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Foreword

I have started my career in experimental particle physics in November 2002, 2 days af-
ter having passed my last exam as undergraduate student. I joined the BABAR group of
the “Universita degli Studi di Trieste” to work on the semileptonic decay B® — D**¢~v /-
That analysis was part of my “tesi di laurea” (master degree thesis); I studied the effects
of hadronic form factor uncertainties on the decay branching ratio and the module of
the Cabibbo Kobayashi Maskawa element V,;,. Everything was new and exciting for me;
I remember with particular pleasure participating in collaboration meetings at SLAC, lis-
tening to interesting discussions about Monte Carlo, muon efficiencies (quite problem-
atic...), soft pions, shape variables, trees and penguins... and then staying up late at night
to understand the results of data fits with PAW and Minuit.

The work was done under the supervision of Prof. Livio Lanceri, who was Physics Anal-
ysis Coordinator of the BABAR collaboration at that time; I defended my “tesi di laurea” in
November 2003, one week before the exam for the admission to the graduate program in
physics. I got admitted and decided to keep working with the Trieste BABAR group.

During the first year of the PhD, 2004, I have worked on the completion of the analysis
which was then published [1]; at that time it was the most precise determination of the
most abundant neutral B meson decay - quite a nice start! Since the uncertainties due
to the decay form factors were among the largest it was decided to determine at the same
time the form factors and the branching ratio of the B — D**¢~v ¢» together with [Vp| [2].
That work was carried together with the BABAR Trieste colleagues Dott. Fabio Cossutti and
Dott. Giuseppe Della Ricca.

During the second year of my PhD I had the opportunity to spend 5 months at SLAC,
as the on-call operation manager and data quality responsible of the BABAR silicon vertex
tracker (SVT). I was very intimidated by the task since the SVT was the BABAR subdetec-
tor: its five shiny layers of double sided silicon microstrip sensors were making possible
fundamental studies like CP violation in B — JayK?. It was a though period since the
data taking was restarting after a stop of one year and there was a lot of pressure to take
a lot of data. The PEP-II accelerator was breaking luminosity records one after the other
but at the cost of problematic data taking conditions (high background, doses and dead
time) for the SVT. Nonetheless I have enjoyed enormously that period; understanding the
detector behaviour, working in close contact with colleagues of all around the world and
discussing about possible improvements for the detector was the reason for keep work-
ing hard and doing my best despite the stressful situation. I remember in particular trying
to understand the increase of the modules leakage current of one the external layers [3]
made me interested about silicon detectors.

The topic of my PhD thesis was the measurement of CP violation in colour suppressed
b — ¢ decays. Working together with Dr. Chih-hsiang Cheng and Dr. Vitaly Eyges I had

the opportunity to publish the first analysis of the B® — D10 channel at the flavour
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factories [4].

I successfully defended my PhD thesis in April 2007, again under the supervision of Prof.
Livio Lanceri; from that moment on I have focused only on silicon tracking detector de-
velopment for high luminosity colliders, which is indeed the subject of this manuscript,
prepared to obtain the “Habilitation a Diriger des Recherches”.

At that time I had decided to change research topic because I was interested in working on
an experiment from the beginning, so to say. Part of the BABAR Trieste group was already
involved in an R&D effort about a low mass silicon tracking system, the SLIM5 project.
Together with Prof. Luciano Bosisio, Dott. Lorenzo Vitale, Dott. Irina Rashevskaya and
Dott. Gabriele Giacomini I worked on characterising novel thin silicon strip detectors.
Other than laboratory activity I have contributed to develop the reconstruction, analysis
and simulation software for the SLIM5 demonstrator 2008 beam test [5], together with
the colleagues from the Pisa group Dr. Nicola Neri and Dr. John Walsh. The experience
within the SLIM5 project was great since I had the opportunity to follow almost all the
project aspects concerning the strip detectors.

The SLIM5 project was also the opportunity to work with Dr. Giovanni Marchiori, whom
I joined in September 2010 here at the “Laboratoire de Physique Nucléaire et de Hautes
Energies” (LPNHE), to work on LHC radiation hard silicon pixel detectors for the High
Luminosity phase of the ATLAS detector at the CERN Large Hadron Collider (LHC). Un-
der the direction of my former BABAR colleague and BABAR SVT coordinator Dr. Giovanni
Calderini I started investigating silicon detectors and test structures in the LPNHE clean
room and working on TCAD (Technology Computer Aided Design) device simulations.
We were working on the development of n — on — p planar pixels within the ATLAS Up-
grade Planar Pixel Sensor (PPS) R&D Project and in 2011 I was asked to become the beam
test coordinator of the PPS collaboration. Over the years I had the opportunity to work
with many master and PhD students from European, American and Japanese research In-
stitutes, in CERN North Area experimental areas and at the DESY beam test facility. I was
the coauthor of the publication summarising the PPS group beam test results. Together
with Dr. Jens Weingarten of the II. Physikalischen Institut, Géttingen University, I have
coordinated the work of two PhD students and published the results in 2012 [6].

Many more students defended their master and PhD theses which were based on data
collected at beam tests coordinated by me.

At the LPNHE I have supervised 6 internships of undergraduate students since 2011; they
worked with me on different topics, like measuring silicon detectors in the LPNHE clean
room, performing TCAD simulation of edgeless pixel sensors' [7] for the High Luminos-
ity LHC (HL-LHC), improving the clean room equipment and characterising pixel sensors
prototypes. Other students from the LPNHE laboratory worked with me, either in clean
room or at beam tests, for internships and PhD.

Among those students Audrey Ducourthial decided to continue working with me, and
since October 2015 she is PhD student under my supervision in the LPNHE ATLAS group.
Her main research topic is the development of silicon pixel sensors for the future ATLAS
tracker, intended for the HL-LHC phase, and the analysis of the H Higgs boson decay to b
quarks H — bb channel.

She participated in many beam tests, measuring edgeless pixel prototypes developed in
collaboration with the FBK foundry, and later reconstructing and analysing the data; the

Isensor characterised by a very slim un-instrumented area at the detector periphery
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results have been recently published [8]. She also contributes to the modeling of radiation
damage to pixel detectors: since 2017 an ATLAS Pixel sub-working group has been formed
whose goal is to include in ATLAS Monte Carlo simulations the effects due to radiation
damage to the ATLAS Inner Detector. Together with Dr. Benjamin Nachman of Lawrence
Berkeley National Laboratory I coordinate this ATLAS working group which more than 10
master and PhD students, Audrey Ducourthial included, contribute to.

Radiation damage effects to pixel detectors could lead to a degradation of vertexing, track-
ing and jet flavour tagging performance. Together with Audrey Ducourthial I will work on
assessing the impact of this degradation, in particular in the channel H — bb.

Audrey Ducourthial also started working on the optimisation of the jet flavour tagging al-
gorithms for the HL-LHC ATLAS detector.

Memoir organisation

This memoir, prepared to obtain the “Habilitation a Diriger des Recherches”, is the sum-
mary of my research activities after the PhD graduation. After an introduction to the con-
text of my researches (Chapter 1) a discussion on silicon detectors will follow in Chapter 2.
The motivations and main results of the SLIM5 project will be presented in Chapter 3, with
a detailed discussion on strip detectors spatial resolution.

TCAD simulations are presented in Chapter 4, together with some case studies and ap-
plications. Chapter 5 summarises the LHC physics program, the ATLAS detector and in
particular its pixel detector; it serves as an introduction to the next Chapter (6) where the
modeling of radiation damage in detectors is presented, together with results for the cur-
rent ATLAS data taking.

The new ATLAS Inner Tracker, intended for the Phase-II of the experiment, will be pre-
sented in Chapter 7; radiation hard and edgeless pixel sensors will be discussed in detail.
Finally research perspectives (Chapter 8) and a general summary of my past, present and
planned activities will be given.

Whenever possible I have tried to include background material as an introduction to my
research topics. Original contributions are to be found in Chapter 3 (Sections 3.5-3.7),
Chapter 4 (Sections 4.1-4.4, 4.5.3, 4.6, 4.7), Chapter 6 and in Chapter 7 (Sections 7.4-7.6).
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Chapter 1

Context and Motivations

To motivate the quest for silicon sensors for experiments at high luminosity collider it
is necessary to present first the theoretical context for experimental particle physics. In
this Chapter a short reminder of the Standard Model of particle physics will be presented,
with a special focus on the Higgs mechanism for the quarks, which is responsible for the
mixing of quarks and the violation of the CP symmetry in that sector.

1.1 Introduction

The Standard Model (SM) of particle physics [9-13] is the theory describing three of the
four known fundamental forces in the universe (the electromagnetic, weak, and strong in-
teractions), as well as classifying all known elementary particles in leptons, quarks, gauge
and scalar bosons. In Figure 1.1 a schematic summary of the SM particles.

Standard Model of Elementary Particles

three generations of matter
(fermions)

s =.4MeV/c? =1.275 GeVjc? =172.44 GeV/c? 0 =125.09 GeV/c?
23 2/3 23 ] H

vin 172 u 112 C 12 t 1

up charm top gluon I Higgs

4.8 MeV/c* =95 MeV/c* =418 GeV/c? o

-1/3 -1/3 -1/3 0
12 d 12 S 12 b 1

down strange bottom photon
=0.511 MeV/c? =105.67 MeV/c* =1.7768 GeV/c? =91.19 GeV/c?
~@I- @ |- @ |
electron muon tau Z boson I
<2.2eV/c? <17 Mev/c <15.5 Mev/c’ 580.39 GeV/c?
iz Ve ?/2 vl.l S,fz V‘E il

electron muon tau W boson
neutrino neutrino neutrino

Figure 1.1: The Standard Model of elementary particles, with the three generations of matter,
gauge bosons in the fourth column, and the Higgs boson in the fifth [14].

The last member that was added to the set of SM particles was the so called Higgs bo-
son, proposed in the '60s of the last century (see for example [15, 16]), finally observed in
2012 by the ATLAS and CMS collaborations [17,18]. All massive SM particles acquire their
rest mass by the interaction with the Higgs field, with different mechanisms for quarks

5



CHAPTER 1. CONTEXT AND MOTIVATIONS

and leptons (the “fermions”) and for bosons. The details of the mechanism for the quarks
will be presented in the next Section.

1.2 Mass terms in Standard Model Lagrangian and Quarks
Mixing

As anticipated in the previous Section, in SM the elementary particles gain their mass
through the so-called Higgs mechanism. Adding a scalar field with a vacuum expectation
value v, the Lagrangian has appropriate mass terms. The simplest model uses a Higgs
doublet scalar field:

b= ( O ) (1.1)
where ¢ are complex fields.
The Yukawa couplings of fermions to Higgs field in the SM Lagrangian are given by:

Lr=-Y (g/Quddl + g/ Qroul + géj L of) +hec. (1.2)
i,j
where Q(L) represents the left handed quarks (leptons) doublets, the indices i,j run over
the generations of fermions and ¢ is the SU(2) doublet conjugate of ¢. Couplings g,, g4
and gy are in general represented by complex matrices.
Inserting the expectation value v in the Yukawa Lagrangian 1.2, we obtain:

Lyr=—Y kptike (1.3)
k=u,d,l

where 4 Iz] = vg,lcj are mass matrices. In general these matrices are not diagonal and
therefore introduce mixing between the different generations of quarks. Hence, the SM
Lagrangian is not expressed in terms of mass eigenstates but instead in terms of the eigen-
states of the weak interactions. We can, however, rewrite the fields using a unitary trans-
formation:

u=Vi‘uy , ur=Viug
di=Ved, , dp=Vid} (1.4)

so. M= Vzk/% kVI"f is the diagonal mass matrix.

Quark mass eigenstates are different from weak interaction eigenstates; we may want
to write weak interactions in the mass eigenstate base.

Charged current weak interactions can be described in SM by the product of an oper-
ator JH (with V — A structure) and the W boson:

__¢8 -
fim——ﬁ(fpwg + g Wp) (1.5)

where g is the weak charge related to Fermi coupling constant by Gg/v/2 = g%/8M2,, where
Myy is the W boson mass.
Weak charged current for quarks are written then in this way:

7 1 CKM
f”ZlZ];Vij]lHjZiZ];u;YuE(l—YQVij d (1.6)



CHAPTER 1. CONTEXT AND MOTIVATIONS

where VZ.C].KM are the terms of Cabibbo, Kobayashi and Maskawa (CKM) matrix [19, 20],

which is defined as V;[”Vf (see eq. 1.4), and is usually written in this form:

Vud Vus Vub
V= Vcd Vcs Vcb (1.7)
Via Vis Vip

Quark mixing idea was first introduced by Cabibbo [19] in 1963 to explain weak tran-
sition among different quark generations. Christensen et al. [21] observed CP violation in
neutral kaon system in 1964 Kobayashi and Maskawa [20] in 1973 proposed a third quark
family and a complex phase in quark mixing matrix to accommodate CP violation in Stan-
dard Model (SM).

Quark mixing matrix parameters are unbounded from theory and need to be experi-
mentally determined.

1.3 Tracking and Vertexing for Experimental Particle Physics

All the theoretical predictions about elementary particles presented in the previous sec-
tions (and many more) have been validated thanks to decades of experiments. In exper-
imental particle physics we want to reconstruct the tracks and energy deposits of parti-
cles produced in collisions and measure their characteristics, like: energy, momentum,
charge, and their lifetime, if it applies. If we now restrict to short-lived charged particles
we can measure their decay vertex thanks to the reconstruction of the trajectories of their
decay products; the distance between the production and the decay vertex is proportional
to the lifetime of the particle (see also Figure 1.2).

l=ypot ———

/ \ [
Decay vertex

Interaction (primary)
vertex

Figure 1.2: Schematic view of production and decay vertex of heavy flavour particles.

Lifetimes of 1 leptons, charm and beauty hadrons range from 0.2 to 1.5 ps; these
ranges of lifetimes means that these particles fly distances of single millimetres from the
interaction vertex inside modern high energy physics experiments. To achieve the mea-
surement goals we set above we then need particle detectors with sub-millimeter preci-
sion.

To tag the flavour of particles, like b and ¢ quarks, the fact that hadrons containing
bottom and charm quarks have sufficient lifetime that they travel some distance before
decaying is exploited. A sketch illustrating the tagging of jets of particles that stemmed
from a b-quark is shown in Figure 1.3. The flavour tagging algorithms, used for example
by the ATLAS collaboration (see Chapter 5) look for tracks with significant impact param-
eters, secondary vertices and more sophisticated combinations of the two. The level of
precision required will be discussed in the next Section.

Another example of the spatial precision required by particle physics comes from the
so called “B Factories”. At the Stanford Linear Accelerator Center (SLAC) asymmetric-
energy electron-positron collider PEP-II [23] the Y (4S) resonance was produced with a
net boost in the laboratory frame. This configuration allowed to separate the subsequent

7



CHAPTER 1. CONTEXT AND MOTIVATIONS

b jet

______ b hadron \

—————— impact
parameter

265 secondary
7 vertex

- primary vertex

Figure 1.3: Diagram showing the common principle of identification of jets initiated by b-hadron
decays (After [22])

decay vertices of the two B mesons produced by the Y (4S) decay. In Figure 1.4 a schematic
view of the working principle of the B Factories.

Az ~ 260 pm .
e-e+=>Y(4s)=»BBar: 7 Ks
: .
e .‘.e??_\ : 1 . ? . - -.r' N B 7”’ -"LJI W

- » ‘_//
-~<—» Tag flavour

—

S

Figure 1.4: Schematic view of the B Factories working principle. The two B’s decay vertices are
separated by Az ~ yPfcty

Thanks to the Lorentz boost By of about 0.56 the decay vertices of the two B mesons
could be separated by about 260 pm along the beam axis. Hence, to precisely measure
these two vertices a detector with a spatial resolution of the order of 260/3 ~ 80 um was
needed. The BABAR detector [24] recorded the events produced at the PEP-II collider; at
the core of the BABAR detector there was the BABAR Silicon Vertex Tracker (SVT), the most
relevant detector for the measurement of time dependent CP asymmetries in BABAR. The
BABAR SVT was composed of five roughly cylindrical detection layers, made of double
sided silicon strip modules. In order not to degrade by more than 10% the precision of
CP violation measurements, the resolution was required to be better than 80 um on fully
reconstructed B decay vertices.

1.4 Space Point and Secondary Vertex Measurements

We now analyse the achievable precision on momentum resolution and on secondary
vertex reconstruction; the goal is to understand their dependence on the geometry of the
tracker, on its material budget and its measurement precision.

The base of tracking and vertexing is the measurement of space-points, i.e. the 3D
position of the track traversing the sensing layer. This is the result of electrons and holes,
produced by the track passing through the sensor bulk, collected by the sensing electrodes
and digitised by the readout electronics. Diffusion and Lorentz angle deviation can dete-
riorate the space-point measurement precision; more details in Chapters 2 and 3.
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Assuming a space point-resolution of 6 ;s the (transverse) momentum resolution
is well described by [25-27]:

(0] (0) 1 720 (0}
”T:( pr_Zpoint )@( ”T) (1.8)
MS

pr \03|z] 2B VN+4) | pr

where pr is the particle momentum (in GeV/c) transverse to the magnetic field B (in
Tesla); L is the radial length, in meters (the space point-resolution of 6, is measured
in meters too). N is the number of equidistant measuring layers in the tracker and for this
formulation it is assumed to be large. As it can be seen from Equation 1.8, other than a
good space-point resolution, it is also important to have a large magnetic field and a long
tracker lever arm; the latter in particular enters quadratically in the formula.

The charged particles ionise the medium through Coulomb interactions, which in-
volve energy and momentum exchanges, hence the particle being tracked is subject to
many (small) deflections. The collective term for all these deflections is multiple scatter-
ing (MS). The extrapolation from the detecting layer closest to the interaction point to the
primary vertex has a slope that is smeared by 8y1s due to MS effects which is equal to [26]:

0 0.0136GeV/c [x (1.9)
SR \/%. .
. bp Xo

where p is the particle momentum, f its velocity in units of the speed of light, x is the
material thickness and X its radiation length. MS deteriorates the momentum resolution

by [27]:
(%) 0.054 x/sin® (1.10)
pr Jms  BBL Xo '

with L and B as in Equation 1.8. Here (x/sin0)/Xj is the material thickness traversed
by the particle, expressed in units of radiation length X,, when the particle crosses the
detector at an angle 6 with respect to the detector surface.

