sufficiently high voltage has to be applied, which again has to be ac-
counted for in the design of the front-end electronincs to avoid sparking from large
static voltages. Additionally, both the sensor and front-end electronics have to be
sufficiently radiation hard in order to withstand the high radiation environment in
which they are typically used in high-energy physics applications.

In the next sections, a more detailed overview on the sensor and front-end electronics
of a hybrid pixel detector will be given.
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FIGURE 3.4: Schematic view of a single pixel cell. Figure reproduced
from [24].

3.3 The Sensor

3.3.1 Silicon Doping

Silicon sensors are made from single crystals, which crystalize in a diamond lattice.
Each atom in the crystal is bound with the four closest neighbour atoms, sharing
its four valence electrons. For a perfect semiconductor, without any impurities, all
valence electrons are bound to their positions at low temperatures. At larger tem-
peratures, thermal excitations (lattice vibrations) can excite an electron and elevate
it from the valence band to the conduction band. The free electron in the conduction
band and the created hole are thus available for electric conduction. A semiconduc-
tor is called intrinsic if the impurity concentration is small compared to the thermally
generated free electrons. For silicon the intrinsic charge concentration at room tem-
perture is approximately 10 cm =3 [21].

By introducing foreign atoms as impurities into the lattice the charge concentration
can be changed. This process is called doping. One may introduce atoms with five
valence electrons (e.g. P), called donors, or atoms with only three valence electrons
(e.g. B), called acceptors. The extra electron of the donors is easily elevated into the
conduction band, increasing the concentration of free electrons as charge carriers.
These types of doped silicon are called n-doped and have electrons as majority car-
riers and holes as minority carriers. The missing electron of the acceptors produces
a hole, which is able to move as a positive free charge carrier. These types are called
p-doped and have holes as majority carriers and electrons as minority carriers.

3.3.2 The pn-junction

The core building block of semiconductor sensors is the pn-junction. When n-doped
and p-doped semiconductors are brought together, the majority charge carrriers
(electrons in n, holes in p), of one side diffuse into the other side of the junction.
There they recombine with the majority charge carriers of the other material leav-
ing behind spatially fixed donor and acceptor ions. This leaves a region close to the
junction which is depleted of free charge carriers, called the depletion zone. The
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FIGURE 3.5: Schematic illustration of a pn-junction. Figure repro-
duced from [24].

spatially fixed ions create an electric field which counters the diffusion of the major-
ity charge carriers until a steady state between diffusion and drift due to the electric
field is reached. An illsutration of the pn-junction is shown in Figure 3.5.

3.3.3 Reverse Bias

By applying a voltage in the same direction as the internal electric field to the pn-
junction, the depletion zone can be increased. The size of the depletion zone can be

approximated by [24]
/ Vv
W — 280£Sim, (3.6)

where N is the dopant concentration, and V the applied voltage. A pn-junction
with a voltage applied in this direction is called reversely biased. In a typical sensor
a reverse bias is applied such that the depletion zone extends over the full region
of the sensor. This is called a fully depleted sensor. This leads to a high electric
field in the sensor. The free charges, created either thermally or by a traversing par-
ticle, are quickly collected and measurable as a current. The drift velocity of the
free charges depends linearly on the applied electric field but saturates at approxi-
mately 10" cms 1, leading to a fast collection in less then 10ns [24] and thus a fast
response time of the sensor. Thermal excitations in the depletion zone lead to a con-
stant creation of electron-hole pairs, which leads to constant current in the sensor,
the so-called leakage current. The leakage current is a source of noise, which can be
reduced by cooling the sensor to reduce the rate of thermal excitations.

3.3.4 A typical device

A cross section of a typical device is shown in Figure 3.6. It consists of highly doped
p*-implants placed in a n-bulk silicon wafer. A reverse bias is applied to both sides of
the pn-junction until the n-bulk is fully depleted. Charges generated by a traversing
particle are quickly collected at the electrodes. Typically the grounded electrode is
connected to the readout electronics by a coupling capacitor which will be described
in the next section. The spatial resolution is acheived by the segmentation of the
p*-implants in the n-bulk.

3.3.5 Radiation damage

Due to their usage as the innermost tracking detectors in many High-Energy physics
experiments, pixel detectors and sensors receive high fluences and radiation rates
(up to 1.2 GRad for the Phase-II Upgrade of the CMS pixel detector [20]). This causes
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FIGURE 3.6: Schematic cross section of a typical n-in-p device. Figure
adapted from [24].

damage to the sensors and electronics, which can usually be divided into two cate-
gories: bulk damage and surface damage. The main effects of radiation damage are
an increase of the leakage current, change of the space charge and thus an increase
of the depletion voltage and charge trapping leading to smaller signals.

Surface damage is caused by ionization in the insulting layers (e.g. the metal oxide
layer) which are required for the fabrication. Electrons, which are created by ioniz-
ing radiation in these layers, have a high enough mobility to be collected at a nearby
electrode. The created holes are trapped, which creates a positive surface charge,
which can result in electron accumulation in the silicon at the surface. Additionally,
the generation of interface states leads to a surface generation current, which con-
tributes to the leakage current. The effects of surface damage can be controlled by
careful design of the sensor [24].

Bulk damage is caused by interaction of the high energetic particles with the silicon
nuclei. These interactions can knock the atoms from their lattice positions, resulting
in lattice defects. Primary defects are unstable and can either anneal or interact with
other defects or impurities and form stable defects in the crystal. The defects can
introduce additional energy levels in the band gap, which act as charge traps, or have
donor- or acceptor-like behaviours, which leads to a change of the space charge.

3.4 The Front-End Electronics

The signal produced by the sensor needs to be collected and processed for further
analysis. For this purpose each pixel sensor is connected to on-chip signal processing
cicuitry, called pixel unit cell (PUC), where the information is processed individually
and in parallel for each pixel and then tranmitted out together to the data acquisition.
A schematic of the typical components of the PUC is shown in Figure 3.7.

3.4.1 Analog Signal Processing

The charge created in the sensor by a traversing particle is fed into the on-chip elec-
tronics through the bump pad. There it is first processed by a charge-sensitive am-
plifier (CSA). The CSA converts the produced charge into a voltage. A simplified
circuit of the CSA is shown in Figure 3.8. The CSA consists of an inverting amplifier
with gain — A and a feedback capacitance Cy. For an ideal circuit the output voltage
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FIGURE 3.8: Simplified charge sensitive amplifier circuit. Figure re-
produced from [25].

per input charge is given as [24]:

_w_ _ —A
Aq—Qi—Cf(1+A). (3.7)

Thus the charge gain can be tuned by the feedback capacitance Cy. The CSA is one
of the most crucial parts a in a pixel detector and must provide good amplification
of approximately 10~#mV /e or equivalently 25mV MeV ! as well as small power
consumption and low noise.

Additionally a feedback circuit is required to remove the charges from the CSA and
return the output voltage to its intial value. The discharge of the CSA must be slow
enough to allow for further analysis on the output signal but fast enough to avoid
saturation and nonlinearities. Chips often use a constant current discharge, which
leads to a signal width proportional to the intial charge, which can be used for a
"time over threshold" (ToT) analysis.