As an example, the resolution of a 1 GeV/c pr trackina L=1 m, N =10 layers tracker,
immersed in a B =1 T solenoidal field, is about 1.0% if the space-point resolution o o;n¢
is about 10 um for tacks at normal incidence; the result is dominated by MS effects. For a
100 GeV/c pr the resolution is about 2.0% and it is dominated by the error on the curva-
ture measurement (first term of Equation 1.8).

The error on the secondary vertex reconstruction is linked to the precision on the
transverse impact parameter d [27]:

N@ZN-1)
6(N—1)?

O poi 12IN=-1) (r
point 1 ( )( (1.11)

2
040 = + —) ®OpsT
ao \/N N+ 1 MS 'pv

L
where the first term results from the extrapolation from the tracker to the primary vertex
with r/L being the ratio of the extrapolation distance to the tracker length. It is clear
it is better to have the first layer as close as possible to the interaction point (small r),
and then have the outermost layer as far as possible (large L); increasing the number N of
measurements help (central limit theorem); the resolution depends linearly on the space-
point resolution. The second term is due to multiple scattering, where 0ys is the multiple
scattering angle (presented in Equation 1.9), and and r,, the distance of the first layer
to the primary interaction vertex. Minimising material and getting one layer as close as

IThe formula reported in this manuscript is correct; the one in version v2 of [27] on arXiv is wrong. This
was clarified in private discussion with the authors.
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possible to the primary vertex helps; on the contrary, adding many layers here doen not
help since each layer adds to the material budget, hence makes the MS effect more and
more important.

For a 4-layer geometry like in ATLAS (see Figure 5.4) and a material thickness of typi-
cally around 3% X this yields [27]:

90umGeV/c

0

1.5 Summary

The few examples above show the importance of sub-millimeter precision in determin-
ing elementary particles production and decay vertices, not only to measure particles’
lifetimes but also to make fundamental measurements possible, like assessing the CP vio-
lation in the B meson sector. We will see in the next Chapter why silicon detectors are the
standard choice for tracking and vertexing in High Energy physics experiments.
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Chapter 2

Silicon Detectors for High Energy Physics

Pixel and strip detectors realised on high resistivity silicon substrates are nowadays the
standard choice for high energy physics experiments. In this Chapter an introduction to
silicon detectors will be given, focusing on those aspects that are relevant for the purpose
of tracking and vertexing. Excellent books and reviews on the subject exists, like [27-
34]. Here some extracts from those will be reported, just to introduce the subject. After
reviewing the semiconductor basics (Section 2.1) and introducing the fundamental ideas
about the p—n junction (Section 2.2), a brief discussion on the Silicon dominance over the
other semiconductors will be presented in Section 2.3. Silicon detectors and trackers will
be presented in Section 2.4, before concluding the Chapter introducing the basic ideas
about radiation damage in silicon (Section 2.5), and with a short summary (2.6).

2.1 Semiconductor Basics

In this Section only the concepts and equations that will be relevant for the discussion in
the subsequent Chapters will be reviewed.

2.1.1 Crystals and Energy Bands

The physics of semiconductor devices is naturally dependent on the physics of semicon-
ductor themselves [29]. In this brief introduction only crystalline semiconductors will
be treated, with a particular focus on silicon. Most commonly used semiconductors are
crystals with diamond (Si and Ge) or zinc blende (e.g. GaAs) lattice type. In Figure 2.1 a
schematic view of the two arrangements is presented.

Figure 2.1: Diamond (a) and zinc blend (b) lattice. (After [28])

11
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Due to the Pauli exclusion principle, electrons in crystals are organised in energy bands,
each one containing many closely spaced levels; Figure 2.2 helps in picturing the situation
for diamond lattice. At very large distances each atom has the same two energy levels; the
energy levels are N-fold degenerate (N being the number of atoms), they indeed split into
N closely spaced levels when the atoms are brought close together. For N — oo, one speaks
of energy bands, rather than levels, and these bands broaden, merge and split again with
even closer spacing [28].

ELECTRON
ENERGY

7
CONDUCTION

///BAND

%ALENCE’_
yg BANDé

54348 LATTICE SPACING

Figure 2.2: Energy levels of silicon atoms arranged in a diamond structure, as a function of lattice
spacing. (After [28])

The spacing corresponding to silicon is indicated in Figure 2.2 and corresponds to the
minimum total energy of the electrons and the lattice, not very far from the minimum en-
ergy of the electrons in the filled valence band. At low temperature one has a completely
filled valence band and an empty conduction band; at room temperature the thermal en-
ergy is high enough to lift a few electrons to the conduction band, thus creating a weak
conductivity due to free electrons and electrons vacancies, i.e. holes. In Figure 2.3 the
energy band structures of several materials are reported, including semiconductors.

empty N ... occupied levels .. empty levels
cnndudk?m band ® s single emply levels (electron)
. o...... single occupied levels (holes)
empty
fermi conduction band C?nt‘!ucino.n t:ar:d
energy - e )
% Egap>5eV =16V {Egp=leV conduction 1 conduction band

1 m valence band
occupied RS LS IED
0CCH
' valence band valence band
occupied Metal Metal
valence band (conduction (partly
Semiconductor Semiconductor band partly overlapping

Isolator atT=0K atT>0K occupied) bands)

electron energy

Figure 2.3: Energy band structure of several materials. For semiconductors the T=0Kand T >0K
situations are reported; for metals two possible band configurations are represented (After [31]).

The structure of an isolator, or insulator, is similar to that of a semiconductor, except
that the band gap is much larger so that the occupation probability of states in the con-
duction band is zero. Conductors may either have overlapping valence and conduction
bands or a partially filled conduction band. We can conclude that the main difference
between conductors, semiconductors and insulators is the value of the band gap energy

Eg-
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Figure 2.4: Potential and kinetic energy in the band representation (After [28]).
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Focusing on the dynamics of carriers in crystalline materials, it can be proven that
electrons in the conduction band and holes in the valence band are similar to free parti-
cles but with an effective mass (m,,, m;) different from elementary electrons not imbed-
ded in the lattice. This mass is furthermore dependent on other parameters such as the
direction of movement with respect to the crystal axis. The kinetic energy of electrons is
measured from the lower edge of the conduction band upwards, that of the holes down-
ward from the upper edge of the valence band; Figure 2.4 presents the energy diagram for
free electrons and holes in lattice.

This simplified picture presents important limitations; in particular it neglects the rel-
ative position in lattice reciprocal space of the minimum conduction band and the max-
imum of the valence band. If there is no difference among the two positions then the
semiconductor is said to have “direct” bandgap; otherwise it is an indirect semiconduc-
tor. Figure 2.5 shows the difference between indirect semiconductors, like Silicon and
Germanium, and direct ones, like Gallium Arsenide.

o
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WAVE VECTOR

Figure 2.5: Germanium (left), Silicon (center) and Gallium Arsenide (right) band structures. (Bot-
tom) valence bands; (top) conductive bands.

For indirect semiconductors, the process of creation or annihilation of an electron-
hole pair requires not only a quantum of energy, like a photon, but also a net lattice mo-
mentum transfer, thanks to phonons. In Silicon at room temperature the bandgap energy
valueis of about E¢ ~ 1.12 eV, while the mean ionisation energy € is ~ 3.6 eV: the difference
is due to the distance in the lattice reciprocal space of the edge of the conductive and the
valence band.
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2.1.2 Extrinsic Semiconductors and Doping

Intrinsic semiconductors contain a very limited number of impurities compared with the
number of thermally generated electrons and holes. Electron states with energy E are
occupied following the Fermi-Dirac statistics:

1
F(E) = (2.1

l+e p(E_EF)
X
kT

where Ep, the Fermi energy, is the energy at which the occupation probability of a (pos-
sible) state is one half, k is the Boltzmann constant and T is the absolute temperature.
In Intrinsic semiconductors electrons and holes exist on account of thermal creation of
electron-hole pairs, so we have:

p=n, (2.2)

i.e. the concentration of electrons n equals that of holes p. We will assert the mass action
law for semiconductors:
(2.3)

_ 2
np=n;

where n; is the intrinsic carrier concentration. The intrinsic carrier concentration de-
pends only on the temperature T, the effective mass of the carriers m* and the band gap
energy Eg [28].

Intrinsic semiconductors are rarely used in semiconductor devices since it is extremely
difficult to obtain sufficient purity in the material. Moreover, in most cases one intention-
ally alters the property of the material by adding small fractions of specific impurities.
This procedure is called doping. Doping is the replacement of a small number of atoms
in the lattice by atoms of neighbouring columns from the atomic table (with one valence
electron more or less compared to the basic material). Depending on the type of added
material, one obtains n—type semiconductors with an excess of electrons in the conduc-
tion band or p—types with additional holes in the valence band.

Doping Silicon with an element of the V group (B As, Sb) leaves a valence electron
of dopant atom loosely bound; those atoms are identified as donor dopants. The energy
level of the donor is just below the edge of the conduction band; at room temperature
most electrons are raised from the donor dopant to the conduction band. The doping
with donors is illustrated in Figure 2.6. A semiconductor doped with donors is called a
n—type semiconductor. There is an imbalance between electrons over holes in n-type
semiconductors; electrons are the majority carriers, while holes the minority ones.

Doping Silicon with an element of the III group (B, Al, Ga, In) leaves one valence bond
open; those atoms are identified as acceptor dopants. The energy level of the acceptor is
just above the edge of the valence band; at room temperature most levels are occupied
by electrons leaving holes in the valence band. The doping with acceptors is illustrated
in Figure 2.7. A semiconductor doped with acceptors is called a p—type semiconductor.
There is an imbalance between holes over electrons in p-type semiconductors; holes are
the majority carriers, while electrons the minority ones.

In a doped semiconductor the relation 7 = p does not hold, while the mass action law
(Eqution 2.3) still does. Semiconductors where n # p are called extrinsic. In a doped semi-
conductor electrons are merely redistributed among the various energy states, but not
taken out of or put into the semiconductor itself, the crystal remains electrically neutral.
The equation that states this charge-neutrality condition reads:

14
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Figure 2.6: Doping Silicon with donor atoms. (Left) atom bonds with donor dopant; (right) energy
bands diagram after donor doping. (After [31])
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Figure 2.7: Doping Silicon with acceptor atoms. (Left) atom bonds with acceptor dopant; (right)
energy bands diagram after acceptor doping.(After [31])
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n+N,=p+NJ}, (2.4)

where N;((;)) represent the charge density of ionised acceptors (donors) respectively.
At room temperature dopants are normally ionised so it is safe to assume that N, = N,
and N, = Ny, hence n—p =N;—N,. From charge neutrality and mass action law it can be
easily shown that for an n-type semiconductor the concentration of electrons n is equal
to that of the donor dopants N, to a very good level; with the same reasoning in a p-type
semiconductor the concentration of holes p is equal to that of the acceptor dopants N,.

The Fermi level for the intrinsic semiconductor E; lies very close to the middle of the
bandgap. When impurity atoms are introduced, the Fermi level must adjust itself to pre-
serve charge neutrality. We assert that the in an n-type semiconductor where the donors
concentration is N4 the Fermi level at temperature T is:

&) 2.5)

Er=Ec - kTn|
F=Ec N,
where N, is the effective density of states in the conduction band. Similarly, in a p-type
semiconductor where the acceptors concentration is N, the Fermi level at temperature T
is:

EF:EV+len(%) 2.6)

a

where N, is the effective density of states in the valence band.

The Equations 2.5 and 2.6 can be expressed also as a function of the electrons and
holes thermal equilibrium concentration #, p, and the intrinsic carrier concentration rn;,
to evaluate the distance of the Fermi level Er from the intrinsic value E; in an extrinsic
semiconductor:

EF:Ei+len(n£i) 2.7)
Ep=F; - len(g) 2.8)
l

2.1.3 Carrier Transport in Semiconductors and Continuity Equations

So far only semiconductors in equilibrium have been considered. We will now deal with
semiconductors out of equilibrium through the application of an external voltage or be-
cause hit by light. These conditions will lead to an inhomogeneous distribution of charge
carriers that we will describe through the continuity equations. But before getting to the
continuity equations let’s review very briefly the mechanisms of transport of the carriers,
the drift and the diffusion.

If an electric field is present the charge carriers will be accelerated in between random
collisions with the lattice (the typical time between collisions T, is of about 1072 g),in a
direction determined by the electric field and a net average drift velocity will be obtained,
equal to:

7= TR _y,E 2.9)
n
vp= m:E: WpE (2.10)
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where 7, and v, are the drift velocities. The parameters p,, |1, are the electrons and holes
mobilities, respectively. For fields small enough the mobilities are constant, while at large
fields the carrier velocities reach their saturation values vs , and v; . Other than on the
electric field mobilities depend on temperature, and doping levels too.

If we now consider an inhomogeneous distribution of free charge carriers in a semi-
conductor crystal and neglect all effects that are due to electric fields it can be shown that
there is a net flow of charges that smooths the charge distribution. This effect is called
diffusion and it is mathematically described by the diffusion equation:

Fp=-D,Vn (2.11)
F,=-D,Vp (2.12)

Here F, p are the fluxes, Dy, ,, the diffusion constants and n, p the carrier concentrations,
of electrons and holes respectively.
Combining the effects of drift and diffusion, one obtains the current densities:

Jn=quunE+qgD,Vn (2.13)
Jp=quppE—qD,Vp (2.14)

q is the absolute value of the charge of the electron.
Mobility and diffusion are related to each other by the Einstein equation:

kT
q
kT
Dy=" by (2.16)

In a semiconductor, electrons and holes are constantly generated by thermal excita-
tion of electrons form the valence band to the conduction band. We call G the generation
rate per unit of volume and R the recombination rate per unit of volume. The generation
process is counterbalanced, under thermal equilibrium, by a recombination process in
which electrons and holes annihilate each other. When excess carriers are present the
recombination process outweighs the generation one. There are two basic processes by
which electrons and holes may recombine with each other. In the first process electrons
from the conduction band make direct transition to vacant states in the valence band.
In the second process electrons and holes recombine through intermediary states known
as recombination centers. The recombination centers are usually impurities and lattice
imperfections of some sort. We define the recombination lifetime T, the average time it
takes for a minority carrier to recombine.

Now we can write the continuity equations which will describe the change in carrier
concentration as the result of the drift, diffusion, generation and recombination phenom-
ena:

1
a_”:_v.rnJan_Rn 2.17)
ot q
dp -1

The electric field E is linked to the charge distribution p by the Poisson’s equation:
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V.E= P

= ) (2.19)
€sc€o

where €, is the relative permittivity of the semiconductor.

If in addition of an electric field a magnetic field is present too the path followed by
electrons and holes is (on average) no longer parallel to the electric field. The movement
of electrons and holes in the simultaneous presence of an electric and magnetic field is
shown diagramatically in Figure 2.8 (in Silicon H ~ B/, where p is the vacuum per-
meability). The angular deviation 6, , from the electric field direction is called “Lorentz
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Figure 2.8: Electron and hole current in relation to electric and magnetic field. (After [32]).

angle”; its value is related to the magnitude of the magnetic field B and the Hall mobilities
H 1
Hn,p :

tan®,, , =y}, ,B (2.20)

2.2 The p-n Junction

At the interface of an n-type and p-type semiconductor the difference in the Fermi lev-
els cause diffusion of surplus carries to the other material until thermal equilibrium is
reached. At this point the Fermi level is equal. The remaining ions create a space charge
and an electric field stopping further diffusion. The stable space charge region is free of
charge carries and is called the depletion zone. In Figure 2.9 a p-n junction in thermal
equilibrium, before and after its parts are brought in contact.

By applying an external voltage the depletion zone can be shrunk or enlarged. For
particle detection purpose we are interested in maximising the depletion zone: within it
there are virtually no free carriers and there is an electric field allowing the collection of
the free carriers created by the ionising particles.

By looking at Figure 2.9 it is clear that to deplete more the junction volume a potential
more positive on the n-side than on the p-side should be applied; we will refer to this
polarisation as reverse bias voltage.

In the following we will restrict ourselves to abrupt junctions, i.e. when the doping of
both p- and n-type sides of the junction are uniform. Moreover we will consider only the
case of asymmetric junctions, where one of the two sides is heavily doped, much more

lthey differ from the drift mobilities
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Figure 2.9: P-n junction formation. (Left) Two oppositely doped semiconductors are compared.
(Rigth) The p-n junction is formed. (After [31]).

doped than the other one?. The heavily doped side is usually indicated with a +, hence
we will talk of p* — n and n* — p junctions. In Figure 2.10 the charge distribution of an
abrupt asymmetric n* — p junction is depicted; the dopant concentration, the resulting
bulk effective doping concentration and the bulk thickness are indicated too.

Figure 2.10: Charge distribution in an abrupt asymmetric n* — p junction.

To estimate the voltage needed to completely deplete the junction bulk we introduce
the concept of effective doping concentration N,y :

Nefr=Ng—Ng (2.21)

which will reduce to simply N, for p* — n junctions and —N, for n* — p junctions. By inte-
grating twice the Poisson’s equation over the semiconductor thickness we get the voltage
needed to achieve the complete depletion of the junction volume, the so-called depletion

2The way in which these junctions are fabricated is beyond the scope of this report
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voltageV 4.p1, whose absolute value is equal to:

qINegrlw?

2.22
2€SC€0 ( )

depl =
where w is the total thickness of the lightly doped semiconductor volume. We stress the
fact that the depletion voltage V4., depends linearly on the effective doping concentra-
tion N, ¢ and quadratically on the semiconductor volume w.

Particle detectors exploiting the p — n junction properties are labelles according to the
type of the bulk: p-type detectors feature a p-type bulk, the opposite goes for n—type
detectors.