The output signal of the CSA is compared to a threshold signal by a discriminator.
The discriminator outputs a signal, if the CSA output is larger than the threshold.
The threshold must be chosen as low a possible in order to maximize the detec-
tion efficiency but it needs to be high enough, so that noise hits are still sufficiently
rejected. The threshold can be set globally but transistor mismatch, voltage drops
and preamplifier gain variations lead to threshold variations between the individ-
ual pixels. In order to achieve an uniform threshold distribution among all pixels,
local threshold adjustments are performed by digital to analog converters, storing
individual trim values for each pixel in digital registers ( typically 3-7 bits).
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FIGURE 3.9: Response time of a discriminator as a function of the
input charge. Figure reproduced from [24].

The precise knowledge of the response time of the discriminator is needed in order
to associate an event with a single bunch crossing (25ns). From the response time
curve in Figure 3.9, it can be seen that the response time is much longer for smaller
charges. Charges just above the threshold Qs take longer to be detected than
signal charges. A time window AT can be selected on this curve. This defines a
window of charges AQ which are detected in-time and can be associated to a single
bunch crossing. The lowest value in this window is called the in-time threshold.

In order to check the functioning of the signal processing circuitry independently
of the sensor and for calibrations of the signal processing, controlled injection of
charges is necessary. This is achieved by applying a voltage to a calibration capacitor
Cinj. In this way, precisely known charges can be injected into the circuitry which can
then be used to test and calibrate the detector.

3.4.2 Readout architecture

The digital hit signals of the discriminators must be further processed by the readout
architecture. At the LHC, the collisions occur at regular intervals of 25ns and the
bunch crossing clock of LHC can be used to synchronize the data taking. As most
events do not contain relevant information, a data selection based on other parts of
the CMS detector is made to pick out potentially interesting events. This is called
a trigger. The trigger selection at CMS after the Phase-II Upgrade will take 12.5us
[2] and thus arrives with a delay of several bunch crossings at the pixels. For this
reason, the hit information of many events has to be stored on the pixel chip during
this latency interval. If a trigger arrives at the pixels, the data is sent out to the data
acquisition. If no trigger arrived within the trigger latency the data will be discarded.
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Chapter 4

Passive CMOS sensors on the
RDS53A chip

4.1 CMOS technology in High Energy Physics

Complementary metal-oxide-semiconductors (CMOS) technology uses complemen-
tary and symmetrical pairs of p-type and n-type transistors for logic functions. CMOS
technology is the most common form of semiconductor device fabrication and is ap-
plied in integrated cirucits, microprocessors, microcontrollers, etc., with feature size
down to 5nm. CMOS circuits consume much less power than pure NMOS or PMOS
technology, which allows for smaller and higher density appliances.

In high energy physics, CMOS technology has been used for readout chips of silicon
detectors since LEP. These early chips used feature size down to 1.5pm. In 1997,
CMOS processes with feature size down to 250 nm were demonstrated to be suffi-
ciently radiation hard to allow for applications in high energy physics [26]. Nowa-
days basically all silicon detector readout chips are manfactured in CMOS processes.
One example is the CMS Phase-I pixel detector readout chip, which uses a 250 nm
CMOS process. In section 4.2, the RD53A prototype readout chip for the Phase-II
Upgrade of the CMS pixel detector, which employs a 65nm CMOS process, will be
presented.

Additionally, CMOS processes have not only been used for readout chips, but also
for the design of monolithic active pixel sensor (MAPS), where the sensor and read-
out chip are built on the same silicon wafer. This has the advantage that no connec-
tion through bump bonds between the sensor and the readout chip is required. For
high energy physics applications a high radiation tolerance and fast readout speeds
are needed from silicon sensors. The key to these requirements is to establish a de-
pletion zone, where charges created by traversing particles can be collected quickly.
The depletion depth d depends on the bias voltage Vp and the bulk resistivity p ac-
cording to

w ~ +/pVp. (4.1)

To achieve sufficient depletion depth at moderate bias voltages, a high bulk resistiv-
ity is needed [27]. Classically CMOS technology was only available on low resistiv-
ity wavers. With the availability of high-resistivity CMOS processes, advancements
were made for fully depleted MAPS. But the technology does not yet offer the logic
density comparable to a dedicated readout chip produced in a 65 nm CMOS process,
which needed in the Phase-II Upgrade of the CMS pixel detector. Furthermore the
current resolution of the CMS pixel detector is mostly limited by the material of the
support and cooling structures and would not benefit much from using MAPS.
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Min. stable threshold 600e™
Min. in-time threshold 1200 e~
Hit loss from in-pixel pile-up | <1%
Trigger rate 1MHz

Trigger latency 12.5ps

Noise occupancy per pixel | < 107°

TABLE 4.1: Specifications for the RD53A chip, taken from [30].

A different possibility is to utilize CMOS processes to produce sensors of hybrid
pixel detectors. These sensors are called passive CMOS sensors as they do not use
any active components. These sensors are able to exploit the possibilities in the
production processes of commercial CMOS technology, such as [28]:

¢ High prouction throughput at low costs.
* Availability of several metal layers which can be used as re-distribution layers.

¢ Polysilicon layers to connect each pixel to a bias grid which allows for testing
the sensor without readout chip.

* Metal-insulator-metal capacitors allowing to AC-couple the pixels with the
readout chip preventing leakage currents flowing into the readout channels.

In section 4.4, a more detailed look into passive CMOS sensors produced in a com-
mercial 150 nm CMOS process will presented.

4.2 The RD53A readout chip

The RD53A pixel readout integrated circuit is a prototype readout chip for the Phase-
IT upgrade of the CMS and ATLAS pixel detectors designed to endure the highly
radiative environment of the HL-LHC. It was developed toegether by ATLAS and
CMS insitutions in the RD53 collaboration [29]. To be able to achieve the require-
ments described in section 2.1.3, a set of specifications for the RD53A chip has ben
given in [30]. The main goal of the specificatons is an identification rate of 99 % of
the incident particle hits. For this a threshold of 600 electrons without any time-
walk specification, and an in-time threshold of 1200 electrons should be achieved.
Furthermore the noise occupancy should be less than 1076, Also the readout time
must be short enough to allow for the new L1 trigger rate with a latency of 12.5us
(500 bunch crossings). Table 4.1 summarises these specifications. For the usage of
the RD53A chip a manual can be found in [31].

The RD53A chip uses 65nm CMOS technology and covers an area of 20.0 mm x 11.6
mm. The general floorplan is shown in Figure 4.1. At the top there is a row of test
pads, which are to be removed for the final production. Below there is the pixel
matrix of 400 x 192 pixels of size 50 pm x 50 um. At the bottom is all the global
analog and digital circuitry and the wire bond pads. The pixel matrix is built up of
8 x 8 pixel cores, each divided into 16 analog islands with 4 pixels each. The islands
are embeded in an automatically synthesized digital sea. The layout of the islands
and the sea is shown in Figure 4.2.

The matrix of the RD53A chip is divided into three different front end designs:
Differential, Linear and Synchronous. CMS uses the linear front-end (LFE) for the
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FIGURE 4.1: RD53A floorplan. Figure reproduced from [31].
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FIGURE 4.2: Layout of the analog islands and the digital sea. Figure
reproduced from [31].
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Phase-II upgrade, thus the other two designs will not be presented here. The LFE
covers the columns 128 to 263, so 136 columns and 26 112 pixels in total. The LFE
uses a linear pulse amplification in front of the discriminator, which compares the
charge sensitive amplifier signal to a threshold voltage. The discriminator is used
with a time over threshold (ToT) counter, to convert the time signals to a digital
signal.