If the applied voltage is less than the depletion one we can evaluate the depletion
extension dgep; using again the Poisson’s equation. It is instructive to express the result
using the resistivity p of the doped semiconductor:

07! = g(Napp + Napp) = gNes st (2.23)

In Equation 2.23 first the most general expression is presented (under the assumption
that the carriers concentrations are dominated by the dopants), then the approximated
value for an abrupt and asymmetric junction is given; p is the mobility of the majority
carriers. We can then express the depletion extension d e, as:

daepr = v/ 2€sc€ IV (2.24)

Comparing Equations 2.22 and 2.24 a useful relation for under-depleted semiconduc-
tor bulks can be found:

\Y
Vdepl

ddepl = w (2.25)
where V(< Vg, is the absolute value of the applied bias voltage.

In nowadays trackers for experiments at high energy colliders high resistivity materi-
als are used (p ~ serveral kQcm); hence, for thicknesses w of few hundreds of microns
depletion voltages of (far) less than 100 V are achieved.

In p — n junctions under reverse bias an electric field is present; if we refer to the case
represented in Figure 2.10 the electric field distribution at depletion voltage along the bulk
is like the one shown in Figure 2.11. The electric field depends linearly on the bulk depth
z, with a maximum at the junction; the maximum value is proportional to the effective
doping concentration.

Still referring to Figure 2.11, if a bias V greater than the depletion voltage Vg, is ap-
plied the electric field will have the following dependence on bulk depth z:

|E(2)| =

2Vdepl (1 V4 ) + \ Vdepl (2.26)
w w w

The relation between the magnitude of the electric field and the position along the bulk

is still linear but now the electric field is non-zero everywhere. The bulk is said to be over-

depleted.

We have seen that the depleted region thickness dg.p; grows proportionally to the
square root of the applied (reverse) voltage V (Eq. 2.25). A partially depleted abrupt asym-
metric junction can be modelled as a parallel plate capacitor where metallic plates are
separated by dgep;. In the limit when V <V, it’s then easy to derive the junction capac-

itance C:
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Figure 2.11: Electric field profiles in an abrupt asymmetric n* — p junction. A doping profile like
the one reported in Figure 2.10 is assumed. Electric field profile (left) at depletion voltage; (right)
in over depletion.

o Aeoese [Vaept [ dNer€o€se 1 (2.27)
w \V4 2 \Y

where A is the surface of the p — n junction. Equation 2.27 is used to extract the depletion
voltage Vg, and the effective doping concentration N,¢¢ in real p — n junctions. An
example of a C™2 vs V plot for an n— on — p diode is shown in Figure 2.12.
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Figure 2.12: C~2 vs V of a 285 um thick 7 — on — p diode.

The bulk depletion corresponds to a linear increase of C2, up to a “kink”, after which
the capacitance C is basically constant. The voltage at which the “kink” happens is a good
estimate of the depletion voltage V ..

The depleted region of a p — n junction is out of equilibrium; in particular, since pn <
nl?, in the depleted region the generation process is dominant over recombination. Ther-
mally generated electron-hole paris are separated by the electric field and so they cannot
recombine. A net flow of current appears, carriers will be collected at the ends of the semi-
conductor volume. If we assume a constant generation rate G the generated current for a
depleted semiconductor of area A and thickness w is equal to:

wA
Lieak = q9n 5 G (2.28)
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Figure 2.13: Leakage current as a function of reverse bias voltage for a pixel detector. See [7, 36].

The subscript leak in Equation 2.28 stands for leakage: the current resulting from ther-
mally generated carriers in the depleted region is dubbed as leakage current.

Equation 2.28 can be rewritten introducing the concept of generation lifetime 14 =
I’l,'/ G:

qn; wA

Lieak = (2.29)

214

Nowadays Silicon material for ionising particle detectors can reach generation lifetimes
Tg up to 1, for a current density ] of few pA/ cm?.

The leakage current of a depleted p — n junction depends quite strongly on tempera-
ture: leakage current roughly doubles every seven degrees. The formula relating leakage
current at different temperatures is the following:

2
o= 3kl )

[ _Ea 2.30
i(my 127 (250

2k
where E, is the equivalent of an activation energy (the experimental value of E, for Silicon
is ~1.21 eV [35]) and k the Boltzmann constant.

In Figure 2.13 the measured leakage current as a function of reverse bias voltage for
a pixel detector. The pixels sensor was an n — on — p, 200 um thick; the measurement
was taken at room temperature. From Figure 2.13 it can be seen that a kind of plateau
in the current is reached between 20 and 80 V; after that voltage the increase in current
is huge. Indeed around 80 V an avalanche breakdown occurred. If an electron or hole is
created in, or moved into, a high-field region inside a semiconductor, it may be acceler-
ated strongly enough in between collisions to obtain sufficient energy for the creation of
an electron-hole pair: an avalanche may thereafter develop [28]. Fields higher or of the
order of 3x10° V/cm trigger a multiplication regime that gives rise to a breakdown. The
voltage at which the phenomenon occurs is called breakdown voltage.

2.3 Why Use Silicon

Let’s know focus only on Silicon. Silicon detectors replaced the gas based detectors in the
tracking systems, since they offer a much better position information and an improved
energy resolution. The reasons for this are to be found in the large density of silicon at
room temperature, in the relatively low mean ionisation energy and in the possibility of
use photolithography to realise charge collecting electrodes. These three characteristics
allow to have large signals with a small active thickness and excellent spatial resolution.
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Some of the Silicon properties that are relevant for high energy physics applications are
summarised in Table 2.1.

Table 2.1: Summary of silicon properties relevant for high energy physics applications [28].

Silicon

Feature Value Comments
Density p 2.33g/cm®  compact and thin detectors
Energy bandgap E¢ 1.12 eV non-cryogenic operation
Mean ionisation energy € 3.6eV large signals
Radiation length X, 9.37 cm thin detectors to minimize

multiple scattering
Electron mobility p, ~1350 cm?V/s fast charge collection
Saturation velocity v,y ~107 cm/s fast charge collection

Other important characteristics that can explain the success of silicon are its large
abundance, the possibility of changing its properties by doping, the existence of a natural
oxide, and thanks to its stiffness it does not a container, in contrast to gases [34].

2.4 Silicon Detectors

We now focus on Silicon ionising particle detectors. They are all based on depleted p — n
junctions. We will first review the formation of signals and then the different detectors
that were and are used in high energy physics, in particular those relevant to this report.

2.4.1 Signal Formation

A charged particle traversing the silicon sensor bulk produces electron holes pairs with a
most probable value (MPV) of 80 pairs per pum (the energy loss probability distribution is
described by the Landau distribution [37]). Because of the sensor’s reverse polarization,
the created charge carriers drift toward the sensor electrodes under the influence of the
electric field present in the depleted region. This movement of the charge carriers in the
electric field induces signals on the readout electrodes. To calculate the induced signal
on the electrodes by the charge carriers drift the Shockley-Ramo theorem [38-40] can be
used. The theorem states that the current i on an electrode induced by a moving point
charge g is given by:

i(t)=qU-Ey(r) (2.31)

where ¥ is the instantaneous velocity of charge g. E, is the electric field that would exist
at the instantaneous position 7 of g under the following circumstances: the selected elec-
trode at unit potential, all other electrodes at zero potential and all charges removed. E,,
is called Ramo field or weighting field.

The sum of all the induced currents gives the total instantaneous current 1():

(D) =) i(0=) qEu(P): Uen(t,7) (2.32)

where the carrier drift velocity is the product of the drift electric field E(#) with the carrier
mobility pe, p:
Ue,n(t,T) = Ue,n (E, TIE(F) (2.33)
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A carrier that completes its path to the collecting electrode by moving from the position 7;
where it was created to the final (electrode) position 7y induces the total charge Q given by
the Ramo theorem, where V,, (7') represents the weighting (or Ramo) potential evaluated
at the position 7:

Q=—q(Vw(ip) = Vu(iD) (2.34)

The relation between the weighting potential and field is of course:

Ey,=-VV, (2.35)

A carrier g that is produced at position 7; and trapped at position 7y, before reaching
the electrode, induces a smaller charge Q on the electrode by the same formula (carrier
trapping will be presented in detail in Section 2.5.4). It has to be noticed that both trapped
electrons and trapped holes reduce the final signal amplitude.

2.4.2 Pad detectors

We now consider p — n junction diodes. A single p-n diode in reverse bias is the simplest
silicon radiation detector; often it is called pad diode. lonising particles interacting with
the detector material produce electrons and holes in the depleted bulk volume; those
carriers drift toward the collecting electrodes which are placed at the edge of the detector
p — n junction. To ensure a good ohmic contact heavily doped implants are present on
both sides of the detector. In Figure 2.14 the schematic representation of a n-on-p pad
diode silicon detector is shown. External voltage to ensure sensor bulk depletion is also

indicated.
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Figure 2.14: Silicon pad detector. Detector polarisation and carrier drift due to ionising particles
is indicated too. The symbol on top of the n* implant is used to indicate the readout electronics.

The size of pad detectors varies between few mm? to few cm?, including Guard Rings
(GRs). GRs, placed all around the pad area, can help to improve the voltage-handling
capability, since they act as a voltage divider, assuring a smooth transition of the voltage
drop between one side and the other of the junction. Normally in pad diodes signals are
read-out only from one side of the junction; it is customary to call that side as frontside,
the other being the backside. For example, in Figure 2.14 the frontside is the n* one.

The pad side from which the depletion volume grows is called junction side; the other
one is indicated as the ohmic side.

2.4.3 Microstrip detectors

The spatial resolution of pad detectors is roughly the size of the pad itself. It can be greatly
improved by segmenting the electrodes, just one of them or both. Historically the first seg-
mented silicon detector for high energy physics purpose was created by aluminum strips
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deposited on a silicon wafer [41]. Nowadays so called microstrip detectors are realised by
creating an array of heavily doped strips crossing the surface of the lightly doped silicon
bulk. Each strips is read independently as shown in Figure 2.15.

\\
V>0 Al

Figure 2.15: Silicon microstrip p-on-n detectors sketch. (After [31])

The typical spatial resolution of these detectors is of the order of (a fraction of) the
strips pitch (50-80 um nowadays). Adding one floating strip (i.e. not connected to a read-
out channel) can greatly improve the spatial resolution without increasing the number of
channels to be readout [42]. We will come back to the strip detectors and their spatial
resolution in more detail in Section 3.6.

Microstrip detectors where the ohmic side is segmented too are called double-sided
microstrip detectors (DSSDs); a scheme presenting the salient features of the DSSDs is
shown in Figure 2.16

Figure 2.16: Schematic representation of a DSSD. (After [31])

DSSDs allow the reconstruction of two coordinates in one detector layer; this is very
important to avoid deteriorating too much the spatial resolution due to the multiple scat-
tering.

One important limitation of the DSSDs is the non unambiguous particle position mea-
surement when more than one track is hitting the detector at the same time. As shown in
the example in Figure 2.17, when two tracks hit the detector two valid but spurious com-
binations appear (“ghosts”), other than the two “true’ valid positions due to the real tracks.
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Figure 2.17: Schematic representation of the formation of ghost hits in DSSDs. The incidence
positions of two particles are indicated as red crossed. Two additional valid combinations of the
1D information of both sides are indicated as brown open circles. Strips in red are those who
recorded a signal. (After [31])
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2.4.4 Pixel detectors

To measure unambiguously the position where the tracks cross the detector a detector
capable of delivering both coordinates in one single measurement is needed: a pixel de-
tector [43]. The concept of hybrid pixels detectors (HPDs) is presented in Figure 2.18. A
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Direction
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Figure 2.18: Schematic representations of an hybrid pixels detector. (Left) array of silicon p — n
diodes organised into a pixel detector. Each pixel cell is readout by a dedicated channel of the
front-end electronics.(Right) detail of one pixel sensor cell connected via bump bonding to its
front end electronics channel. (After [43,44])

two dimensional array of p — n diodes are organised in a matrix; each p — n junction is
readout by a dedicated readout integrated circuit (ROIC), providing the functionality of a
hybrid pixel assembly; hence sensor and readout electronics are physically separated and
linked by a bump bonding. The term hybrid refers to the fact that sensor and electron-
ics are built onto separate substrates then joint together indeed by means of the bump
bonding technique. The typical pitches of nowadays HPDs are of the order of 50 pm in
the direction perpendicular to the magnetic field (“bending plane”) and a couple of times
larger in the beam direction.

HPDs, other than unambiguous position measurement, compared to DSSDs offer
smaller leakage current (few pA) and smaller capacitance (few fF) per channel, given the
much smaller size of the fundamental sensor cell; both aspects help in keeping the level of
electronic noise small, hence to preserve high detector efficiency and spatial resolution.
The main limitation of HPDs is the elevated number of channels to be readout (e.g.~27000
in ~ 4 cm? [45]). The high number of readout channels gives rise to complex solutions for
sensor-electronics connection and large power consumption (0.1-1 W/ cm? [45]).

A variation of the sensor of HPDs are the so-called 3D-silicon sensors. 3D-silicon sen-
sors have been developed since the late 1990s [46] featuring columnar electrode implants
driven into the Si substrate perpendicular to the sensor surface (Figure 2.19).
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Figure 2.19: Single sided 3D-Si sensors with columns going completely through the sensor bulk.
(After [27])

The electrode distance is made smaller (50 pm) than the typical sensor thickness (200-
250 pum), thus rendering a shorter average drift distance for particles impinging on the
sensor face than in the case of planar sensors. In addition high drift fields are obtained
with still moderate bias voltages. Both these facts result in an increased radiation toler-
ance due to a reduced trapping probability (see 2.5.4).

2.4.5 Monolithic Pixel Detectors

The high number of interconnections and the total material budget are the main limita-
tions imposed by the HPDs. One solution is to have on the same substrate the sensor and
the frontend electronics: simple electronics circuits, like the first stage of the amplifier of
each pixel, are integrated on the same silicon substrate. One example of sensor and fron-
tend electronics integrations are the Monolithic Active Pixel Detectors (MAPS [47]), which
are realised in commercial CMOS technology (for CMOS technology see for example [28]).
The detector is realised on a thin layer of low-resistivity p-doped silicon, which is optimal
for complex electronics design but does not allow having large depletion volumes and
fast charge collection [33]. The conceptual drawing of an example of MAPS is presented
in 2.20. The p—n junction is realized between the n-well and the p—type epitaxy>, but, be-

SHAPER
=
PREAMPL ,/ DISC LATCH

Figure 2.20: Conceptual drawing of an example of MAPS (After [48])

cause of the low resistivity, the depletion is partial even on the very thin (=10 pm) epitaxy
layer and the collected charge is small (=<1000e). The charge collection from the epitaxial
layer to the n-well/p-epi diode happens through drift and diffusion of the carriers and
takes about or more than 100 ns, i.e. 10 times longer than in the approaches based on
high-resistivity silicon.

3epitaxy is semiconducting material made by epitaxial growth
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Modern CMOS imaging sensors make use of 3D integration® of sensor and readout
electronics, to combine high resistivity and fully depleted charge collection layers with
high density CMOS circuitry, in order to achieve high speed and high collection efficiency
(for low light operation). Such a combination of fully depleted high resistivity silicon with
CMOS readout sounds like a requirement from particle physics, not from consumer elec-
tronics, but smartphone image sensors have independently evolved in this direction. Re-
cently depleted monolithic active pixel sensors (DMAPS) started to be developed; they ex-
ploit medium to high (>100Qcm) resistivity 8" silicon substrate wafers. A depletion layer
develops due the high resistivity with only moderate bias voltages applied from the elec-
tronics side or a (specially processed) backside contact [27].

2.5 Radiation Damage

Silicon detectors are at the core of the modern High Energy Physics (HEP) experiments at
colliders. High collision rates and high track densities translate into fluence of particles
of several 10!! per square centimetre per hour for the detector layers closest to the inter-
action point [33]. This flux of particles is responsible for damage to the sensor and to the
electronics.

Radiation-induced effects (radiation damage) are usually divided into bulk and sur-
face defects. The former are caused by the displacement of crystal atoms while the latter
include all effects in the covering dielectrics and the interface region. The most impor-
tant surface effect is the increase of the oxide charge which saturates after some kilograys
to values of about 10'2 cm™2 [50]. At higher hadron fluence, bulk damage also becomes
important. The main effects are: increase of leakage current, change of the operational
voltage and reduction in signal amplitude. The following is a short description of the mi-
croscopic defects and the induced macroscopic effects.

2.5.1 Microscopic description

Inelastic collision between an incident particle and the silicon lattice can produce a dis-
placement of an atom from its lattice site. This event creates an interstitial site and a va-
cancy, which collectively is called a Frenkel defect. An illustration of these defects, called
also point defects, is give in Figure 2.21.
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Figure 2.21: Types of point defects in a simple lattice. After [28].

Several point defects can group together to form a cluster; the probability depends
on the incident particle type and its energy. An electron whose kinetic energy is above

43D integration is a method of electrically connecting chips that consist of different kinds of devices by
stacking them [49]
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255 keV produce a Frenkel pair; above 8 MeV it produces a cluster. For neutrons the
thresholds are of 185 eV and 35 keV, respectively [51]. In Figure 2.22 the results of a Monte
Carlo simulation for the recoil of an atom with a primary energy Eg of 50 keV; this is the
average energy imparted to a lattice atom from a 1 MeV neutron [51].
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Figure 2.22: Monte Carlo simulation of a recoil-atom track with a primary energy Er of 50 keV.
After [52].

To be able to compare the damage caused by the different types of particles with
different energies, radiation damage is scaled with the non-ionizing energy loss (NIEL).
This quantity summarises all energy deposited in the crystal which has not been used for
the fully reversible process of ionisation. Neutrons of 1 MeV are used as reference parti-
cles [53]. The fluence ®pnys of an arbitrary type of particle causes the same NIEL as the
fluence ®¢q of 1 MeV neutrons. The energy-dependent hardness factor x of a certain type
of particle which converts the “physical” fluence @ppys into the neutron equivalent fluence
®eq can be evaluated experimentally via the normalisation of the leakage current [33, 54].
In the following text all fluences are given in units of neutron equivalent fluence, neq/cm?.

The primary defects caused by irradiation, silicon vacancies, and interstitials are not
stable; i.e., they are able to move through the crystal. This movement can lead to an an-
nealing if defects meet during their migration through the crystal. But also secondary
point defects with other defects already present in the crystal can be formed, which might
be stable and display different electrical properties. Point defects in general cause energy
levels in the band gap whose position can be measured by different spectroscopic meth-
ods. They can be charged and, depending on the position of their energy levels, have an
impact on the space charge in the depletion zone. As the mobility of the defects is strongly
temperature-dependent it is clear that radiation-induced changes of sensor properties
show a complex annealing behaviour due to the many possible secondary defects [33].

Among several defects detected with various techniques, there are some that prove to
have a significant impact on the silicon diodes, being charged at ambient temperatures
and thus, directly influencing the effective doping concentration N.f¢. Their electrical
parameters, energy level E,; and capture cross section o are given in Figure 2.23 [55].

The radiation induced defects, primary or not, are responsible for macroscopic ef-
fects, like: the increase of leakage current, since they can act as generation centers; the
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Figure 2.23: Radiation induced defects in silicon influencing the effective doping concentration
N,sr and the leakage current. P and B are the doping impurities used to fabricate the silicon p — n
junctions. CB and VB stand for conduction and valence bands, respectively. (After [55])

change in operational voltage, as they can be charged; and, the most important effect
after $=10'° neq/cm?, the reduction of the signal amplitude, since they act as trapping
centers. Let’s now review some details of these macroscopic effects.

2.5.2 Leakage Current Increase

The energy levels in the band gap caused by the crystal defects act as generation-recombination
centers. They lead to a decrease of the generation lifetime Tg, hence to an increase of the
leakage current I;.,; generated in the volume. The rate of increase of leakage current Al

per unit of fluence ¢ and per unit of volume V is called a:

Al
Vo

The typical value of the normalised rate of increase of leakage current a right after
irradiation is of several units of 10"'7 A/cm. After irradiation the leakage current anneals
with time as shown in Figure 2.24.
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Figure 2.24: The normalised rate of increase of leakage current o as function of the cumulated
annealing time. (After [51]).

The trends shown in Figure 2.24 can be parametrised for a time ¢ at constant temper-
ature T after an instantaneous irradiation with fluence ¢ by [51]:
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—t/T

a=(ae” """ +ag—Plog(t/ty)) (2.37)

where o = (1.23 +0.06) x 10717 A/cm, T follows an Arrhenius equation 1= (1.2f?:3) x
1013 571 x @("1H*009 eVIksT gy — —(8.941.3) x 1077 A/cm +(4.640.4) x 10 AK/cm % 1/T,
p=(3.29+0.18) x 1078 A/cm, and #; = 1 min.

It has to be mentioned that other formulations of 2.37 are possible, suggesting the
annealing to be a first-order process® with a temperature-independent a.

It has been measured that after 80 minutes at 60°C the a value is very close to 4x 10717 A/cm
[51]; this value is often cited in literature as the reference value for the normalised rate of
increase of leakage current a, but one has to bear in mind that it is the result of a particular
annealing scenario.

It was shown [35] that the scaling of leakage current with temperature reported in
Equation 2.30 is adequate even after irradiation to fluences largely exceeding $=10'° Neq/ cm?.

2.5.3 Operational Voltage Shifts

There are several radiation-damage mechanisms that lead to a change in space charge
and consequently to a change in the necessary operational voltage of detectors.

The original dopants such as Phosphorus or Boron may be captured into new defect
complexes, thereby losing their original function as flat donors or acceptors. The new de-
fect complexes may assume a charge state within the space-charge region different from
the original dopants [28].

The evolution of acceptors and donors with fluence can be explained by the removal of
acceptors or donors, via the formation of defect complexes containing acceptors/donors,
and by the creation of acceptors and donors, via the formation defect complexes assum-
ing positive/negative charge states in the space-charge region.

The dependence of the effective doping concentration N,¢f (Eq. 2.21) on fluence is
then expected to be the following:

Nepr= Nd,oe_cdq5 - Na,oe_c‘lq5 +byd - b, P (2.38)

with Ny o, N, o donator and acceptor concentration before irradiation and cg, ¢4, bg, bg
constants to be determined experimentally [28].

It has been observed that initial n—type material becomes p—type after moderate flu-
ences (¢ ~2—5x 10'2 Neq/ cm?); this phenomenon is called type inversion. This is inter-
preted as donor removal and acceptor creation. The depletion voltage decreases rapidly
with fluence at first and then it increases linearly, as it can be seen in Figure 2.25.

For initial high resistivity p—type material the acceptor removal and donor creation
effects can be safely neglected and the change of the effective doping concentration N, ¢
has a simple linear dependence on the fluence 9.

2.5.3.1 Annealing and Effective Doping Concentration

As already mentioned in the discussion on the leakage current, some defects can move
freely through the crystal, they can anneal, e.g. a silicon interstitial could fill a vacancy
in the lattice. The velocity of the annealing process depends on the average velocity of
the movable defects, which in turn depends heavily on the temperature. Here we give a

SFirst-order process involves only one defect; second-order processes depend the interplay between two
defects [28]
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Figure 2.25: Change of the full depletion voltage of a 300 um-thick silicon sensor and its absolute
effective doping versus the normalized fluence, immediately after the irradiation (After [56].)

first description of the phenomena of annealing for the space charge distribution in the
irradiated bulk; we will come back on this topic in more detail in Chapter 6.

With respect to the normalised rate of increase of leakage current o, where the anneal-
ing is always beneficial (« is never increasing), the effective doping concentration N, is
subject to a reverse annealing too, which leads to an increase of N.sr An example of the
interplay of beneficial and reverse annealing on N, ¢ is shown in Figure 2.26.
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Figure 2.26: Annealing behaviour of the radiation induced change in effective doping concentra-

tion AN,z at 60°C. The shown example is a n—type high resistivity sample, neutron-irradiated
with a fluence of 1.4x 103, (After [51])

For the effective doping or the bias voltage respectively the annealing process is sub-
divided into two periods. The beneficial annealing period which extends roughly for the
first 80 minutes at 60°C; after the beneficial annealing period the effective doping con-
centration, hence the depletion voltage V., is reduced to a minimum. Afterwards, the
reverse annealing process sets in and leads to an increase of the V4., exceeding the ini-
tial Vz,p; directly after irradiation.

2.5.3.2 Heavily Irradiated Silicon Detectors

In the studies presented in the previous Sections the determination of the fluence and
time dependence of the effective doping concentration N, s simple unstructured diodes
were used [51] and the full depletion voltage was deduced from CV measurements (Eq. 2.27).
This method assumes a constant space charge which is not given for highly irradiated
sensors where the field shows a double peak [57]. This can be qualitatively explained by
defects being filled by carriers drifting under reverse bias voltage. In a n — on — n detector
electrons will flow toward the n™* electrode while holes toward the p* one. So the chances
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of having a negatively charged defect close to the n™* electrode are higher than a positively
charged one; the opposite goes for the defects close to the p* electrode. The mechanism
was first proposed in [58]; it is illustrated in Figure 2.27.
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Figure 2.27: An illustrative sketch of the explanation of the double peak effect in electric field for
areverse biased irradiated device. (After [59])

In case of double peak in the electric field distribution the numbers derived for deple-
tion voltage and effective doping concentration form the CV measurements are effective
or average numbers.

An example of a C™2V measurement for an irradiated device is shown in Figure 2.28.
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Figure 2.28: C™2 vsV of a 285 um thick n— on— p diode irradiated at CERN with 24 GeV/c protons,
with an integrated fluence of @ = 1 x 10%° Neq/ cm?, after having being annealed for 80 minutes at
60°C. Results from three diodes, coming from 2 different wafers, and with different number of GRs
are reported.

The C™2 vs V curves reported in Figure 2.28, whose slope is proportional to the effec-
tive doping concentration N, s rin un-irradiated material, show a change in slope around
200 V; the curves reach a pleateau around 300 V. These two slopes are connected with the
electric field setting on from both the front and the back side of the detector.

2.5.4 Trapping

Radiation-induced defects are responsible not only for generation-recombination cen-
ters increasing the leakage current and charged defects with dramatic influence on the
full depletion voltage but also for trapping centers. Traps are mostly unoccupied in the
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depletion region due to the lack of free charge carriers and can hold or trap part of the
signal charge for a time longer than the charge collection time and so reduce the signal
amplitude.

The typical trapping time 1, gets shorter and shorter with larger and larger fluence &;
it has been found it is proportional to the inverse of fluence:

1.} =pd (2.39)

Measured values for  are about 4—6x 10716 cm?/ns for electrons and 6-8x1071® cm?/ns
for holes [60]. Larger p values for holes than for electrons mean that trapping is most se-
vere for the former than the latter. It has also to be noticed that the hole mobility is about
1/3 of the electron one; so holes move slower and gets trapped more. Given these two
conditions nowadays electrons collecting silicon detectors, like n—on—-nand n—-on-p,
are favoured over holes collecting ones, like p —on — n.

Given that in the saturation regime carriers take about 1 ns to traverse 100 um in Sili-
con, the trapping effect starts to be the most impacting radiation damage effect after flu-
ences in excess of @ = 1 x 10'® neq/cm?. In Appendix A some estimations for the expected
charge collection efficiency (CCE) in irradiated silicon pads are presented. For example,
after & =1 x 10'® neq/cm? a 100 pm thick pad diode will be able to collect only about 27%
of the signal amplitude prior to irradiation.

After irradiation segmented detectors, like DSSDs and HPDs, will allow to achieve CCE
higher than the one for pads thanks to the steeper slope of the Ramo potential close to the
collecting electrode; this will be treated in Chapter 6.

Trapping time 1;, evolves with time and temperature as leakage current and deple-
tion voltage do. In [61] it is shown that the trapping asymptotic probabilities of holes
(electrons) will be around 30% larger (15% smaller) than initial probabilities at the same
total fluence.

2.6 Summary

In this Chapter we reviewed the basics of semiconductor physics and the reasons for the
success of silicon tracking sensors for HEP experiments. Advantages and limitations of the
different silicon detectors were discussed. In the end radiation damage, one of the biggest
challenges for actual and future silicon detectors at hadron colliders, was presented. This
introduction will serve as a base for the next chapters.
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Chapter 3

The SLIM5 Project

In this Chapter the SLIM5 R&D project will be presented. After a short summary of the
project motivations, goals and timeline (Section 3.1), the Physics motivations of and the
tracker requirements for SuperB and ILC will be briefly discussed in Section 3.2. The
pixel (Section 3.3) and strip (Section 3.4) detector prototypes developed within the SLIM5
project will be then presented. In Section 3.5 the results in [5, 62, 63] will be discussed. A
special Section (3.6) is devoted to the spatial resolution results of the striplets. Wrap up of
the SLIM5 project will be finally outlined in Section 3.7.

3.1 The Project

The SLIM5 project [64] aimed at advancing the state-of-the-art in the development of thin
tracking systems to be applied in High Energy Physics. The project was financed for three
years (2006-2008) by INFN - National Scientific Committee 5 [65] and involved several
Italian research institutes.

The SLIM5 collaboration worked on developing tracking systems for experiments at
high luminosity flavour factories, like the proposed SuperB [66], and linear colliders. The
goal was to deliver thin silicon tracking detectors with possibility of self-triggering thanks
to the combination of data-driven data acquisition and pattern matching algorithm with
very low latency. Double sides strip detectors (DSSDs) and monolithic active pixel sen-
sor (MAPS) prototypes were produced in the framework of the project. Before describing
them we now illustrate the required performance for such detectors.

3.2 Tracking and Vertexing Requirements for SuperB and
ILC Experiments

Experiments at high luminosity colliders have to accomplish a high precision measure-
ments exploiting at maximum the large dataset they are expected to integrate. This means
that the experiments have to be very efficient and show excellent performance, even in
presence of a very intense particle rate; this is particularly true for the tracking and ver-
texing detectors, which are the closest to the beams interaction point. It is also to be
stressed that with sub-optimal tracking and vertexing performance there’s no physics case
for such experiments; hence the tracking and vertexing detectors are the crucial parts of
experiments at high luminosity colliders.

We now review quickly some physics cases for SuperB and ILC and the related con-
straints on tracking detectors.
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Figure 3.1: (left)Schematic view of BABAR SVT: tranverse section. (Adapted from [67]) The external
radius is 144 mm. (right) Cross section of the SuperB SVT. (After [66])

3.2.1 SuperB

The SuperB project [66] was the proposal of a e* e~ super flavour factory operating at the
center-of-mass energy of the Y (4S) resonance, capable of an instantaneous luminosity of
1038 cm~2s!, with the goal of integrating a 50-75 ab™! dataset.

The SuperB physics program was to

a) determine the flavor structure of whatever New Physics (NP) discovered at the LHC,
using the information on rare b, ¢, and 1 decays, and on CP violation in b and ¢
quark decays, or, if signatures of NP were not observed at the LHC, then

b) exploit the excellent sensitivity provided at the luminosity frontier by a SuperB fac-
tory, to observe NP at mass scales up to 10 TeV or more through observation of rare
processes involving B and D mesons and studies of lepton flavour violation in 1
decays.

The SuperB detector concept was based on the BABAR detector [24], with those modi-
fications required to operate at a luminosity of 1036 cm™2s™! or more, and with a reduced
center-of-mass boost. Higher luminosity and machine-related backgrounds, as well as
the need to improve detector hermeticity and performance, required significant R&D to
be able to implement this upgrade.

The planned vertexing and tracking detector, the SuperB Vertex Tracker (SVT), was
intended to be an evolution of the BABAR SVT; see Figure 3.1 for a comparison. The main
difference was the extra layer, Layer0, at a radius of 1.5 cm.

Precise vertex information, primarily extracted from accurate position measurements
near the interaction point (IP) by the SVT is crucial to the measurement of time-dependent
CP asymmetries in B® decays, which was the key element of the SuperB physics pro-
gram. As in BABAR, the SuperB had to be able to provide efficient and accurate tracking for
charged particles with transverse momenta lower than 100 MeV/c, which cannot reach
the tracking Drift Chamber.
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Figure 3.2: Resolution on the proper time difference of the two B mesons for the nominal SuperB
boost, for different Layer0 radii, as a function of Layer0 thickness (in Xy %). The BaBar resolution
for the same decay channel, is shown with a dashed line. (After [68])

SuperB SVT had to be capable of maintaining adequate performance for time-dependent
measurements in the presence of a lower boost of the center-of-mass (CM) frame Py =
0.24 compared to By = 0.55 of BABAR) and much higher background, mainly related to the
increased instantaneous luminosity of about a factor of 100 larger than BABAR.

The planned beam pipe featured a reduced radius of about 1.0 cm which would have
allowed the positioning of Layer0 at the desired average radius of about 1.5 cm. The addi-
tional (with respect to BABAR SVT) Layer0 measurement, along with the low radial material
budget of the beam pipe (0.42% X,) and of Layer0 (0.45% X, with the striplet option - see
Section 3.4), was crucial for improving the decay vertex reconstruction of the B mesons
and obtaining adequate proper-time resolution for time-dependent CP violation mea-
surements.

Physics simulations for the B— n* 1~ decay channel showed that to retain or improve
the vertexing performance of the BABAR SVT in the SuperB environment the following in-
gredients were necessary: the use of high granularity pixels (50 pm x50 pm pitch), going
indeed closer to the beam pipe and very low material budget [68]. Results are shown in
Figure 3.2.

In summary, for the SuperB physics program a silicon tracker detector was needed
with the capability to assure a space-point resolution of 10 um, with a material budget
below 1% of Xy, able to measure tracks with pt lower then 100 MeV/c. The real detector
would have had to withstand a particle rate of 100 MHz/cm?, mainly due to machine
background.

3.2.2 ILC

The International Linear Collider (ILC) is a proposed e*e™ collider. Over the years the
project evolved and now it features a machine capable of tuning its center of mass energy
in the range of /s = 250 — 550 GeV, with an option for 1 TeV [69]. In 2009, two detector
projects (ILD & SiD) provided a Letter Of Intent (LOI) [70, 71].

The ILC physics goals cover a wide and ambitious program including top quark physics,
electroweak precision measurements, direct and indirect searches beyond the Standard
Model (BSM) like supersymmetry’, dark matter searches, exotic searches, etc., and a com-

ISupersymmetry (SUSY) is a proposed type of spacetime symmetry where each SM particle is associated
with another particle, known as its superpartner, the spin of which differs by a half-integer; for an introduc-
tion to SUSY see [72]
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Figure 3.3: ILD and SiD schemes of the vertex detector (After [73])

plete and extensive Higgs physics program covering mass, couplings to fermions and
bosons, quantum numbers and total width measurements. The expected level of pre-
cision for the majority of them will reach the percent level and will allow probing physics
BSM [73].

To accomplish this ambitious physics program stringent requirements are imposed
on tracking and vertexing performances (these requirements did not change much over a
decade [73,74]). The figure of merit of the future ILC vertex detector is the impact param-
eter (ip) resolution which is expected to be:

Ojp=5ume 3.1

10 m
pP(sin0)3/2 H

when the momentum p is expressed in GeV/c (0 is the track angle with respect to the
beam axis; see also Section 1.4).

This condition demands then for: a space-point resolution of about 3 um (hence a
pitch of less than 20 um; a material budget per layer of about 0.1% of Xy; capabilities of
performant tracking down to pr of 100 MeV/c and even less.

The vertexing systems proposed by the two concept groups are both built around a
central part based on pixel detectors; a comparison of ILD and SiD proposed solutions is
presented in Figure 3.3. SiD features 5 pixel barrel layers and a total of 7 pixel disk layers
per side; ILD plans for 3 double sided ladders plus, a system of pixels and strips disks in
the forward region.

For both vertexing detectors pixels with integrated readout (at least partial) are promis-
ing solutions, like CMOS MAPS, DEPFET, etc. They will assure the needed small pitch and
the low material budget (example: [75]).