4.3 Phase 2 ACF

In order to communicate with the RD53A chip and its LFE the CMS Tracker Phase2
Acquisition & Control Framework (Ph2-ACF) [32] has been developed. The Ph2-
ACEF uses a hardware setup of a FPGA board, called FC7 board, which is connected
to the RD53A chip through a Display Port cable and to a PC via an ethernet cable. It
also provides a software framework used for sending and receiving information to
and from the chip. It contains several functions, called scans, for injecting charges
into the chip, sending triggers and collecting registered hits, which are used for cal-
ibrations and measurements on the chip. The framework itself and a description of
the scan functions can be accessed from [32]. Examples of important scans will be
described in the following paragraphs.

4.3.1 Charge injection

The injection of charges in the chip is controlled by two parameters VCAL_MED and
VCAL_HIGH, which set the voltage injected into the injection capacitance AV, by

AV, = VCAL_HIGH — VCAL_MED. (4.2)

The injection voltage AV, is an internal charge measurement. The conversion from
AV, to a physical charge varies from chip to chip and needs to be calibrated prior
to measurement. For an estimate, the conversion 1AV¢, = (10 £1)e™ can usually
be used. In this thesis, all measurements will be presented in term of AV,,;.

4.3.2 Threshold and trimming

The threshold of a pixel characterizes the minimum charge it is able to accurately
measure. Each pixel follows a similar response pattern called the s-curve. The s-
curve shows the proportion of detected hits for different injected charges (or voltages
AV.,1). The s-curve can be fitted to a function

f(X)=;<g(x;£>+1>, (4.3)

g(x) = \/2% /Ox exp(—t%)dt. (4.4)

An example of a fitted s-curve plot is shown in Figure 4.3. From this fit the threshold
is defined as the value where f(x) = 3, which is given by the parameter mu. This
value corresponds to the charge which has a 50 % probability of being detected.

where

As discussed in section 3.4.1 the threshold varies between the individual pixels. The
distribution of thresholds among the pixels it typically Gaussian. To get a similar
behaviour of the pixels, the width of this threshold distribution needs be as narrow
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FIGURE 4.3: Typical s-curve plot. The blue dots indicate the propor-
tion of measured hits (out of 100). The orange curve is a fit according
to Equation 4.3.

as possible (typically the width of 40 electrons should be achieved [30]). Figure 4.4
shows an example of a threshold distribution. The s-curves and threshold distribu-
tions can be obtained in Ph2-ACF by performing a "scurve" scan. The position of
the mean of the threshold distribution can be controlled by the integer parameter
VTH_LIN. The width of the threshold distribution can be controlled by trimming
the pixels. Each pixel can record a value between 0 and 15, stored as a 4-bit number,
called TDAC. The chip can be trimmed by performing a "treshold equalization" scan
which implements a binary search for the best TDAC value for each pixel.
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FIGURE 4.4: Threshold distribution of all pixels on the Linear Front
End for a tuned detector. The x-axis shows the threshold value in
AV, the y-axis the number of pixels.
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4.3.3 Gain

For an unknown charge generated by a particle traversing the sensor, the only in-
formation available is the signal strenght after the charge-sensitive amplifier. As
explained in section 3.4.1, this signal is compared to a threshold signal by the dis-
criminator and converted into time over threshold (ToT) information (see Figure 4.5).

preamplifier output

Vthreshold_LIN

comparator output
——

time

FIGURE 4.5: The signal from the preamplifier is compared to a thresh-

old signal in the discriminator. The output signal of the discriminator

is converted into time over threshold information. Figure reproduced
from [33].

The ToT information is digitized and stored in four bits as values between 0 and 14
(not all bit values are used for storing ToT). To find the number of induced charges in
a pixel a calibration of the ToT values is needed. This calibration can be performed
by doing a "gain" scan in Ph2-ACF. This scan repeatedly injects charges over a large
range into the pixels and records the mean ToT value for each injected charge value
and each pixel individually. An example of a "gain" scan is shown in Figure 4.6.
From the results of this scan a conversion between ToT values and charge in AV,
can be computed. The details of this procedure will be discussed in section 4.3.4.
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FIGURE 4.6: Result of an example "gain" scan. The histogram bins the
measured mean ToT value for a given charge AV, for each pixel.
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FIGURE 4.7: Threshold distribution for the chip trimmed to a low
threshold used for the ToT calibration and measurments. The mean
threshold is y = 99 AV, and the standard deviation o = 6.7 AV,;.

4.3.4 Charge calibration

For the charge calibration, the chip was tuned to a low threshold and the same tuning
will be used for any measurement. The threshold distribution is shown in Figure 4.7.
The mean threshold is y = 99 AV, and the standard deviation o = 6.7 AV,;.

The results of the gain scan for three example pixels is shown in Figure 4.8. The be-
haviour is not linear over the whole ToT range for a single pixel. For small ToT val-
ues, the slope is larger than for higher ToT values. For high ToT values the behaviour
can be approximated as linear. The AV, range for a given ToT value is broad, jus-
tifying the need for per pixel calibration. The green points reach the maximum ToT
value of 14 at ~ 1000 AV(,;, while the light blue points reach it at ~ 1500 AV, and
the dark blue ones at =~ 2300 AV,;.

The goal of the ToT calibration is to find a AV,,; value for each ToT value for each
pixel. For ToT values between 0 and 13, the AV, value for ToT value i was calculated
as the mean of all AV, values with ToT between i and i 4+ 1. This is equivalent
to a linear fit for all points with ToT between i and i + 1 and then using the AV,
value from the fit corresponding to ToT value i 4 0.5. This method does not work
for the maximum value ToT value of 14 since no ToT values larger than 14 can be
measured. To get a AV, value for a ToT value of 14 a linear fit of the calculated
points corresponding to ToT values between 11 and 13 is extrapolated to the ToT
value 14. The calibration points for the three example pixels found with this method
are represented as stars in Figure 4.8. The distribution of the calibration points for
all pixels is shown in Figure 4.9.

During the analysis of the testbeam data, an issue with the gain scan was noticed,
which is most likely caused by the readout chip. The pixel by pixel differences in the
conversion from ToT to AV,,; are caused by slight performance differences (e.g. the
amplification or noise level) of the charge sensitive amplifiers in each pixel. Over
the whole pixel matrix, these differences should be randomly distributed, and thus
also the charge value in AV, for a given ToT value should be randomly distributed
and not depend on the position on the chip. Figure 4.10 shows the ratio of the mean
charge value in every column and the mean charge value across the whole chip for
each ToT value. For each ToT value, yellow areas indicate a larger reported charge
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FIGURE 4.8: Results of gain scan for three example pixels. The stars

represent the calculated calibration points used for the conversion

from ToT to AV,,;. The examples show that the ToT calibration needs

to be done per pixel, since the slopes are very different for the indi-
vidual pixels.
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FIGURE 4.9: Distribution of ToT calibration points for all pixels on the
linear front end.
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FIGURE 4.10: Ratio of mean charge per column and the mean charge
across the whole pixel matrix for each ToT value. Areas of larger
and smaller charge depending on the column number for a given ToT
value can be seen. Thesse areas also move to larger column numbers
with increasing ToT value, resulting in a wave-like pattern.

for the ToT value, dark areas indicate a smaller ToT value. A clear dependence of
the charge on the column number can be seen, with variations of up to ~ 10 %.
The spatial dependence also seems to change with increasing ToT value. The areas
with larger/smaller charge move to higher column numbers with increasing ToT
value, resulting in a wave like pattern across the pixel matrix. This behaviour was
seen on at least two modules with a RD53A readout chip but sensors from different
manufacturers. Therefore this behaviour is most likely caused by the readout chip,
e.g. by inconistent powering of the different columns. Further investigations are
necessary on the cause of this problem and whether it persists in the successing
RD53B/CROC readout chips.