In Summary, for the experiment at the future ILC a vertex detector with a space point
resolution of 3 um, a material budget per layer of about 0.1% of X, and the possibility of
tracking down to pt of 100 MeV/c and even less are needed.
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3.3 The CMOS MAPS Apsel4D

As said in the introduction to this Chapter, within the SLIM5 project both pixel and strip
detector prototypes were developed. We now review the salient features of the pixel de-
tector prototype, the Apsel4D. More details can be found in [5, 63].

The Apsel4D (active pixel sensor electronics) chip was a 4096 element prototype CMOS
MAPS detector in 130 nm triple well process with data-driven readout architecture, im-
plementing twofold sparsification at the pixel level and at the chip. CMOS MAPS was the
preferred solution because of the thickness of the substrate, hosting both the sensor and
the read-out electronics, can be easily thinned down to 50 pum or less. The final chip fea-
tured a 4096 pixels matrix, 50x50 (um)? pitch. The triple well option of CMOS commercial
processes (see also Figure 2.20) for the collecting electrode was exploited, implementing
a full signal processing chain at the pixel level with a sparsified readout architecture. In
Figure 3.4 a picture of the Apsel4D chip is presented, together with a scheme of its archi-
tecture readout.

Data lines in
common

2 MP private
lines

Column
enable lines
in common

yYVY Y

Periphery readout logic

Data
out hus

Figure 3.4: (left)The Apsel4D chip bonded to the chip carrier. (right)Schematic block diagram of
the architecture for MAPS matrix readout.

The elementary pixel cell includes a collecting electrode, featuring a buried deep n-
type layer, and the full readout chain for signal processing [76]. The processing chain
consisted of a charge preamplifier with charge to voltage conversion independent of the
detector capacitance, a shaping stage featuring a 200 or 400 ns peaking time and finally
a discriminator used to compare the signal with a chip-wide threshold to provide digital
information. The design of the front-end minimized the amount of PMOS transistors and
related n-wells, which act like competitive parasitic electrodes. The fraction of deep n-
well area (electrode) over the total n-well area was of about 90% (known also as the fill
factor).

The readout architecture of the APSELAD pixel, capable of performing on-chip data
sparsification, was data-driven and permits the use of the tracker information to generate
a Level 1 trigger. The sparsified readout was implemented thanks to the organisation of
4 x4 pixels into a macro pixel (MP); each MP had only two private lines for point-to-point
connection to the peripheral logic: one line was used to communicate that the MP has
got hits, while the second private line was used to freeze the MP until it has been read out.
Common horizontal lines are shared among pixels in the same row to bring data from the
pixels to the periphery, where the association with the proper timestamp is performed
before sending the formatted data word to the output bus. The architecture is presented
in Figure 3.4.
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The chip has been designed to run with a maximum matrix readout rate of 32 hit pix-
els/clock cycle and a local buffer of maximum 160 hits to minimize the matrix sweep time.
The readout clock, designed to run up to 100 MHz, was operated at 20 MHz in the beam
test. Noise performance were estimated in the laboratory to be of about 75 e (ENC) with
20% dispersion across the matrix; the threshold dispersion over the pixels was estimated
be about 60 e.

3.4 The Striplets Detector

The DSSD detector prototype developed within the SLIM5 project was called “striplets”.
They were the baseline option for the Layer0 of the SuperB SVT. The striplets detector was
designed and fabricated at FBK-IRST?. The striplets detector was indeed a double-sided
strip detector, realised on high-resistivity n—type bulk. A picture of the striplets detector
can be seen in Figure 3.5.

A
b 3&:&

Figure 3.5: Detail of a corner of the SLIM5 striplet detectors.

The striplet geometry was optimized to limit the strip length (18 mm) and the material
budget (double-sided, 200 um thick). The strips were tilted by 45° with respect to the de-
tector edge, as shown in Figure 3.5. The short strip length reduces the average occupancy
per channel and allows coping with the increased strip-to-backside capacitance, given
the thin bulk. The strips pitch was 50 pm on both sides; the detector active area was of
27x12.9 mm?. The design allowed a long DSSD with short strips on both sides. The strips
were AC coupled, with integrated capacitors and polisilicon biasing-resistors. In order to
minimize the dead area along the edges, the resistors are placed outside the guard ring.
The detector was fully depleted at 10 V bias.

The striplet sensor was read out by the data-driven FSSR2 chip [77], the second re-
lease of the Fermilab Silicon Strip Readout Chip, derived from the one originally designed
for the silicon pixel detector of the BTeV experiment. The chip is completely data-driven
and can be readout at up to 70 MHz. The chip features 128 analog channels, with ad-
dress and time information for all hits; the output is purely digital; the chip measures
7.5 mm x 5 mm and the input pads have an effective pitch of 50 pm. A picture of the
FSSR2 chip is shown in Figure 3.6

FSSR2 chip offers 8 programmable thresholds, with the first one acting as hit/no hit
discriminator (zero suppression mode), so each hit has a 3-bits adc information. The de-

2now FBK-CMM: http://cmm. fbk.eu/
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Figure 3.6: Annotated picture of the FSSR2 chip with input pads at the top. (Adapted from [77])

sign was optimised for positive signals; here for the first time it was used to read out neg-
ative signals too (ohmic side of the striplets). Due to the limited dynamic range for n-side
just a hit/no hit information for negative signals was extracted.

In Figure 3.7 a striplet detector module is shown. One striplet sensor was read out by
3 FSSR2 chips per side, for a total of 384 wirebonded channels on each side.

Striplet sensor

Fanout circuit
(Aluminum traces on quartz)

Hybrid with 3 FSSR2 chips

Figure 3.7: Annotated picture of an assembled striplet module. The sensor, the fanout circuit and
the readout card, hosting 3 FSSR2 chips, are visible.

3.5 Performance of SLIM5 Detectors

To fully test the detector prototypes a demonstrator was built [5] and put on beam at the
T9 facility of the CERN PS in September 2008.
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3.5.1 The experimental set-up

At T9 facility of the CERN PS protons of 12 GeV/c, with spills of 400 ms and typically
from 10* to 10° particles/spill, where impinging on the demonstrator, which was set-up
as shown if Figure 3.8.

MAPS DUT E Striplet DUT
32x128 pixel matrix | [ 450 ’
50x50 pme cell i 50 pm pitch . ] MAPS | |
300100 pm thick | 200 um thick N i
| L STRIPLET ¥ 1‘
1 ==
| € ‘ ‘ STRIPLET
S1 : 33 | Al N
beam '\ | { || TELESCOPE
1 I DUTs : !! 1es TE
| | |
v s2
: 5123
T12 | T-34 scintillators

T-1.2.3.4 Telescope Modules
Double-sided Si strip

25 um strip pitch p-side (50 pm n-side)
Read-out pitch 50 um both sides

Figure 3.8: (left)The SLIM5 Beam Test Setup. (right)Picture of the SLIM5 demonstrator at the T9
facility of the CERN PS in September 2008. The telescope, 2 striplets modules and one Apseld4D
are visible.

For the reference telescope four 2 x 2 cm? DSSDs were used; the strips where AC-
coupled, with 25 (50) um pitch on p — (n—)side. The readout pitch was the same (50 pm)
for both sides, as the telescope modules too were readout by the FSSR2 chip. One pair
was positioned upstream and the other downstream of the devices under test (DUTSs).
The scintillators (S1, S2 and S3) were used for trigger studies.

3.5.2 Apsel4D Results

Two Apsel4Ds were studied, one having with nominal thickness (300 um) and the other
thinned down to 100 um only. The maximum efficiency was observed for the thinned
chip; at the lowest threshold (400 e, about 40% of a MIP signal) it reached 92%, which
roughly corresponds to the Apseld4D fill factor. Efficiency vs threshold results for Apsel4D
are shown in Figure 3.9

The efficiency within the Apsel4D pixel cell was performed; given the tracking resolu-
tion of about 7 um the Apsel4D pixel cell was divided in a 3 x 3 matrix. The results are
reported in Figure 3.9

One observes a significant variation of sensibility within the pixel area, as expected.
In particular, the central region is seen to be virtually 100% efficient, while the upper part
of the pixel, especially the upper right-hand sub-cell, shows lower efficiency due to the
presence of competitive n-wells.

The measured intrinsic hit resolution was about 14 um for the X-coordinate and slightly
better for the Y-coordinate: a modest improvement with respect to the single pixel hit res-
olution of 50 p/+/12=14.4 pm, mainly due to the absence of analog information and to
the modest fraction of clusters of two or more pixels.

3.5.3 Striplets Results

The results from the beam test of a striplet module are outlined in this Section; in the
following one a discussion on the impact of threshold on residuals will be presented.
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Figure 3.9: (left)Efficiency results for two MAPS detectors, taken from a single threshold scan. The
statistical uncertainty on each point is smaller than the size of the plotting symbol. The point of
low efficiency at the lowest threshold was probably due to temperature fluctuations during the
measurements.(right) MAPS hit efficiencies measured as a function of position within the pixel.
The picture, which is not to scale, represents a single pixel divided into nine sub-cells. The values
are the efficiencies obtained in each sub-cell after taking into account track migration among cells.
The uncertainties include the statistical uncertainty plus a systematic contribution coming from
the track migration.

We have evaluated the input noise charge by measuring the fraction of hits over thresh-
old as a function of the input charge at a given discriminator threshold. The results of the
calibrations are summarised in Table 3.1.

Table 3.1: Calibration results for the striplet detectors.

Side p n
Noise (e) 630 1020
S/N 25 16

Gain (mV/fC) 96 67
Threshold (e) 4400 6300
Thr.Dis. (e) 880 780

Cluster of strips were created by grouping neighbouring strips that have fired. The
charge pulse height distribution of clusters are shown in Figure 3.10.

The fitted MPV was found to be well compatible with the expected value for a MIP
in 200 pum thick silicon detector. The region above 100 threshold DAC for the n—side
was severely impacted by the limited dynamic range of the ADC, as it can be seen in Fig-
ure 3.10.

The hit-efficiency was of above 98% for both the p— and the n—side. A detailed anal-
ysis of the hit-efficiency as a function of the position along the detector is shown in Fig-
ure 3.11.

As it can be seen efficiency was quite uniform over the entire sensor. Strips with
efficiency below 1% where declared as dead and removed from the analysis. An elec-
trical analysis after the beam test confirmed that the dead strips were indeed discon-
nected/malfunctioning channels.
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Figure 3.10: Cluster pulse height distribution for a striplet module. (left) p— side; (right) n—side.
Data is fitted with a Landau function.
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Figure 3.11: Efficiency of a striplet module as a function of the track impact position. Dead strips
where removed from the analysis by selecting strips with efficiency greater than 1.0%; dead strips
position is marked by magenta arrows.

The spatial resolution performance of the striplets will be discussed in detail in the
next Section.
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3.6 Discussion of the Striplets Spatial Resolution

In this Section the spatial resolution of the striplets will be discussed in detail. After a
rather general introduction to the concepts of spatial resolution and how it can be inferred
from the residuals distribution, the spatial resolution performance of the striplets will be
presented. In particular the impact of the threshold will be examined.

3.6.1 Residuals and Spatial Resolution

The spatial resolution performance of position sensitive silicon detectors depends on var-
ious factors; some of them are related to the physics processes of charge creation and
transport, others to the detector characteristics. Among the former there is the statis-
tical fluctuation of the energy loss and the diffusion of the charge carriers produced by
the MIP: the carriers created by a traversing MIP spreads due to diffusion according to
o = V2Dt where D is the diffusion constant and ¢ is the time the carriers travel to reach
the collecting electrode; typical values of the diffusion spread o are of few um for detector
thicknesses of 100-200 um when the carriers velocities are saturated. Factors that influ-
ence the spatial resolution that are related to the detector characteristics are the analog
or binary readout, the detector pitch and the signal-to-noise ratio.

Spatial resolution is usually estimated by taking the RMS of the residuals distribution.
Residuals are defined as the difference between the position of the DUT hit associated
to a track and the extrapolated position of the track itself on the DUT plane . The width
of the residuals distribution depends on two main factors: the intrinsic resolution of the
DUT opyr (about the detector pitch divided by V12 - the so-called binary resolution [42])
and the pointing resolution of the tracking system o;,¢, which is the sum of the beam
telescope resolution 0.7 ° and the RMS deviation due to MS oys. Hence the width of
the residuals distribution o, is given by:

Ores=0DUT ® Ok (3.2)

If the contribution of tracking resolution to the residuals is negligible with respect to
the DUT one, then the DUT elementary cell, strip or pixel, can be resolved (examples
can be found in 7.4); if not, then the residuals distribution is usually well described by
a Gaussian distribution. In the latter case the DUT resolution opyt can be obtained by
deconvolution using Equation 3.2: opyt ~ Oes© Otk

Charge sharing between neighbouring strips (or pixels) allow the formation of clusters
with 2 or more. Focusing on strips, when more than 1 strip fires it is important to assign to
the multi-strips clusters the positions that give as a result the smallest possible residuals
distribution, hence, the ultimate spatial resolution for the detector.

In [42] an excellent and complete discussion on the best algorithms to find the posi-
tion of particle hits is given; the influence of detector parameters (thickness, pitch, float-
ing strips, etc.) and of the track angle are investigated. The best algorithm for clusters of
2 strips is the so-called n position-finding algorithm (PFA), where:

r]_SR+SL

(3.3)

3about the intrinsic resolution of each telescope plane divided by the square root of the number of tele-
scope planes

45



CHAPTER 3. THE SLIM5 PROJECT

where Sg(1, is the signal amplitude of the right (left) strip in the cluster. Using the n PFA
the cluster position x;, is defined as:

- = 4
P f+ P (3.4)

where P is the detector pitch, xi, is the center position of the left strip in the cluster
and f(n) is a function that can be estimated directly on data:

dN
fond_n,dnl
fm)=——— (3.5)
1dN
Jo ar dn/

under the assumption that the distribution of the number of tracks N is uniform over
the detector.

The uncertainty on the position identified using the n PFA o, hence the detector spa-
tial resolution, is about the detector pitch P divided by the signal (S) over noise (N) ratio:

773 (3.6)

The n algorithm is the optimal one for tracks at normal incidence or impinging at small
angles. Despite it was used for the analysis of striplets data the width of residuals was
much larger than expectations, about 16 um with respect to ~14 um that is the expected
value for hits formed by just 1 strip. The reason for this poor resolution was investigated
and the results are discussed in what follows.

3.6.2 Striplets Residuals and the Effect of Thresholds

In Figure 3.12 the residuals distribution for hits registered on the p—side of a striplet mod-
ule is presented. The width of the fitted Gaussian is about 16 pm.

| Residual (Meas-Extr) U side for Det4 | ResU_Det4
Entries 75265
3500 — Mean 5.678e-06
C RMS 0.001974
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Figure 3.12: Residuals distribution for hits registered on the p—side of a striplets module. Points
are data, the red line is the result of a Gaussian fit to the distribution.
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Figure 3.13: Residuals distribution for hits registered on the p—side of a striplets module when
only clusters with <6600 e charge are considered. Data are represented as points with error bars.
The fit function (blue solid line) is given in Equation 3.7; the red solid line is the outlier Gaussian
contribution.

More than 82% of the analysed clusters contained just 1 strip when particles where
impinging at normal incidence; 16% of the total had 2 strips. Hence the expected resid-
uals width when all clusters are analysed together should have been slightly smaller than
50/v/12 = 14.4 pm.

The reason for the poor performance was found to be related to the high hit/no hit
threshold set on the FSSR2 chip. In case of asymmetric charge sharing between two strips
one of the two can have a signal that is below threshold, hence a true cluster of 2 strips is
reconstructed as one with a single strip. In this case the cluster position is assigned to the
center of the only strip whose signal is above threshold, so, on average, the error made in
position assignment is about half of the pitch, i.e. 25 pm.

To confirm the hypothesis clusters with charge about or less than a third (6600 e) the
one expected for a MIP where studied; the residuals distribution for these clusters is show
in Figure 3.13.Two peaks around P/2 = 25 pm are clearly visible: they correspond to the
aforementioned true 2 strips clusters reconstructed as 1 strip only hit.

The residuals distribution was then fitted with a function containing three compo-
nents: a core Gaussian, to model correctly reconstructed clusters; a double guassian, with
mean fixed at +£25um, to model the mis-reconstructed 2 strips clusters; and finally an
outlier Gaussian, with mean fixed at 0 um, to take into account spurious hits [62]. The
probability density function (PDF) as a function of the residual value x was:

fX)=fSx)+ (1 - fo) | f/oD(x) + (1 - fp)O(x) 3.7)

where S, D and O are the core, double and outlier Gaussian, respectively, and fs p are
weights constrained between 0 and 1.

The distribution of residuals of all clusters are shown in Figure 3.14.

The fit results indicated that, once the dead strips are removed, the outlier component
is negligible. On the contrary, about 7% of the data were described by the double Gaussian
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Figure 3.14: Residual fit for the striplets as a DUT for (a) p-side and (b) n-side. Data are points.
The solid line is the fit function given in Equation 3.7; the dot-dashed line is the outlier Gaussian
contribution, while the dashed line is all but the core Gaussian.

component.

The ultimate resolution was obtained using Equation 3.2, where o, is taken as the
width of the core Gaussian of the fit function. We found a resolution of 13.6 um for the
p—side and 14.1 um or the n—side, slightly better than the binary resolution for a 50 pm
readout pitch and in agreement with the expected values for strip detectors with similar
S/N.

3.6.2.1 Spatial Resolution as a Function of the Track Angle

The spatial resolution of striplets was studied as a function of of the incident track angle;
the results are reported in Figure 3.15, where the average cluster size is shown too.

a b
- 20 [ .
“8 F % p-Side « = 18 £ X p-Side
24 A n-Side g B A n-Side
22 £ § 16 X
(0] E A = C
N oo E é 14 & "
= C o) C
218 [ ¥ - 12 - ;{
=) F c F
O 16 A 2 10 - A
E X @ E b
14 A o F
= g 8 *
1.2?— X N\ %) N
6 &
1 v by b by by by by s by v v by v byw Covvo b bwvwnbvwwn bewva by b b w bowwn by
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
track angle [deg] track angle [deg]

Figure 3.15: (a) Average cluster size for the striplets as a function of track angle. (b) Resolutions for
the striplets as a function of track angle.

The average cluster size increases and therefore the resolutions improve considerably
as a function of the incident angle up to 30°, after which the performance degrades. This
is in good agreement with expectations [42]. At 45° the resolution is about 20% worse than
that at normal incidence.

Cluster size was smaller for n—side than p—side for all angles investigated; as a con-
sequence the resolution was worse for n—side than p—side. This is the result of higher
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noise, higher threshold and limited ADC range for n—side (see Table 3.1).

The residuals distributions as a function of the incident track angle are presented in
Figure 3.16.

As it can be seen the contribution of the double peak Gaussian is less and less im-
portant as the angle increases; this is due to the charge sharing being more and more
symmetric. This analysis confirmed the validity of the hypothesis about the influence of
the threshold on the residuals distribution.
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Figure 3.16: Residuals distribution of striplets detector at different incident track angle. From top
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Points are data, the fit function is given in Equation 3.7.
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3.7 Summary and Discussion

Thin silicon detectors with excellent spatial resolution are mandatory to fulfil the physics
program of Super Flavour Factories and Linear Colliders. The solutions proposed by the
SLIM5 collaboration, the CMOS MAPS Apsel4D and the DSSD striplets, proved to be an
excellent starting point for the development of tracking and vertexing detectors for those
experiments.

Indeed they were both “light” in terms of material budget, 0.1% and 0.2% of X, for the
100 pm thick Apsel4D and for the striplets (sensor only but no readout electronics present
in the active area) respectively. The possibility for striplets to have the readout electron-
ics outside the active area made them the preferred option for the layer0 of the proposed
SuperB SVT. Hit-efficiency was high and matched the expectations for both Apsel4D and
striplets. The Apsel4D chip hit efficiency was limited by the fill factor due to the compet-
itive wells; for the striplets no major showstopper was found and the efficiency was close
to 100%.

For what concerns the space-point resolution, both detectors matched the expected
performance for 50 pum pitch detectors, but they suffered for the low number of clusters
with more than 1 cell due to the high threshold.

Faster readout was in need for both solutions, even if FSSR2 chip was operated at up
to 70 MHz.

Smaller pitches and better noise control were needed to match the specifications. In
particular, as it was investigated throughly for striplets, the zero suppression mechanism
impacts severely the spatial resolution if thresholds are relatively high and their effects are
not corrected for.

Research continued for CMOS MAPS [78], improving the efficiency by increasing the
fill factor, reducing the pitch to 40 um and exploring vertical integration. Striplets would
have benefited from a new readout chip.
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Chapter 4

Technology Computer Aided Design
Simulations

In this Chapter the basics of Technology Computer Aided Design, TCAD, simulations will
be given. After introducing TCAD simulation tools (Section 4.1) and explaining their im-
portance for the development of silicon detectors for HEP applications, some examples
of TCAD based studies will be given, both for sensor design optimisation and device sim-
ulation (Sections 4.2 and 4.3). In Section 4.4 a discussion on the comparison of different
TCAD tools is given, with a particular focus on the modelling of fundamental semicon-
ductor physics. Section 4.5 will be devoted to the modelisation of radiation damage in
TCAD simulation, a topic of very large interest in view of the new trackers for the actual
ATLAS Pixel Detector (Chapter 6), but also for the the High Luminosity phase of the Large
Hadron Collider (more details in Chapter 7). In Section 4.6 a detailed discussion on com-
paring Silvaco and Synopsys TCAD tools when used for radiation damage modelling will
be given. A general summary (4.7) will close this Chapter.

4.1 Introduction

TCAD is a branch of electronic design automation that models semiconductor fabrication
and semiconductor device operation. The modelling of the fabrication is termed Process
TCAD, while the modelling of the device operation is termed Device TCAD. Included are
the modelling of process steps (such as diffusion and ion implantation), and modelling of
the behaviour of the electrical devices based on fundamental physics, such as the doping
profiles of the devices.

The advantages TCAD based studies offer during the development of semiconductor
sensors and electronics are multiple:

¢ they are predictive
¢ they provide insight

e they capture and visualise theoretical knowledge

TCAD based studies are predictive since they offer the possibility to explore alter-
ative / innovative solutions providing quantitative predictions, allowing to test new hy-
pothesis. They also offer insight: they allow the user to explore physical quantities other-
wise impossible to access in reality, like point-by-point carriers distribution, electric field
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lines, etc. In this sense they are also a powerful tool to learn semiconductor physics, pro-
vided a good base knowledge is present. Finally TCAD tools make it possible to literally
visualise new ideas and the results they promise to offer.

In the following some examples of TCAD based sensor design and of predictions for
HEP trackers will be given.

4.2 Sensor Design

The possibility to explore several designs for a silicon detector without having to realise
them is an asset since it allows to reduce the number of submissions, allowing to save
time and money. One example of such studies is given by the optimisation of the detector
edge design. As already discussed in Section 2.4.2 it is important to control the voltage
drop from one side of the junction to the other one. This is particularly true for nowadays
silicon sensors where, to maximise the detector acceptance, the dead area at the detector
edge has to be kept at a minimum (see also 7.5). One way to achieve small dead areas
and and at the same time avoid large electric fields is to add several guard rings (GRs)
that surround the sensitive area of the sensor. How many GRs include in the detector,
how large their implants should be, which total area they should cover are some of the
questions that TCAD simulations can address.

In order for the answers to be really reliable it is important to have access to informa-
tion like the doping profiles of the various detector implants and dielectric thicknesses.
This is often not possible, since the silicon foundries do not disclose these information.
Some a posteriori analysis is possible, like Secondary Ion Mass Spectroscopy, SIMS. SIMS
is avacuum based technique which relies on the bombardment of a sample surface with a
primary ion beam followed by mass spectrometry of the emitted ionised secondary ions.
For SIMS see for example [79]. A result of the SIMS investigation [80] of a p-spray doping
is shown in Figure 4.1.
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Figure 4.1: Boron depth profiles obtained in two points for each p-spray area on samples taken
from an n— on — p production.

P-spray is needed to counter the accumulation of electrons between n* implants in
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an electron collecting detector, which otherwise would short the electrodes and degrade
the detector performance. The positive oxide charge is responsible for the electron layer
at the Si-SiO, interface [28].

Thanks to inputs like the ones from SIMS it is possible to make optimal choices for
the detector edge design as it was done for the edgeless pixels sensors reported in [7]. An
example of the agreement between real data and TCAD simulations is shown in Figure 4.2.
In the Figure the IV curves of edgeless n — on — p pixel test structures are compared. The
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Figure 4.2: IV curves for edgeless n — on — p pixel test structures. (left) TCAD simulations (right)
Real data from [7]. Detectors with the same pixel-to-edge minimal distance and different number
of GRs are compared. In the right figure a photo of the tested detector is shown in the inset. Vetical
scales are different due to the simulated detector area which is smaller than the real one.

parameter of interest here is the breakdown (BD) voltage, which in the presence of p-spray
depends critically on the dose of the implant and on the shape of the electrode on top of
the n* implant.

As it can be seen for what concerns the BD voltage the level of agreement between
real data and TCAD simulations is at 20% or better. This was an important achievement
since the designs of the real sensors was driven by the TCAD simulations studies; they
allowed to choose among different possible combinations of minimal pixel-to-edge dis-
tances and number of GRs. It has to be noticed that the vertical scales do not agree and
this is expected since the area of the simulated detector is a small fraction of the real one.

A similar study, reported in Figure 4.3, showed that keeping the number of GRs fixed
and simply increasing the minimal pixel-to-edge distance does not make the BD voltage
larger.

This effect is due to the p-spray which is equipotential with the backside implant till
it does not cross a n* implant, like a GR or the pixels. Hence, increasing the distance be-
tween the detector edge and the pixels but not adding more GRs does not allow a more
smooth voltage drop, hence does not change the BD voltage. The fact the p-spray is
equipotential was verified during the simulation studies, a test otherwise difficult to ac-
complish.

The one presented so far is a very simple but effective case in which TCAD simula-
tions drive the sensors design. More sophisticated studies can be carried out, in which
processes like etching, oxide growing, doping implantation and diffusion and many more
can be simulated. These kind of studies are beyond the scope of this report; an example
of such studies can be found in [81].
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Figure 4.3: Simulated IV curves for edgeless n—on— p pixel test structures. Detectors with different
pixel-to-edge minimal distance and different number of GRs are compared.

4.3 Device Simulation

Device simulation allows to study the detector behaviour under numerous conditions
like forward / reverse voltage, application of sinusoidal signals on electrodes, illumina-
tion with lasers or generally light, generation of charge in the bulk by charged particles,
radiation induced traps in the bulk and at the surface, low temperature operation, etc.,
and of course combination of them. All these correspond to working condition for HEP
detectors, hence predictions can be extracted for example for a heavily irradiated silicon
detector in terms of charge collection efficiency, operating voltage and leakage current
level.

Such studies again allow to make detector choices that save money and time and give
access to quantities like carriers distribution otherwise impossible to measure. An exam-
pleis given in Figures 4.4 and 4.5, where the result of 2D simulations of an n—on—n detec-
tor are reported. Three collecting electrodes are simulated; the detector is 250 pm thick
and the pitch is 250 um. The over-depleted detector (Vj;,s = 500 V) is hit by a MIP; the MIP
strikes at an angle of 20° with respect to the sensor surface. The detector was simulated
after an irradiation fluence of @ = 1 x 10'® neq/cm?, modeling the radiation damage us-
ing the Chiochia model [82] (more details in Section 4.5.2). By comparing the Figures 4.4
and 4.5 it can be seen that electrons drift faster than holes; a large fraction of holes have
moved little from the original position while electrons have gained much more distance
after 1 ns. This kind of simulation are needed to interpret data from beam tests when
tracks are impinging at shallow angle. The charge profile in data can be compared over
the signal amplitude from pixels in long clusters to the one predicted by TCAD simula-
tions; this will allow to infer the electric field distribution inside the irradiated detector
thanks to so-called grazing angle technique [83-85]; more on this in Section 4.5.

In case of edgeless sensors it is interesting to investigate the charge collection effi-
ciency (CCE) in the un-instrumented area between the last collecting electrode and the
detector edge. Other than the BD voltage, also CCE is an important factor on which opti-
mise the detector design. In Figure 4.6 the result of a simulation study foran n—-on—p
edgeless detector

The simulations indicate that it is possible to collect at least 50% of the signal ampli-
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Figure 4.4: 2D simulations of an irradiated n— on—n detector. Carriers concentration are reported
when the detector is over depleted and a MIP just stroke. MIP was impinging at 20° with respect
to the sensor surface. (Top) Electron concentration. (Bottom) Hole concentration.
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Figure 4.5: 2D simulations of an irradiated n— on—n detector. Carriers concentration are reported
when the detector is over depleted and 1 ns after a MIP stroke. MIP was impinging at 20° with
respect to the sensor surface. (Top) Electron concentration. (Bottom) Hole concentration.
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Figure 4.6: Simulated CCE as a function of the MIP impact point. It is the result of a 2D simulations
of an n— on — p edgeless detector. The bias voltage and the integration time are indicated.

tude for a MIP up to 50 pm away from the last collecting electrode. This is very promising
for active edge detectors (see also 7.5).

4.4 Discussion on Fundamental Semiconductor Parameters
and TCAD Simulations

The two most used commercial TCAD products in the HEP community for device sim-
ulations are Silvaco Atlas' and Synopsys Sentaurus®. In a test to see how much the two
products differ in terms of physics models it turned out that at least in two fundamental
semiconductor physics observables they were quite far apart. A 200 um thick, 50 pum wide
n—on— p diode was simulated in 2D for these studies. More details can be found in [86].

The first observable under investigation was the thermal velocity of the carriers. Syn-
opsys Sentaurus uses the following formulation as default for the carrier thermal veloci-

ties v™”
T
np _  np
Vinsyn = Vo ”—BOOK’ (4.1)

th,Syn:
and the default values for U(r)l P are 2.04(1.56) x 107 cm/s.

Silvaco Atlas default for the carrier thermal velocities v?}'lp Sil is:
3kT
vn}’lp = , (4.2)
th,Si M.VTHN(M.VTHP) m

where my is the electron rest mass. For silicon the M.VTHN and M.VTHP parameters (the
former for electrons, the latter for holes) are functions of the temperature T:

M.VTHN =1.045+4.5x 1074T (4.3)
M.VTHP =0.523+1.4x 10 3T -1.48 x 107°T? (4.4)

The carrier thermal velocities v;; where evaluated between T = 250 K and T = 350 K
for both Silvaco Atlas and Synopsys Sentaurus; the results are illustrated in Figure 4.7.

Ihttps://www.silvaco.com/products/tcad.html
Zhttps://www.synopsys.com/silicon/tcad.html
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Figure 4.7: Carrier thermal velocities as a function of the temperature.

As it can be seen there is almost a factor of 2 of difference between the two tools for the
electrons thermal velocities. The reason for this disagreement has to be found in the car-
riers mass value used in the thermal velocities calculation. While Synopsys uses the ef-
fective mass derived from the energy band curvature, Silvaco inserts the rest mass of the
electron. Such a difference in the carriers thermal velocities should affect the carriers
transport phenomena, the leakage current level and the effects due to radiation damage
defects.

The second parameter that was investigated was the bandgap energy Eg. The default
value in Silvaco for Eg at T =300 Kis of 1.08 eV. This is surprisingly low compared to values
in literature (see for example [28-30, 32]) which are comprised in the range 1.11-1.12 eV.
The temperature dependence of Eg in both TCAD tools is the following [29]:

2 (3002 T2

300+p T+p

(Tref)2 T?

oT
E¢(T) =E4(0)— Tref+[3_T+ﬁ

T+p

= E¢(300) +a

= Eg(Trep) +a

] (4.5)

where T,.r is some reference temperature. Both TCAD products agree on the a and £
parameters values:

Table 4.1: Parameter values for the temperature dependence of the bandgap. See also Equation 4.5

parameter value
a 4.73x10"* eV/K
B 636 K

Silvaco tools are built on the value Ezi 1(300) =1.08 eV while Synopsys on Ezy "(0)=1.1696 eV.

Extrapolating Ezy "(0) to T =300K from the one gets the expected Ezy "(300) ~1.12 €V, in
agreement with literature. Silvaco developers explained® the abnormal Egi 1(300) value
because of very low resistivity Silicon wafers used to estimate the bandgap energy when
their TCAD tools was developed. They are aware of the issue and claim that the Silvaco
TCAD tools are anyhow consistent with the Ezﬂ(300) value chosen and predictions are
reliable.

To test the latter statement the Eg,” (300) value was changed in the Silvaco Atlas simu-
lation package, and results compared. Again, a 200 um thick, 50 um wide n—on— p diode

3private communication
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was simulated using Silvaco 2D device simulator. Temperature was varied between -20°
and +20° in 5° steps. Several scenarios have been investigated:

default using default Silvaco parameters values
EG112 setting E3'/(300) =1.12 eV
Syn. Th. Vel. setting thermal velocities to the values used by Synopsys tool
EG112 & Syn. Th. Vel. combination of the two above
NO BGN turning off the model for bandgap narrowing based on the concentrations [87].

Several studies were performed using the Silvaco TCAD tools, including comparison
of simulated leakage current level with theoretical expectations, evaluation of the activa-
tion energy E, (Equation 2.30) and scaling of leakage current with temperature. In what
follows the findings of these studies and a discussion of the results are presented.

Leakage Current Level In Figure 4.8 a comparison of the simulated leakage current in
the five scenarios for r =20°C is presented. It is evident that the only parameter playing a
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Figure 4.8: Simulated current density as a function of the bias voltage for different scenarios at
t=20°C. See text for more details.

major role, as expected, is the bandgap energy Eg” (300).

To verify the validity of leakage current level from Silvaco tools the result at V,, =
Vaepr +50V bias were compared with the theoretical value evaluated using 2.29. Assum-
ing the same value for generation and recombination lifetimes and taking the intrinsic
concentration value n; from the simulation itself a current density of ] ~ 1.6 x 1073 A/cm
is expected, which is in excellent agreement with the value observed in simulations when
the default value of E? 1(300) is chose (i.e. 1.08 eV); on the contrary, as it can be seen

from Figure 4.8, when EZ” (300) is set to 1.12 eV the simulation results do not match the
theoretical expected values.

It has to be noted that the simulated current is purely bulk generated; this is also clear
from Figure 4.8: the current level is stable after the depletion voltage. This feature is not
realistic [88] but for the sake of understating bulk generated current properties in TCAD
simulations is very well suited since it allows to study the phenomenon without having
to deconvolve from the leakage current the surface effects, the trap assisted tunnelling
contribution, etc.
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Temperature Dependence of Simulated Leakage Current and Activation Energy The
change of leakage current was studied for the different scenarios outlined before. For
all temperature T times scenario S combination the leakage current I;,qx(Vop; T;S) at a
operational voltage V,, was extracted. It was verified that the depletion voltage V .,,; did
not depend on scenarios nor temperatures.

The leakage current was then studied as a function of the reciprocal of the temperature
and fitted with a function inspired by Equation 2.30:

&(l 1)]
2kg\T Trer

where n and E, are free parameters, I,.¢ the simulated current at the reference tempera-
ture T,.r and kg the Boltzmann constant. The results are reported in Figure 4.9. A 0.01 K
error was assigned to the simulated temperature, the leakage current was evaluated at
Vop £1.0 V too and the largest shift used as an uncertainty estimate. In Figure 4.10 the
parameter n of the fit function was fixed to 2.

The fit function 4.6 represent very well the data, whatever the scenario and the choice
made for the parameter 7 (free to float or fixed to 2). This is an indication that the mech-
anism of temperature scaling is the same for all the configuration explored. The case, not
presented here, of setting the parameter a of Equation 4.5 to zero was tested too but the
results were deviating too largely from Equation 4.6 and considered unphysical.