4.4 Passive CMOS sensors

University of Bonn, ETH Ziirich and University of Ziirich have developed pas-
sive CMOS n-in-p pixel sensors in 150 nm technology, which are considered for the
Phase-II Upgrade of the CMS pixel detector. The sensors are produced using lithog-
raphy stitching, which allows for a more flexible production and larger sensor sizes
than normal lithography production. Without stitching, the maximum sensor size
is constrained by the maximum reticle size and the field of view of the lithographic
equipment. In stitching processes, multiple reticles with individual function blocks
are used instead of one reticle for the whole sensor. The sensor is then gradually
built by building the function blocks step by step, realigning the wafer and reticle
after each function block. A schematic of such a reticle containing functions blocks
for a center piece, top and bottom edges, left and right edges, corner edges and small
test structures is shown in Figure 4.11. Figure 4.12 shows how a sensor is built from
the individual function blocks. The edges where two function blocks come together
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FIGURE 4.11: Schematic of a reticle used for stitching. The reticle

contains function blocks for corners (top left), top and bottom edges

(top right), left and right edges (middle left), center pieces (bottom
left), and test structures (middle and bottom right).

are called stitching lines. The function blocks are designed with an overlap of the
order of a few 100 nm which ensures that the correct structures are built and no gaps
are created. A microscope image of the edge of one of the passive CMOS sensors
with a pixel size of 100 pm x 25 pm is shown in Figure 4.13 (the first two rows have
50 pm x 50 pm pixels as the function blocks for the edges of a 50 um x 50 pm pixel
sensor were reused). Two stitching lines can be seen as darker lines. One vertically
in the middle, one horizontally between the second and third row of pixels. All
stitching lines go between two pixels through the p-stop. The stitching line is vis-
ible in the areas where no structures are placed, as these areas are covered with so
called metal fill (small metal rectangles) for production purposes only. Close to the
stitching line, no metal fills are placed, which makes the stitching lines visible. In
areas with structures, the stitching line is invisible due to the 200 nm overlap of the
function blocks.
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FIGURE 4.12: Schematic of the production of a full sensor from indi-
vidual function blocks in a stitching process.
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FIGURE 4.13: Microscope image of the edge of a passive CMOS sen-

sor. Two stitching lines are visible (vertically in the middle and hor-

izontally between the second and third row of pixels. The stitching

lines is visible since no metal fills are placed there in region where no

structures were built. In regions with structures the stitching line is
invisible.
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Chapter 5

Data acquisition

5.1 Testbeam setup

A testbeam is a beam of minimum ionizing particles from an accelerator which is
used to illuminate a device under test (DUT). Testbeams are used to simulate the
working environment of a detector and test it in a realistic scenario. For pixel detec-
tors a beam telescope is used to measure quantities such as the detection efficiency
or the spatial resolution of the device. A beam telescope itself consists of several
plains of high granularity tracking detectors. By reconstructing the primary tracks
of the testbeam on the telescope planes, one can infer the position of the track on the
DUT.

For the data acquisition, a high resolution EUDET/AIDA pixel beam telescope [34]
with five Mimosa26 pixel detectors and one FE-14 acting as time reference plane have
been used at the H6 beamline at SPS at CERN. The H6 beamline provides a beam
of pions with an energy of 120GeV. The DUT was placed in a box of 6 cm thick
polystyrene for cooling and could be turned around the vertical axis to simulate
different angles of incidence. A picture of the telescope setup is shown in Figure 5.1
and a sketch indicating the z-positions (along the beam) of each plane is shown in
Figure 5.2.

4 - G N B Y 4

(A) Full view of the telescope setup. The DUT is (B) DUT inside the cooling box. The DUT can

inside the pink cooling box in the middle. The be placed in two different orientations and can be

telescope planes are positioned to the left and turned around the vertical axis to simulate differ-
right of the box. ent incidence angles.

FIGURE 5.1: Beam telescope setup at the H6 beamline at CERN. The
beam is incident from the left in both picture.
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FIGURE 5.2: The z-positions of telescope planes, the DUT and the
wall of the cooling box. All values are given in mm.

The Mimosa26 detector is a monolithic active pixel sensor (MAPS) and consists of
576 x 1152 pixels of size 18.4um x 18.4 pm covering a total active area of 224 mm?.
The Mimosa26 has an integration time of 115.2 ps, which is several orders of mag-
nitude longer than the 25ns integration time of the RD53A chip. This would lead
to ambigous matching of telescope tracks to hits in the DUT. For this reason a AT-
LAS hybrid pixel assembly based on the FE-I4 chip is used as a timing plane. The
FE-I4 chip also has an integration time of 25ns and consists of 80 x 336 pixels of size
250 pm x 50 pm. A hit on the FE-I4 plane serves as a trigger, which is sent to a cus-
tom Trigger Logic Unit (TLU). The TLU then sends the trigger to the Mimosa26 tele-
scope planes and the DUT and requests data collection. The data of all planes was
acquired by the Data Acquisition software EUDAQ [35]. The central part of EUDAQ
is the Data Collector, which receives the data from the Producers which communi-
cate with the different pieces of hardware and generate the data (e.g. Phase2-ACF
for the RD53A chip). The Data Collector then merges the data from all detectors and
writes it to a single file.

The data was taken during a testbeam from the 27th October, 2021 to the 10t Novem-

ber, 2021. An unirradiated passive CMOS sensor (12D6513) flipchipped to the RD53A
readout chip was used as DUT. The sensor has a pixel size of 100 pm x 25 um and

a thickness of 150 um. It was biased with a bias voltage of —60V for full depletion

and data was taken at incience angles between 0° and 12° along the short pixel pitch.

For the analysis of the stitching region, 7.5 x 10° events have been analysed for two

angles (0 degree and 12°). For the analysis of the 77-correction, 10° events have been

analysed for each angle between 0° and 12°.

5.2 Track reconstruction and track selection

The data was reconstructed using the Corryvreckan track reconstruction and anal-
ysis software [36]. For the reconstruction of the test beam data, all of the detector
planes have to be aligned in the software. Then the tracks can be reconstructed from
the telescope planes and hits on the DUT can be associated with individual tracks.
This is done in several steps, which will be described below.
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FIGURE 5.3: Example of a 1D correlation histogram. The position of
the maximum value defines the translational shift of the plane in the
prealignment step.

5.2.1 Prealignment

First, all planes are roughly translationally aligned along the X and Y axes with re-
spect to a reference telescope plane, which was chosen to be the first plane facing
the beam. The prealignment uses correlations, which are the differences in global
X- and Y-direction between the detected hits on each plane and the refernce plane.
The maximum of the 1D correlation histogram is used to determine the translational
shift in the X- and Y-direction with respect to the reference plane. Figure 5.3 shows
an example plot of a 1D correlation histogram.

5.2.2 Telescope alignment

Next, the five Mimosa26 telescope planes were aligned using a subset of 50000
tracks. The tracks are modeled as straight lines with a detected hit cluster on each of
the five planes. The cluster associated to a track on each plane has to be within a set
spatial distance from the impact point of the track on the plane.

After the track reconstruction the telescope planes are translationally and rotation-
ally aligned along the axis perpendicular to the beam direction by minimizing the
X2 of all tracks. The minimization of the x? is repeated three times, each time with
refitted tracks according to the new detector positions. The whole alignment proce-
dure is repeated twice with different spatial cuts for the track building. First with a
spatial cut of 300 pym and then 50 pm in the second iteration.

After the alignment the residual distribution of the telescope planes can be checked.
Figure 5.4 shows a comparison of the residual distribution on a telescope plane be-
fore and after the alignment. Both distributions are fit to a Gaussian model. After the
alignment the residual distribution is well-centered and the width (the resolution on
that plane) is improved by approximately 10 %.
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(A) Before the alignment. (B) After the alignment.

FIGURE 5.4: Histograms of the residuals on a telescope plane before
and after the alignment. After the alignment, the residuals are well-
centered and the width is reduced.

5.2.3 DUT and FE-I4 alignment

The DUT and time reference plane (FE-I4) are aligned independently in a next step
using a subset of 20000 events. The track building is again solely done on the five
telescope planes with a spatial cut of 50 pm. This results in approximately 300 000
tracks which are available for the alignment. After the track building on the tele-
scope planes, clusters on the DUT and FE-14 are matched to the tracks using a rel-
ative spatial cut for the cluster association. The relative cuts define an ellipse with
multiples of the pixel pitch in X and Y as the semiaxes around the track. If the cluster
center is within this ellipse, the cluster will be associated to the track.

Afterwards the DUT and FE-I4 are aligned by minimising the track x? to obtain the
translational and rotational shifts. The minimisation is repeated three times, each
time with the newly calculated x2. This alignment procedure is again repeated twice,
each time with different relative spatial cuts. The first time a relative cut of 10 pixel
pitches is applied, the second time a relative cut of 6 pixel pitches is used.

5.2.4 Track selection and analysis

For the reconstruction of the data after the alignment, tighter cuts were applied to the
clusters and tracks in order to minimise the influence of noise hits and close tracks
on the FE-I4 time reference plane. Only clusters within three bunch crossings of the
latency of the FE-I4 were accepted as particle hits on the FE-I4. Figure 5.5 shows a
histogram of the bunch crossings on the FE-I4. Only clusters with a bunch crossing
value between 0 and 2 were accepted in this case. Hits with a bunch crossing value
larger than 2 are most likely due to noise hits in the FE-I4 or due to multiple tracks.
These noise hits are not due to a particle passing through the detector and would
contribute to fake tracks in the reconstruction, which will influence the efficiency
measurement of the DUT.

The track reconstruction was again made on the five Mimosa26 planes with a tighter
spatial cut of 25 pm. Additionally the tracks were required to be isolated on the time
reference plane. To check the isolation a circle with 600 um radius was placed around
a track on the FE-I4. If a second track in the same event was found within this circle,
both tracks were rejected.

For the association of hits on the time reference plane to the telescope tracks a tight
spatial cut of 135 pm along the x-axis and 35 pm along the y-axis was applied to get
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FIGURE 5.5: Histogram of bunch crossing number on the FE-14

time refernce plane. For the reconstruction of the tracks, only hits

within three bunch crossing of the latency were selected (here be-
tween 0 and 2).

only very clean tracks on the FE-I4. For the association of hits on the DUT a cut of
150 um was applied in both directions.

Finally only tracks with an associated cluster on the time reference plane were anal-
ysed using the "AnalysisDUT" module. The requirement of an associated cluster on
the time reference plane ensures that the reconstructed track occured at the same
time as the readout of the DUT. Without the time reference plane, this would not
be ensured due to the long integration time (115.2 ps) of the Mimosa26 planes. The
global and local track positions on the DUT, hit information, global and local cluster
positions, cluster sizes, cluster charges, pixel positions and pixel charges are saved
for each analysed track for the further analyses presented in chapter 6 and chapter 7.
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Chapter 6

Impact of stitching on sensor
performance

The impact of stitching was investigated using testbeam data with a 120 GeV pion
beam of an unirradiated passive CMOS sensor connected to a RD53A readout chip.
The sensor had a pixel size of 100 pm x 25 pm and a thickness of 150 pm and was
biased with —60V to full depletion. The effects of stitching are expected to be largest
in unirradiated sensors due to the lower bias voltage and thus lower electric fields
inside the sensor than compared to irradited sensors.

One stitching line of the passive CMOS sensors is located between the columns 99
and 100. To investigate the impact of the stitching process on the performance of
the detectors, the mean cluster size, charge collection, charge diffusion and detec-
tion efficiency of these two columns were compared to columns of pixels without a
stitching line between them. The analysis was made for runs with orthogonal (0°)
beam incidence and 12° beam incidence along the short pixel pitch. In total 7.5 x 10°
each events were analysed for both angles.

Due to the spatial dependences of the ToT calibration, which were discussed in sec-
tion 4.3.4, only the columns 101 to 104 were used for the comparison. These columns
are close to the columns 99 and 100 and therefore the effect of the spatial dependence
of the ToT calibration can be neglected. The neighbouring columns smaller than 99
were not used, since the columns 96 and 97 generally show a larger charge (see Fig-
ure 4.10).

In total, the dataset for the stitched pixels contains approximately 40 000 tracks, the
dataset for the non-stitched pixels contains approximately 80 000 tracks.

The quantites are shown in in-pixel histogram plots. These plots show the given
quantity dependent on the impact position of the reconstructed track within the
pixel. All plots show two pixels next to each other. For the stitched pixels (columns
99 and 100) the stitching line is located at x = 0. For the stitched and non-stitched
pixels, the left half of the histogram corresponds to odd column numbers (99, 101
and 103) the right half corresponds to even column numbers (100, 102 and 104).

6.1 Cluster size

The 2D histogram maps of the mean cluster size for orthogonal incidence are shown
in Figure 6.1. A 1D histogram along the x-axis is shown in Figure 6.2. The errorbars
in this histogram show the standard deviation of the mean cluster size. The cluster
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size distributions in Figure 6.1 also show the expected shape for a beam with orthog-
onal incidence. In the center of the pixels, mostly clusters of size one are detected,
since the particle traverses only the single pixel and the spread of the charge cloud
is not large enough for charge sharing with other pixels. Closer to the edges mostly
two-pixel clusters are detected as charge sharing between neigbouring pixels is ef-
fective close to the edge. In the corners, also clusters with sizes three and larger are
detected more often due to charge sharing with three and more pixels.