T n
I:Iref(Tref) exp (4.6)

In all scenarios the parameter n, when unconstrained, is compatible with the value of
2. So in the rest of the discussion we will consider only the case when n =2 (Figure 4.10).
A couple more scenarios where studied (Eg” (300) =1.09 eV and 1.11 eV) with the goal of
studying the dependence of E,; on Ezil (300). The result are reported in Figure 4.11

From the Figure is manifest that the following relations hold:

E,=Eg' (300) +0.05eV 4.7)

The activation energy range obtained from Equation 4.7 does not include the value found
in literature of 1.21 eV [35] for bandgap energies between 1.08 and 1.12 eV.

Leakage Current Rescaling Based on Temperature The relation 4.7 was used with Equa-
tion 2.30 to rescale leakage currents in the default scenario from different temperatures
to the reference temperature, T =293.15 K in this case. The rescaling was done separately
for each voltage point. To verify the validity of the rescaling the scaled IV curves where
divided by the IV curve at the reference temperature. For each temperature then the av-
erage and the RMS of these ratio was calculated. In Figure 4.12 the result of this study. It
can be seen that after depletion (around -100 V) the ratio is very close to 1, much more
than in underdepletion. If the average values are taken into account then it is possible
to estimate to 1% the accuracy on average of the rescaling in the considered temperature
range. The slope of the linear fit is compatible with 1 as the intercept with 0 within one
standard deviation.

As a last test the ratio of IV curve of EG112 scenario to the default one was taken for
t =20°C; the curves were taken form 4.8. The result is reported in Figure 4.13.

The average value of the ratio is about 0.4522+0.0022 which is very close to the theo-
retical prediction based on Equation 2.30 used with relation 4.7.
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Figure 4.9: . Simulated leakage current at operational voltage V,, at different temperatures for
different scenarios. (Top row) default scenario; (mid row) EG112 scenario on the left, Syn. Th. Vel.
on the right; (bottom row) EG112 & Syn. Th. Vel. scenario on the left, NO BGN on the right. Data
are points with error bars; data were fit with Equation 4.6 and the fit result is superimposed.
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Figure 4.10: . Simulated leakage current at operational voltage V,, at different temperatures for
different scenarios. (Top row) default scenario; (mid row) EG112 scenario on the left, Syn. Th. Vel.
on the right; (bottom row) EG112 & Syn. Th. Vel. scenario on the left, NO BGN on the right. Data
are points with error bars; data were fit with Equation 4.6 and the fit result is superimposed. The

parameter n was fixed to 2.
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Figure 4.11: Activation energy as a function of the bandgap energy value at 300 K in Silvaco TCAD
simulation. Data are points with error bars; a linear fit is superimposed.

o T o L0 e
o102 - L ]
S F 3 C ]
g r b = il
S - S1.015— 4;‘ i
—0.98— ;"' = 101 —— Linear i |
C & C M

C g r i
0.96{— 2 F ]
C 3 1.005/— A
0.94— 4 C ]
C 9 L ]
092f— — 1— -
L g E ]
oo = 0.995/— —
0.88— 4 r ]
S N E S B E R B Py | T AN BN A IS BN B I B
500 400 =300 200 ~100 0 %50 555 260 265 270 275 280 285 290

Viias [V TIK]

Figure 4.12: .(Left) ratio of IV curve at t = —20° C to the one at ¢ = 20° C after the former has been
rescaled to £ = 20°. (Right) Average ratio of scaled currents to reference one as a function of the
temperature. Both plots were created under the default scenario.

0.455

0.45

EG112)/I(default)

=0.445

0.44

0.435

0.43

g il plii i obo@®®

0.425

L

1 1 l 1
-500 -400

N
Sk
IS)

<

o

B

<

=o

Figure 4.13: Ratio of IV curve under the EG112 scenario to the default one. The temperature was
t =20° C for both scenarios.

65



CHAPTER 4. TECHNOLOGY COMPUTER AIDED DESIGN SIMULATIONS

Summary It was shown that there are significant differences between the TCAD tools
Synopsys Sentaurus and Silvaco Atlas on what concerns fundamental parameters like
thermal velocities and bandgap energy. It is likely the two tools differ on other impor-
tant aspects but two rather fundamental ones were already reported here. If for thermal
velocities a simple rescaling of the carrier effective masses seem sufficient (more in the
Section 4.6), the bandgap energy difference needs a more careful treatment.

It was shown that, despite the very low default value in Silvaco (1.08 eV at 300 K), the
simulated leakage current level is in agreement with expectations based on intrinsic con-
centration and generation lifetime when the default value for bandgap energy is consid-
ered. TCAD simulated diode reverse leakage currents scale with temperature with the
same formula which emerged from real data analysis; the fitted value of activation en-
ergy in simulated data is is very low, though: 1.17 eV maximum with respect to 1.21 eV.
It was proved that it is possible to effectively rescale the simulated leakage currents from
different temperatures to 20° C as it is done for real data, once the appropriate activation
energy value for simulations is used.

In conclusion a working solution has been found for the Silvaco Atlas tool for what
concerns the bandgap energy and the carriers thermal velocities, to make its predictions
in agreement with data. Still it is a non perfect solution; it would preferable to have re-
liable results from simulations when the bandgap energy is set to its known value from
literature and the derived activation energy close to the published data.

4.5 Modelling Radiation Damage in TCAD Simulations

In this Section the implementation, modelling and a study case of Radiation Damage in
TCAD Simulations will be presented. This Section is an introduction to a subject that will
be discussed again in Chapter 6.

4.5.1 Implementation of Radiation Damage in TCAD Simulations

As it was discussed in Section 2.5 energetic particles above a certain energy threshold
create defects to the silicon lattice. It is possible to simulate defects using TCAD tools
by adding trap centers, or simply traps, to the energy bandgap. Trap centers, whose as-
sociated energy lies in a forbidden gap, exchange charge with the conduction and va-
lence bands through the emission and capture of electrons. The trap centers influence
the density of space charge in semiconductor bulk and the recombination statistics. De-
vice physics has established the existence of three different mechanisms, which add to
the space charge term in Poissons’s equation in addition to the ionized donor and accep-
tor impurities. These are interface fixed charge, interface trap states and bulk trap states.
Here only bulk traps will be discussed. In particular this Section will describe the defi-
nition of bulk trap states and the implementation of these bulk trap states into Silvaco
TCAD device simulations®.

A donor-type trap can be either positive or neutral like a donor dopant. An acceptor-
type trap can be either negative or neutral like an acceptor dopant. A donor-like trap is
positively charged (ionized) when empty and neutral when filled (with an electron). An
empty donor-type trap, which is positive, can capture an electron or emit a hole. A filled
donor-type trap, which is neutral, can emit an electron or capture a hole. An acceptor-
like trap is neutral when empty and negatively charged (ionized) when filled (with an

“https://www.silvaco.com/products/tcad/device_simulation/atlas/atlas.html

66


https://www.silvaco.com/products/tcad/device_simulation/atlas/atlas.html

CHAPTER 4. TECHNOLOGY COMPUTER AIDED DESIGN SIMULATIONS

Be

E.LEVEL for acceptor traps

Ei

Ep

E.LEVEL for donor traps

EV Y

Figure 4.14: Definition of the trap energy level for acceptor and donor traps in reference to thec
onduction and valence band edges. (After [89])

electron). A filled acceptor-like trap can emit an electron or capture a hole. An empty
acceptor- like trap can capture an electron or emit a hole.

Figure 4.14 shows the terminology used within Silvaco TCAD to define the type of
trap. The position of the trap is defined relative to the conduction or valence bands using
E.LEVEL so for instance, an acceptor trap at 0.4eV would be 0.4eV below the conduction
band [89].

The total charge caused by the presence of traps is added to the right side of the Pois-
son Equation; the generation-recombination equations will be modified including terms
for taking into account that electrons are being emitted or captured by the donor and
acceptor-like traps.

4.5.2 Radiation Damage Modelling in TCAD Simulations

We will now discuss which traps are to be added to TCAD Simulations to reproduce the
experimental observations presented in 2.5. A list of defects relevant for silicon diode used
in HEP was shown in Figure 2.23. Including all these defects is presently infeasible due to
the overwhelming computational effort required and the large uncertainties associated
with some levels.

Simplified approaches are therefore applied where only a subset of defects are simu-
lated [58, 59, 82,90-97]. Historically a simple model which accounts for the bulk damage
just by means of one “equivalent” deep acceptor-like level was tried [90, 91] but it was
failing at reproducing the double peak effect in the electric field distribution of heavily
irradiated devices as shown in [57]. Two traps, one acceptor-like and one donor-like are
more suited for this; several models where proposed, like [58,59,82,96]. Further develop-
ment involved the introduction of a second acceptor-like trap, very close to the midgap;
this helped to better model the type inversion and the leakage current increase with flu-
ence [93-95,97]. At some point also 4 traps were considered but this was kind of unique
trial [92].

An example of radiation damage model for TCAD simulations in given in Table 4.2; the
traps characteristics are taken from [95].

For each trap it is specified if it is a donor- or an acceptor-like trap, its energy with
respect to the relevant band edge (conduction / valence for an acceptor-/donor-like trap),
the capture cross sections g, j, for electrons and holes, respectively, and the introduction
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Table 4.2: Relevant parameters for acceptors (A) and donor (D) deep levels in the bandgap, de-
scribing the radiation damage. (After [95])

Type Energy (eV)  o.(cm?) oplcm?)  nlcm™)
A Ec -0.42 95%x10"® 95x10714 1.613
A Ec -0.46 50x107®  50x10714 0.9
D Eyv +0.36  3.23x10713 3.23x1071 0.9

rate 1) which is the density of traps N, per unit of fluence .
In general the energy of the trap E; is located some units of thermal energy kT away
from the intrinsic energy level E;, the introduction rate 1) is close to unity and the capture

cross sections o are included in the range 10716 — 1013 cm?.

4.5.3 Radiation Damage in TCAD Simulations Case studies

After the short review of radiation damage models for TCAD Simulations available in lit-
erature we now discuss briefly how to chose among them. The choice of the radiation
damage model depends of course on the level of agreement with real data from irradiated
detectors, but there is not a single model that can fit all possible real data. This is particu-
larly evident when the electric field profile inside the irradiated device is investigated.

Combining beam test data with TCAD simulations in what is called the grazing an-
gle technique [83-85] it makes possible to extract the electric field profile along the bulk
depth of the irradiated detector. An example of such studies can be found in [59, 82]; the
authors investigated n — on — n pixel detectors irradiated at CERN with 24 GeV/c protons.
The authors measured charge collection profiles as in Figure 4.15.

To model the local maxima around position 1000 pm a double peak distribution of
the electric field is necessary; they show that a uniform space charge distribution cannot
reproduce the measured charge profile. They propose a radiation damage model based
on the work of [58], adapting the capture cross sections o and the traps introduction rate
n. Their predictions for the electric field distribution are shown in Figure 4.16.

Recent works [98] that exploited the same technique with n —on — p 200 um pixel
modules irradiated to a fluence of @ = 2.0 x 10'® neq/cm? with 23 MeV protons at KIT®
reported a charge collection profile more flat.

A comparison with TCAD simulations was performed and presented in [99]. Several
models were tried and the best agreement was found when the Perugia 2006 model [94]
was used. The agreement is qualitative but no other model gave better agreement. In par-
ticular models predicting a double peak distribution of the electric field were producing
charge collection profiles more close to the ones presented in Figure 4.15 rather the one
reported here.

The prediction for the electric field profile from the Perugia 2006 model is presented
in Figure 4.18.

As it can be seen the simulated electric field is depending linearly on the bulk depth
position, as it happens before irradiation.

Shttp://www.etp.kit.edu/english/irradiation_center.php
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Figure 4.15: Measured (full dots) and simulated (histogram) charge collection profiles for a sensor
irradiated to a fluence of @ = 0.5 x 104 neq/cm2 (a-c) and of @ = 2.0 x 1014 neq/cm2 (d-g), and
operated at several bias voltages. (After [82])
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Space charge density as a function of the z coordinate for different fluences and bias voltages.
(After [82])

69



CHAPTER 4. TECHNOLOGY COMPUTER AIDED DESIGN SIMULATIONS

Distance from the implant [pm]

0 50 100 150 200 0.4 T T =
28 T r ]
E e®® 0000 ,, C e ]
26 e®® ®e, 035 mh=—— I == —
'>of..,. P i L .I. = T T, = = ]
— [a®"an" "a ° _ . —— E
2 24 N N "u 3 03— -
y C AA AA A A ‘AAA I.. % C —— =
& Fle.es ¢ o & p= . ]
% 22 - 50 + o A, £ o5k Perugia 2006 Rad. Dam. Model -
S °o® . " s { 800V | 700V 3
g 2f 00 fatz | § L ! + ]
g r .
= ® soov 00 6% < 021 ¥ 600V { soov N
700v [ 5 r m
18] u soov £ | a00v ¢ 300V =
500V 0.15(— m
16| & a0 C { 200v 4 100v ]
o 300v | | | | E + a1
: : : : | PR I AU AU RPN B AP AU BRI B PP |
0 5 10 15 20 25 2 4 6 8 10 12 14 16 18 20 22 24

Pixel Position of pixel in the cluster

Figure 4.17: Comparison between (left) measured and (right) simulated charge collection profiles
for n— on— p 200 pm thick pixel modules irradiated to a fluence of = 2.0 x 10’ neq/cm?. Tracks
were impinging at 80° with respect to detector surface. (After [98,99])

Figure 4.18: Simulated electric field profile for an n—on— p 200 um thick pixel modules irradiated
to a fluence of = 2.0 x 10'° Neq/ cm?. The radiation damage model used was Perugia 2006 [94].
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4.6 Comparison of Radiation Damage Modelling in TCAD
tools

As done for the un-irradiated detectors, a comparison between Silvaco Atlas and Synop-
sys Sentaurus was done for detectors simulated as if they were irradiated. The goal was
to see if the results in terms of depletion voltage, leakage current and charge collection
efficiency by the two tools for the same radiation damage model were compatible . The
radiation damage model developed by the Perugia group with Synopsys Sentaurus and
documented in [100] was used for the comparison; the model features 2 acceptors and 1
donor defects. The study was carried out in collaboration with one of the researchers of
the Perugia group. The same 2D n — on — p diode used for the studies reported in Sec-
tion 4.4 was used. The result of the investigations are documented in [86] and some of
them are reported and discussed here. First the investigated scenarios and then the re-
sults are presented; discussion will follow.

Similar to what was done for the carrier thermal velocities and the bandgap energy,
several scenarios were investigated:

base setting Egi 1(300)=1.11 eV
Eg = 1.08 eV using default Silvaco parameters values
Synopsys. Vel. setting thermal velocities to the values used by Synopsys tool
Synopsys. Vel.
& E; =1.08 eV combination of the two above

Moscatelli the results obtained by the Perugia group using Synopsys Sentaurus

The simulated fluences @ were 0.5, 1, 3, 5, 7 and 10 in units of 10'° Neq cm™2. Nu-
merical convergence problems in the simulations and the already explained difficulty in
determining a clear depletion voltage limited the analysis at very large fluences. We now
present the results for depletion voltage, leakage current and charge collection efficiency.

4.6.1 Depletion voltage

The investigations started with the depletion voltage, looking at the C™2 vs V curves. In
Figure 4.19 the C™2 vs V curves for a fluence ¢ = 0.5x101° Neq cm~? for the five different
scenarios.

As it can be seen at this moderate fluence all the curves look similar but the depletion
voltage is clearly changing from one scenario to the other. The analysis was carried on
for all the investigated fluences @ and the results are presented in Figure 4.19. The best
agreement between the two tools is obtained when the Synopsys. Vel. & Eg = 1.08 eV
scenario is considered. This is in agreement with what already presented in Section 4.4
for what concerns the band gap energy, but here the different carrier thermal velocity
values play an important role. This is not surprising since the electron and hole lifetimes
depend on the inverse of the carrier thermal velocities when the carriers recombination
rate includes the effect of the radiation damage induce traps [51]. It is also important
to notice that for lower bandgap energy values the depletion voltage gets larger; this is
expected since for smaller band gap the traps get closer to the bands and because of this
traps are more likely to be occupied, hence charged, so to influence the space charge
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Figure 4.19: (left) C~2 vs V curves for a simulated fluence @ = 0.5x10° Neq cm™? for the different
scenarios. (right) Depletion voltages, determined from the C™2 vs V curves, as function of the
simulated fluence @ for the different scenarios.

in the sensor bulk; see also Appendix B. In all the investigated scenarios the depletion
voltage increases almost linearly with the fluence; this is an expected feature, and it is
important that both tools can reproduce it.

4.6.2 Leakage Current

Current vs Voltage curves where then compared for the different scenarios. The curves for
afluence @ = 0.5x10'° Neq cm ™ for the five different scenarios are presented in 4.20.
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Figure 4.20: (left) I vs V curves for a simulated fluence ¢ = 0.5x 10%° Neq cm~2 for the different
scenarios. (right) Normalised rate of increase of leakage current a for a simulated fluence ¢ =
1x10'5 neq cm™2 for the different scenarios.

Also for the other fluences @ the best agreement is realised in the Eg = 1.08 eV'scenario.
The normalised rate of increase of leakage current a (Equation 2.36) was evaluated for all
simulated fluences (but the largest one) in all scenarios; the result for = 1x10%° Neq cm™?
is presented in Figure 4.20. As it can be seen, if it is true that the best agreement with the
results published by the Perugia group is indeed obtained in the Eg = 1.08 eV scenario,
it is in the Synopsys. Vel. & Eg = 1.08 eV scenario that the value of a gets closer to its
typical value, about 4 x 10717 A/em [51]; Perugia model predicts a ~ 3 x 1077 A/cm. Lower
bandgap energy and larger carrier thermal velocities mean of course larger current value
and this is indeed what is shown in Figure 4.20.