From both the 1D and 2D histograms, no difference can be seen between the stitched
pixels and the non-stitched pixels. Especially for the bins close to the edge of the
single pixels towards the stitching line at x = 0 no difference between the two sets
can be observed.

Also for the measurements with an angle of 12°, shown in Figure 6.3 and Figure 6.4,
no difference can be observed for the cluster size between the stitched and non-
stitched columns. The distributions in Figure 6.3 follow the expected pattern for an
incidence of 12°. In every position the mean cluster size is measured to be at least two
as is predicted by the geometry of the pixels (for angles larger than arctan(%) ~
9.5° the particle will always pass through at least two pixels, see also Figure 6.5).
Close to the short edges (x = 0 and x = 100 um) charge sharing increases the clus-
ter size to three, similarly as for the orthogonal measurements. For track positions
y = 0and y = —5pm a small increase in the cluster size is detected. This can be
explained by the alignment. The alignment procedure described in section 5.2 uses
the charge weighted mean position of the clusters for the alignment. Assuming a
constant rate of ionization, this corresponds to the position the particle passes the
middle of the sensor. As can be seen from Figure 6.5, a track passing through the
middle at y = 0 will pass through three pixels, which increases the mean cluster
size. A track passing at a slightly smaller y-position (more to the right in the Fig-
ure 6.5) deposits more charge close to the n-implant of the right pixel and only a
small charge in the left pixel. Due to diffusion in the unirradiated sensor, part of the
charge is able to move from the pixel in the middle into the pixel on the left, while
drifting towards the implants. This diffusion charge is in some cases able to create a
signal in the pixel on the left, increasing the cluster size. For a track with a slightly
larger y-position (more to the left), only a small charge is created in the right pixel
and the path to the implants is not long enough for a signal from diffused charges.
Thus only the pixel in the middle and on the left will collect a charge and see a hit
and the cluster size will stay only at 2. This will also result in an offset in the residual
distribution as the charge created in the right pixel is lost.

6.2 Charge collection

The results for the collected charge for an incidence angle of 0° are shown in Fig-
ure 6.6 and Figure 6.7. The charge distribution in each bin was fitted with a convo-
lution of a Landau distribution and Gaussian kernel and the most probable value
(mpv) of the Landau contribution was determined and is shown. The data does
not follow a pure Landau distribution (see section 3.1), since detector resolution and
noise effects from the readout electronics give rise to a Gaussian broadening of the
charge distribution, which is accounted for by the Gaussian Kernel in the fit. An
example of a charge distribution for the bin located at x = —37.5um in Figure 6.7 is
shown in Figure 6.8. The errors bars shown in Figure 6.7 are the uncertainties of the
mpv obtained from the fit to the distribution. The expected mpv charge produced
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FIGURE 6.1: Mean cluster size 2D histograms for 0° incidence for
stitched (A) and non-stitched (B) pixels. The distribution follows the
expected shape. No difference can be observed between the stitched
and non-stitched pixels.
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FIGURE 6.2: Mean cluster size histogram for 0° incidence for stitched

and non-stitched pixels. The error bars represent the standard de-

viation of the mean cluster size in each bin. No difference can be
observed between the stitched and non-stitched pixels.



FIGURE 6.4: Mean cluster size histogram for 12° incidence for stitched

and non-stitched pixels. The error bars represent the standard devi-

ation of the mean cluster size in each bin. No difference can be ob-
served between the stitched and non-stitched pixels.
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FIGURE 6.3: Mean cluster size 2D histograms for 12° incidence for
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FIGURE 6.5: Cross section of the sensor. The particles (red lines) pass

through the sensor from above. The created charges are collected at

the n-implants at the top. The indicated y-direction corresponds to
the y-direction in Figure 6.3.
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FIGURE 6.6: Most probable value of the collected charge for 0° inci-
dence for stitched (A) and non-stitched (B) pixels. No difference can
be observed between the stitched and non-stitched pixels.

by minimum ionizing particles in silicon is 75e~ /pum (see section 3.1). For a sensor
with thickness 150 um, this corresponds to a charge of 11250 e~. The measured col-
lected charge of 1250 AV,; in Figure 6.6 and Figure 6.7 is in within the range of the
expected signal, depending on the charge calibration of the individual readout chip.
No difference between the stitched and non-stitched pixels can be seen from the 1D
and 2D histograms.

The results for the 12° incidence are shown in Figure 6.9 and Figure 6.10. The data
was obtained in the same way, by fitting a convolution of a Landau distribution with
a Gaussian kernel to the charge distribution in each bin and extracting the mpv of
the Landau. The expected charge for 12° incidence is 11500 e~ which is a bit larger
due to the longer path of the particles. The observed mpv charge is approximately
1300 AV¢,;, which is about 25 AV, above the expectation. The reason for this is
probalbly that mostly two hit clusters are recorded for this angle. As the ToT values
have a maximum of 14, the largest possible charge per pixel is limited. For two
pixel clusters large charges have a higher chance of being fully measured, which
might populate the tail of the charge distribution more and shift the MPV upwards.
Nonetheless, to check this, a charge calibration of the module would be needed to
convert the charges from AV, to electrons and compare them to the expected signal.
From both Figure 6.9 and Figure 6.10 no difference between the stitched and non-
stitched pixels can be seen.

6.3 Charge diffusion

As the stitching line is located between two adjacent pixel columns it is interesting
to compare the charge diffusion across the stitching line to the diffusion in the non-
stitched regions. This gives a direct test of any effects of the stitching on the charge
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FIGURE 6.7: Most probable value of the collected charge for 0° inci-

dence for stitched and non-stitched pixels. The error bars represent

the uncertainty on the mpv charge from the fit. No difference be-

tween the stitched and non-stitched pixels can be observed with in
the statistical limits.
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FIGURE 6.8: Charge distribution histogram for the bin located at

x = —37.5um in Figure 6.7 for orthogonal incidence. The distribution

was fit with a convolution of a Landau distribution and a Gaussian
kernel.
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FIGURE 6.10: Mean charge collection 2D histograms for 12° incidence

for stitched and non-stitched pixels. The error bars represent the un-

certainty on the mpv charge from the fit. No difference between the

stitched and non-stitched pixels can be observed with in the statistical
limits.
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collection of the pixels. The results for the measurement of the diffusion of charges
across the stitching line are shown in Figure 6.11 for orthogonal incidence. For these
histograms, only clusters of size two with a track position with |x| < 10 pm were
selected. The seed pixel is defined as the pixel which was hit by the reconstructed
track. Figure 6.11a shows the charge distribution in the seed pixels, Figure 6.11b
shows the charge distribution in the second pixel across the edge. The error bars
present the Poissonian statistical errors in each bin. Again, no difference within the
statistical errors between the stitched and non-stitched pixels can be observed.

6.4 Efficiency

The detection efficiency of the pixels can be measured using the reconstructed tracks
from the telescope. The efficiency is simply given by the number of tracks with an
associated cluster on the DUT divided by the total number of tracks on the DUT.
The 2D and 1D histograms for the detection efficiency measurement are shown in
Figure 6.12 and Figure 6.13 for 0° incidence and Figure 6.14 and Figure 6.15 for 12°
incidence. The error bars in the 1D histograms show the Clopper-Pearson confidence
intervals [37] for the efficiency in each bin. No difference between stitched and non-
stitched pixels can be observed within the statistical limits. The 2D histograms show
more bins with an efficiency of 1 for the stitched pixels than for the non-sitched ones.
This is purely due to the difference in the number of available tracks for each type.
Twice as many tracks were analysed for the non-stitched pixels than for the stitched
pixels, which results in twice as many bins that loose a single track when assuming
equal efficiency.

Both stitched and non-stitched pixels reach for all bins an efficiency well above
the requirement of 99 % set for the Phase-II Upgrade of the pixel detector (see sec-
tion 2.2.3 or Table 4.1).

6.5 Summary

The impact of stitching on sensor perfomance of unirradiated passive CMOS sen-
sors was tested for important sensor parameters. Two pixel columns adjacent to the
stitching line were compared to four columns without stitching for two incident an-
gles of 0° and 12°. The 1D and 2D distributions of cluster size (section 6.1), collected
charge (section 6.2), charge diffusion (section 6.3) and efficiency (section 6.4) follow
the expected behaviour for both stitched and non-stitched pixels and for both inci-
dent angles. No difference between the stitched and non-stitched pixels could be
measured for the tested quantites. Additionally, the efficiency requirement of 99 %
for the Phase-II Upgrade of the CMS pixel detector is met by both the stitched and
non-stitched pixels.
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FIGURE 6.11: Charge distributions in seed pixel and secondary pixel

for two hit clusters with track position |x| < 10 pm and orthogonal

incidence. The error bars represent the statistical Poissonian errors of

each bin. No difference between the stitched and non-stitched pixels
can be observed within the statistical uncertainties.
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FIGURE 6.14: Measured efficiencies for 12° incidence for stitched (A)
and non-stitched (B) pixels. No difference can be observed between
the stitched and non-stitched pixels.
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Chapter 7

Impact of the 77-correction on the
resolution of the sensor

Non-linear charge division results in a worse spatial resolution for two pixel clusters.
The -algorithm is a method for computing the cluster position which takes the non-
linearities into account [38]. This should in principle be able to improve the spatial
resolution for two pixel clusters. The impact of this correction has been studied for
the resolution along the short pixel pitch of the passive CMOS sensors for angles
between 0° and 12° and is presented in this chapter. Additionally, two different
implementations of the #-correction were compared below.

7.1 Resolution

The resolution of the sensor can be measured by comparing the position of clus-
ters on the sensor with the position of the associated, reconstructed track from the
telescope. This is done for both the x- and y-directions independently. The usual
way to compute the cluster position on the DUT is to use the charge weighted mean
position:
Xeluster = Li XiQi/
Li Qi

where x; are the positions and Q; the collected charges of each pixel in the cluster.
For each track, the difference between the cluster position on the sensor and the track
position on the DUT is computed, which gives the residuals Ax:

(7.1)

Ax = Xcluster — Xtrack- (72)

The standard deviation of the residual distribution contains the resolution of the
sensor and the track resolution of the telescope:

2
0
2 2 telescope
UAx—UDUT+( cos0 ) , (7.3)

with 0 being the incidence angle of the beam. This means that the sensor resolution

can be computed as:
2
Utelescope
- ()

Using a simulation for the track resolution of pixel beam telescopes [39] for the tele-
scope setup depicted in Figure 5.2, the telescope resolution at the position of the
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FIGURE 7.1: Definitions of regions A and B. The red line represents

the boundary between two pixels. In region B charge division is ef-

fective. In region A only one pixel clusters will be registered. Figure
adapted from [38].

DUT is found to be:
Utelescope =34 nm. (75)

7.2 The y-algorithm

For clusters with only one pixel Equation 7.1 implies that the cluster position always
equals the center of the single pixel, which limits the resolution for one pixel clusters
to effectively yL\/%’ For clusters with larger cluster sizes, charge division allows for
a better spatial resolution. The amount of charge division is quantified by the 7-

variable:
QL

T oo
where Q; and Qg are the charges collected by the left most and right most pixels of
the cluster respectively. A value of 7 = 0 or 7 = 1 corresponds to one pixel clusters,
any value between corresponds to two and more pixel clusters.

(7.6)

Charge division is non-linear in the pixels. The region where charge division is ef-
fective depends on the incidence angle of the particle and the diffusion of charges in
the sensor [38]. For orthogonal incidence and a sensor thickness of 150 um the size
of the diffusion cloud is about 5 um [40] (as can also be seen from Figure 6.1). This
means that two pixel clusters will be concentrated in the regions close to the edges
of the pixels. This corresponds to region B in Figure 7.1, whereas in region A only
values of 7 = 0 and 7 = 1 will be registered.

The 5-distribution for the measured passive CMOS sensor along the short pixel pitch
of 25 um is shown in Figure 7.2. The two large peaks at 7 = 0 and 77 = 1 correspond
to the one pixel clusters. The region 0 < # < 1 is filled by the clusters of size two
and larger.

7.2.1 n-correction from the 7-distribution

Computing the cluster position of two pixel clusters using Equation 7.1 will result in
positions distributed across the whole cluster, which worsens the resolution. Since
the hits are uniformly distributed across the sensor, the cluster position of two pixel
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FIGURE 7.2: Measured #-distribution for orthogonal incidence.

Charge division is only effective for track close to the pixel edeges.

The two peaks at 7 = 0 and 7 = 1 correspond to the one pixel clus-
ters generated in the center of the pixel.

clusters can be calculated with respect to the center of the left pixel using the integral
of the r-distribution [38]:

f’? de’7
vy = fol i, = A0, (7.7)

0d17

where 4 d11 is the differential #-distribution shown in Figure 7.2, and P is the pixel

pitch. The function f(7) was computed by integrating the histogram of the -distribution
for each incidence angle between 0° and 12°.

Figure 7.3 shows a comparison between the shape of the impact position recon-
structed from the telescope tracks and the function f (1) for two pixel clusters. Both
follow the same shape, confirming that Equation 7.7 correctly reconstructs the clus-
ter position of two pixel clusters.

This procedure does not require any track information and can be done without a
beam telescope. The results of the 77-correction are shown in section 7.3.

7.2.2 n-correction from telescope tracks

Another possiblity to implement the #-correction is using the cluster positions and
reconstructed track positions from a testbeam telescope. As the 7-correction only
depends on the intrinsic properties of the sensor, the #-correction can then be reused
for measurements without a telescope, as long as the properties do not change, for
example due to radiation damage.

For all clusters with cluster size two, the mean telescope track position was com-
puted as a function of the cluster position found with Equation 7.1. A plot of the
mean telescope track positons is shown in Figure 7.4 for normal incidence. Then a
polynomial function was fitted to the data points. The degree n of the polynomial
fit is determined by using a F-test. After an initial fit with n = 1, the data is refitted
with n15et = 1+ 1 and the x? is computed for both fits. Then the F-value can be
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same shape, confirming that the #-alogrithm correctly reconstructs
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(Equation 7.1) showing that this method is not able to correctly recon-
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FIGURE 7.4: Mean track position as a function of the cluster position

computed with Equation 7.1 for orthogonal incidence. The data was

fit with a third order polynomial (orange line), which gives the #-
correction.

computed as:

2 2
X" Xest
Ntest—N

2 s
Xtest
Ntot —Ntest

where 1,4 is the total number of degrees of freedom in the fit. If #14.5; does not provide
a significantly better fit, F will follow an F-distribution with numbers of degrees of
freedom s — 1 and ng — ngest. For each step, the p-value for the measured value
of F is calculated. If p < 0.05, the fit with degree . is accepted and the procedure
is repeated with a new n = ng. If p > 0.05, both fits describe the data similarly
well and the fit with n degrees is accepeted. The resultant third order polynomial fit
for orthogonal incidence is shown in Figure 7.4.

F= (7.8)

The fit gives a function g(¥/¢j,ster) Which gives the mean reconstructed track position,
as a function of the cluster position computed with Equation 7.1. The #-correction
is applied by directly computing the corrected position from this function for each
cluster:

Yy = g(ycluster)' (7.9)

This procedure is repeated for incidence angles between 0° and 12°. The results of
this correction are shown in the next section.

7.3 Results

The residual distributions for two pixel clusters along the short pixel pitch (with and
without #-corrections) for orthogonal incidence are shown in Figure 7.5. All three
distributions were fitted with a Student’s t-distribution. A significant improvement
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FIGURE 7.5: Residual distributions for two pixel clusters along the

short pixel pitch for orthogonal incidence. All three distributions

were fitted with a Student’s t-distribution. The #-correction reduces

the resolution significantly. Both procedures for the #-correction
show equivalent results.

of the resolution can be seen for the 5-corrected distributions. Without any cor-
rection a DUT resolution of 3.8 um is achieved for two pixel clusters. With the #-
corrections applied, the resolution decreases to 1.9 pm for both procedures (tracks
and distribution). The mean residuals as a function 7 are shown in Figure 7.6 for
orthogonal incidence. Without any correction, the residuals are negatively biased
for n < 0.5 and positively biased for 7 > 0.5 due to the non-linear charge division
inside the pixels. With the #-correction, the residuals become unbiased with respect
to 17. Both procedures for the 77-correction show the same results and can therefore
be assumed as equivalent.

The DUT resolution for two pixel clusters along the short pixel pitch for angles be-
tween 0° and 12° is shown in Figure 7.7. The two different procedures for the -
correction again show equivalent results. The #-correction significantly improves
the DUT resolution by about a factor of two for small angles. At about 4° a mini-
mal resolution for two pixel-clusters of 1.0 um is achieved. For larger angles the ef-
fect of the y-resolution decreases due to the inclination of the track generating more
two pixel clusters. This makes the charge division more linear for larger angles, di-
minishing the effects of the #-correction. At an angle of 9° the non-corrected and
n-corrected data give the same resolution. This is in accordance with the expectation
that for @ = arctan(25um/150 pm) ~ 9.5° all tracks will hit two pixels and charge
division will almost be fully linear.

As both the method using the integral of the distribution does not rely on a testbeam
measurement with a beam telescope and both methods deliver similar results, the
usage of the distribution seems more beneficial over the usage of the tracks. In this
way, the 57-correction can be continuously adapted with new data, even during the
measurement in the final experiments. In this way, the correction can be adapted to



Chapter 7. Impact of the nj-correction on the resolution of the sensor 55

—4— no correction
10 1 eta correction with tracks
—4— eta correction with distribution

mean (YCIuster - yrrack)/l—lm
o

_10 4

0.0 0.2 0.4 0.6 0.8 1.0
n

FIGURE 7.6: Mean residuals as a function of #. The uncorrected resid-

uals are negtively biased for < 0.5 and positively biased for 7 > 0.5

due to the non-linear charge division in the pixels. The #-correction

removes this dependence of the residuals on 7. Both procedures for
the #-correction show equivalent results.

changing sensor properties for example due to radiation damage.

74 Summary

Simple charge weighting (Equation 7.1) does not lead to correct reconstruction of
the cluster position for two pixel clusters. This leads to a loss in spatial resolution on
the sensor. The main reason for this is non-linear charge division among the pixels.
The 7-correction uses the information on the non-linearity of the charge division
in order to give a better reconstruction of the cluster position of two pixel clusters
and thus a better spatial resolution. The 77-correction has been implemented using
two different methods and its impact was checked on data from a passive CMOS
sensor with pixel pitch 100 um x 25um for incidence angles between 0° and 12°.
One method integrates the 7-distribution to calculate the correction (section 7.2.1),
the second method uses the track information from a beam telescope (section 7.2.2).
Both methods show the same results and improve the two pixel cluster resolution
along the 25 pm pixel pitch by a factor of two for angles bewlow 4°. At this angle, a
minimal resolution of 1.0 pm is reached. For angles larger than 9°, no improvement
of the resolution is seen as expected for the given pixel dimensions, since all track
will hit two pixels and charge division will be almost fully linear.
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as the charge divison is almost fully linear for this angle.
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Chapter 8

Conclusion

In this master thesis the impact of stitching on the performance of an unirradiated
passive CMOS pixel sensors for the Phase-II upgrade of the CMS detector and the
effects of the #-correction on the resolution of two pixel clusters have been investi-
gated.

The two pixel columns adjacent to the stitching line were compared to columns with-
out a stitching line between them. Due to a problem of the charge calibration of the
readout chip, only columns close to the columns with stitching were used for the
comparison. The stitched and non-stitched columns were compared in the measured
cluster size, charge collection, charge diffusion and detection efficiency for two dif-
ferent beam incidence angles of 0° and 12° along the short pixel pitch. The stitched
columns were checked for differences compared to the non-stitched columns and
for the requirements set for the Phase-II upgrade of the CMS pixel detector. No dif-
ferences between the stitched and non-stitched pixels were found for the measured
quantites. All quantities showed the expected in-pixel distributions for both incident
angles. Both stitched and non-stitched pixels reach the required detection efficiency
of 99 %. The results show that the usage of stitching in the production of passive
CMOS sensors does not influence the perfomance of these sensors. The usage of
stitching and CMOS processes allows for the production of larger area sensors at
lower costs and with more design possibilities, rendering them as beneficial in high
energy physics, especially for future small-pixel designs.

Two different procedures of implementing the #-correction have been presented.
One uses the integral of the y-distribution, the second uses the track information
from the telescope from the testbeam measurement. Both procedures show the same
results. The two pixel cluster resolution along the short pixel pitch is significantly
improved by a factor of about two for angles below 4°, reaching a minimal resolution
of 1.0 um. No improvement on the resolution is seen anymore for an angle of 9°, as
expected for the dimensions of the pixels. The usage of the integrated #-distribution
seems more beneficial as it can be used and adapted independently from a beam
telescope.
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Appendix A

CMS coordinate system

7 = —00

\ center of

the LHC

TN ATLAS

FIGURE A.1: Sketch of the coordinate system adopted by the CMS
experiment. Figure reproduced from [41].

The coordinate system adopted by CMS is a right-handed coordinate system with
the origin centered at the nominal collision point inside the experiment. A sketch of
the coordinate system is shown in Figure A.1 The x-axis is pointing radially inward
towards the the center of the LHC, the y-axis is pointing vertically upward and the
z-axis points along the beam direction. The cooridnate 7 is the radial coordinate in
the x—y plane and the azimuthal angle ¢ is the angle in this plane measured from
the x-axis. The polar angle 0 is measured from the z-axis. Often the pseudorapidity
7 = —Intan(6/2) is given instead of 6.
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