From the analysis of the depletion voltage and the leakage current it is clear that the
scenario that gives the best results is the Synopsys. Vel. & Eg = 1.08 eV one. So for the
charge collection efficiency (CCE) study only the Synopsys. Vel. & Eg = 1.08 eV scenario
was considered.
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4.6.3 Charge Collection Efficiency

The Perugia group compared their predictions on CCE with the results on real data pre-
sented in [101]. The same simulation was run using Silvaco Atlas and the CCE as a func-
tion of the fluence @ at a bias voltage Vj;,s = 900 V was studied. The results from the
Perugia group and of this study were fitted with a function inspired by Equation A.11:

w
i[l —e_E] 4.8)
w

(sat)
where d =

is the collecting distance and w the detector thickness. The parameter

B was free in the fit while the saturation velocity v*?) was constrained to the value used
in the simulation tools. The results are presented in Figure 4.21 for the two simulations
tools.
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Figure 4.21: Simulated CCE as a function of the fluence ®. (left) Perugia group result with Synopsys
Sentaurus; (right) author study using Sllvaco Atlas. Points are data; the data are fitted with the
function reported in the text.

As it can be seen the fit results for the trapping parameter § are completely compatible
with each other:

Bsyn=(3.3+0.4) x 10 '%cm?/ns
Bsii = (3.3+0.12) x 10~ '®cm?/ns
(4.9)

4.6.4 Conclusions

As for the un-irradiated case, also for irradiated detectors it was shown that the default
bandgap energy value in Silvaco Atlas is the one that gives the best results, both in terms
of agreement with Synopsys Sentaurus and in reproducing real data. It is very important
to validate radiation damage models developed on one tool using the other one, as it was
shown above. Similar studies are planned for other radiation damage models.

4.7 Summary and Outlook

In this Chapter the basics of TCAD simulation of silicon detectors for HEP were presented.
The motivations for such simulations were discussed and some examples outlined. It was
shown that, despite some inconsistencies on measured fundamental parameters, TCAD
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simulations can be used to get reliable predictions once some corrections are applied. The
situation is far from optimal, in particular when it comes to the simulations of irradiated
detectors. The best would be to find a common set of parameters for both simulation
tools, verify that the predictions from the two programs are compatible when this set is
used and then use consistently that set. This is part of an activity ongoing within the RD50
collaboration [102].

The issue of the proper choice of radiation damage models for TCAD simulations and
the interest of using TCAD simulations together with beam test data from heavily irradi-
ated detectors was discussed; its importance will be evident in Chapter 6.
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Chapter 5

The ATLAS Experiment and its Pixel
Detector

In this Chapter the ATLAS Pixel detector will be discussed. After a short introduction to
the Large Hadron Collider (LHC) Physics program in Section 5.1, the ATLAS detector, one
of the experiments at the LHC, will be presented (Section 5.2). Particular emphasis will be
devoted to the the ATLAS Pixel Detector (Section 5.3). The radiation damage effects to the
ATLAS Pixel Detector, and an effective tool to model them, will be the subject of the next
Chapter.

5.1 The LHC Physics Program

Understanding the nature of electroweak symmetry breaking, and in particular specifi-
cally deciphering the Higgs mechanism, is the main goal of the ATLAS [103] and CMS [104]
experiments at the LHC [105].

The LHC is a hadron accelerator and collider located about 100 m underground, in
the former Large Electron Positron (LEP) collider tunnel, at the French-Swiss border in
the vicinity of Geneva. As LEP, the LHC too was built by CERN, the European Organiza-
tion for Nuclear Research. The LHC has a circumference of 27 km and uses supercon-
ducting magnets to bend proton beams with energy up to a design value of 7 TeV; hence
the maximum achievable center-of-mass energy /s for pp collisions is of 14 TeV. The de-
sign instantaneous luminosity of the LHC is L = 1.0 x 103*/cm?/s, which is equivalent to
10/nb/s. The pp total inelastic cross section o, at /s of 14 TeV is about 108 nb, so the
event rate at the LHC is in the order of 10° Hz. The protons are packed in bunches of
about 10'! particles; the bunch crossing frequency v is of 40 MHz. The ratio of event rate
to v gives the average number of pp collisions per bunch crossing, the so-called pile-up;
itis customarily indicated with p and for the LHC design values is of about 25 interactions
per bunch crossing.

At the LHC the most probable inelastic event is the production of QCD jets, whose
cross-section is many orders of magnitude larger than the production of the most inter-
esting physics channels; the latter are usually characterised by electroweak cross-sections.
Figure 5.1 shows the production cross-sections for several representative processes at
hadron colliders, as a function of the center-of-mass energy. It can be seen that the pro-
duction cross section of a light Higgs boson (m = 150 GeV) is of the order of a few nb so
the Higgs boson is produced about once every billion collisions of the LHC.

As already mentioned in Chapter 1 the ATLAS and CMS collaborations have both ob-
served a particle (with mass ~ 125 GeV) compatible with the SM Higgs boson in 2012;
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Figure 5.1: Production cross-sections for several representative processes at hadron colliders. (Af-
ter [106])

since then the nature of that particle and its coupling to fundamental SM bosons and
fermions keep being pursued. Recently ATLAS reported evidence of the H — bb decay [107]
when itis produced in association with a W or Z boson; the CMS collaboration announced
the first observation (by a single experiment) of Higgs boson decays to 1 leptons [108]. The
search for the Higgs boson decaying to second generation fermions is next on the agenda
of the ATLAS and CMS collaborations (see for instance [109]).

Other than the study of the Higgs boson, a central goal of the physics program of the
LHC is the exploration of particles and interactions at the TeV energy scale, which may
hold answers to some of the most profound questions in particle physics, like what is
dark matter made of and how the Higgs boson mass gets stabilised.

The total delivered luminosity so far from the LHC to the ATLAS experiment is shown
in Figure 5.2 [110].

To exploit at best this dataset, to perform precision measurements and to face the
high interaction rates, radiation doses, particle multiplicities and energies of the LHC pp
collisions the ATLAS detector was built. In the next Section the salient features of this
detector will be presented.
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Figure 5.2: Cumulative luminosity versus day delivered to ATLAS during stable beams and for high
energy pp collisions. (After [110])

5.2 The ATLAS Detector

ATLAS [103] is a general-purpose particle detector covering nearly the entire solid an-
gle! around the collision point. It consists of an inner tracking detector surrounded by a
thin superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon
spectrometer incorporating three large superconducting toroidal magnets. Figure 5.3
shows a schematic view of the ATLAS detector.

44m

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 5.3: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in height
and 44 m in length. The overall weight of the detector is approximately 7000 tonnes. (After [103])

The inner tracking detector (ID or inner detector) [111], located within a 2 T axial mag-
netic field generated by the superconducting solenoid, is used to measure the trajectories

IATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis coinciding with the axis of the beam pipe. The x-axis points from the
IP towards the centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,¢) are used
in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined in
terms of the polar angle 0 as = —Intan(0/2). The distance in (n,) coordinates, AR = v/(A})2 + (An)?, is
also used to define cone sizes. Transverse momentum and energy are defined as pt = psin0 and Et = Esin6,
respectively.

77



CHAPTER 5. THE ATLAS EXPERIMENT AND ITS PIXEL DETECTOR

and momenta of charged particles. The inner layers, consisting of high-granularity sili-
con pixel detectors, instrument a pseudorapidity range || < 2.5. A new innermost silicon
pixel layer, the insertable B-layer [45] (IBL), was added to the detector between the first
two LHC runs (Run 1 and Run 2 - see Figure 7.1). The IBL improves the ability to identify
displaced vertices and thereby significantly improves the b-tagging performance [112].
More details on the pixel detector will be given in the next Section. Silicon strip detec-
tors covering |n| < 2.5 are located beyond the pixel detectors. Outside the strip detectors
and covering |n| < 2.0, there are straw-tube tracking detectors, which also provide mea-
surements of transition radiation that are used in electron identification; the so-called
Transition Radiation Tracker (TRT). Figure 5.4 shows the barrel section of the ID.

r‘ R =1082mm

TRT <

L R = 554mm
[ R=514mm

R =443mm
scT<
R =371mm

L R=299mm

R =122.5mm -

Pixels { R =88.5mm ——————— 2
R = 50.5mm /
R =33.25mm /

R =0mm

Figure 5.4: Schematic view of the barrel part of the ATLAS Inner Detector (ID), including the new
Insertable B-Layer (IBL). (After [113])

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
Inl < 3.2, electromagnetic calorimetry is provided by barrel (|n| < 1.475) and endcap (1.375 <
Inl < 3.2) high-granularity lead/liquid-argon (LAr) electromagnetic calorimeters, with an
additional thin LAr presampler covering |n| < 1.8 to correct for energy loss in material up-
stream of the calorimeters. Hadronic calorimetry is provided by a steel/scintillator-tile
calorimeter, segmented into three barrel structures within |n| < 1.7, and two copper/LAr
hadronic endcap calorimeters extend the coverage to |n| = 3.2. The solid angle coverage
for [n| between 3.2 and 4.9 is completed with copper/LAr and tungsten/LAr calorimeter
modules optimised for electromagnetic and hadronic measurements, respectively.

The outermost part of the detector is the muon spectrometer, which measures the
curved trajectories of muons in the field of three large air-core toroidal magnets. High-
precision tracking is performed within the range |n| < 2.7 and there are chambers for fast
triggering within the range |n| < 2.4.

The proton-proton interaction rate at the design luminosity of L= 1.0 x 103*/cm?/s is
approximately 1 GHz, while the event data recording, based on technology and resource
limitations, is limited to about 1 kHz. For this purpose ATLAS designed a two-level trigger
system selects events to be recorded for offline analysis, to assure an overall rejection fac-
tor of 5 x 10® against minimum-bias processes while maintaining maximum efficiency for
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the new physics. The Level-1 (L1) trigger system uses a subset of the total detector infor-
mation to make a decision on whether or not to continue processing an event, reducing
the data rate to approximately 100 kHz between. The subsequent level is a software-based
high-level trigger that provides the reduction to a final data-taking rate of approximately
1 kHz [114]. A new Fast TracKer (FTK) system [115] will provide global ID track recon-
struction at the L1 trigger rate using lookup tables stored in custom associative memory
chips for the pattern recognition. This system is currently being installed and expected to
be fully commissioned by the end of 2017.

5.3 The ATLAS Pixel Detector and the Insertable B Layer

This Section is devoted to the silicon pixel tracking system for the ATLAS experiment.
The pixel detector was initially composed of three barrel layers plus a total of six disk
layers, three at each end of the barrel region [116]. During the Long Shutdown 1 (LS1),
between the LHC Run 1 and Run 2 (see Figure 7.1), a fourth barrel layer was inserted, at a
smaller radius than the existing pixel detector; it is called the Insertable B-Layer (IBL) [45].
Figure 5.5 shows a schematic view of the ATLAS pixel detector in Run 2; the total detector
length is 1442 mm.
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Pixel Layer-2
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r =33 mm : IBL Stave

'
"
N
Y X > A
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Figure 5.5: Schematic view of the ATLAS 4-Layer Pixel Detector for Run 2. On top the different
pixel layers are indicated; at the bottom the radii of the four barrel layers are shown, together with
the distance from the interaction point of the beam pipe and support structures. (After [117])

This Section will cover first the physics motivations and the salient features of the
original pixel detector, and later discuss the IBL. The material presented here is taken
from [45,116].
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5.3.1 Performance Requirements for the Pixel Detector and System Overview

The pixel detector system is the innermost element of the ATLAS ID. The pixel detector
contains more than 80 million channels and provides pattern recognition capability in
order to meet the track reconstruction requirements of ATLAS at the full luminosity of
the LHC (L = 1.0 x 103*/cm?/s). It is the most important detector used in the identifica-
tion and reconstruction of secondary vertices from the decay of, for example, particles
containing a b-quark or for b-tagging of jets. In addition, it provides excellent spatial res-
olution for reconstructing primary vertices coming from the pp interaction region within
ATLAS even in the presence of the multiple interactions at the LHC design luminosity.

In what follows the performance requirements for the pixel detector will be presented,
then an overview of the system.

5.3.1.1 Pixel Detector Performance Requirements

The performance requirements that guided the design of the pixel detector are:
 coverage of the pseudorapidity range |n| < 2.5;
e impact parameter resolution in the transverse plane better than 15 pm;

* uncertainty in the longitudinal plane o (z) on the reconstruction of vertices of about
1 mm;

* three-dimensional-vertexing capabilities;

* very good b-jet tagging capabilities both in the high-level trigger and in the offline
reconstruction;

e minimal material for all elements in the system, in order to reduce multiple scatter-
ing and secondary interactions;

* excellent efficiency for all pixel layers; and

e radiation hardness of the pixel detectors elements to operate after a total dose of
500 kGy and fluence @ =1 x 10" neq/cm?

These performance requirements lead to the following major design choices:

¢ three pixel hits over the full rapidity range;

e minimal radius of the innermost layer (b-layer), set at 5 cm due to the practical
limitations of clearances around the interaction region beam pipe vacuum system?;

* the smallest pixel size achievable, which is set to 50 pm x 400 pm by electronics
design limitations.

2this limit was then overcome with the installation of the IBL
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5.3.1.2 Pixel Detector Overview

The pixel tracker is designed to provide at least three points on a charged track emanat-
ing from the collision region in ATLAS. The principal components of the pixel tracking
system, before adding the IBL, were the following:

* the active region of the pixel detector, which is composed of three barrel layers and
a total of six disk layers, three at each end of the barrel region;

* internal services (power, monitoring, optical input/output and cooling) and their
associated mechanical support structures (also supporting the interaction region
beam pipe) on both ends of the active detector region;

* aPixel Support Tube into which the active part of the pixel detector and the services
and related support structures are inserted and located; and

¢ external services that are connected to the internal services at the end of the Pixel
Support Tube.

The active part of the pixel system consists of three barrel layers-Layer 0 (so-called b-
layer), Layer 1 and Layer 2-and two identical endcap regions, each with three disk layers,
as it cam be seen in Figure 5.5. The basic building block of the active part of the pixel
detector is a module that is composed of silicon sensors, front-end electronics and flex-
hybrids with control circuits. Modules are mounted on mechanical/cooling supports,
called staves, in the barrel region. In the endcap modules are mounted on mechani-
cal/cooling supports, called disk sectors; There are eight identical sectors in each disk.
The concept of pixel module is illustrated in Figure 5.6.

A description of the pixel sensors and electronics characteristics follows.

5.3.1.3 Pixel Sensors

The total number of pixels in the system is approximately 67 million in the barrel and 13
million in the endcaps, covering a total active area of about 1.7 m?. The sensors choice
for ATLAS was of n — on — n pixels on high resistivity, nominally 250 um thick bulk. For
each sensor tile, the 47232 pixel implants are arranged in 144 columns and 328 rows. For
most of the pixel cells the pitch is of 400 um x 50 pm; in 16 columns the pitch is of
600 um x 50 pm. In each column eight pairs of pixel implants, located near the center
lines, are ganged to a common read-out, resulting in 320 independent read-out rows or
46080 pixel read-out channels. This arrangement was chosen to allow for the connection
of the sensor tile to 16 electronic front- end chips (see next Section). Oxygen impurities
had been introduced in the bulk to increase tolerance of the silicon against bulk dam-
age caused by charged hadrons [118, 119]. The sensors can be fully depleted before type
inversion with bias voltages below 100 V. After type inversion the depletion zone grows
primarily from the segmented n* implant when the region of highest electric field in the
bulk now converts to p-type.

On the sensor front side, pixel structures are arranged and isolated by moderated p-
spray impants, which have proven to be radiation tolerant with respect to surface dam-
ages induced by ionising charged particles for doses up to 500 kGy in silicon. The layout
of the moderated p-spray impants is shown in Figure 5.7. This isolation technique avoids
high field regions in the interface between the pixel isolation and the bulk and ensures ra-
diation tolerance of the design. All 46080 read-out channels of a sensor tile are connected
to a common bias grid structure, presented in Figure 5.7, by employing a punch-through
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Figure 5.6: Assembly view and cross-section of an ATLAS Pixel Detector module. (After [116])
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Figure 5.7: (left) Layout of the moderated p-spray isolation. (right) Layout detail of the bias grid
(After [116])
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connection technique to each channel. The method biases the entire sensor without re-
quiring individual connections, but still ensures isolation between pixels. The bias grid
has been used for quality assurance measurements before the read-out electronics are
connected to the sensors.

On the sensor tile backside a series of guard rings (GRs) were defined by p* implants.
The GRs assures a controlled potential drop from p* implant negative bias voltage to
ground. A sketch of the pixel sensor edge, with the read out electronics on top is given
in Figure 5.8.

read out chip

grounded

10 - 20 pm t bump bond
ov - L{ .-
ri*-implant at the edge region n*-pixel /
n-substrate p-spray )
guard rings p*-implantation <,
ov B
controlled potential drop bias voltage
Tcutting edge centre of the sensor

Figure 5.8: Cross section sketch of the ATLAS pixel module (After [120])

5.3.1.4 Pixel Electronics

A block diagram that illustrates the principal elements of the system architecture of pixel
electronics is shown in 5.9.
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Figure 5.9: Block diagram of the pixel detector system architecture. (After [116])

There are 16 FEI3 [121] front-end chips (FE) in each pixel module and these are ar-
ranged in two rows of eight chips. The readout chip for the ATLAS pixel detector contains
2880 pixel cells of 400 x 50 um? size arranged in an 18x 160 matrix. Each pixel cell con-
tains an analogue block where the sensor charge signal is amplified and compared to a
programmable threshold using a comparator. The digital readout part transfers the hit
pixel address, a hit leading edge (LE) timestamp, and a trailing edge (TE) timestamp to
the buffers at the chip periphery. In these buffers a Time-over-Threshold (ToT) is calcu-
lated by subtracting the TE from the LE timestamp. Hits marked by trigger signals are
selected for readout. Triggered hit data are then transmitted serially out of the chip in the
same order as the trigger arrival. The duration of the ToT is measured by counting the cy-
cles of the 40 MHz master chip clock. Due to the pulse shape of the preamplifier the ToT
is a nearly linear function of the deposited charge. Evaluating this ToT information can
therefore be used to infer the charge deposi ted by a passing particle. The ToT mechanism
is presented in Figure 5.10.

83



CHAPTER 5. THE ATLAS EXPERIMENT AND ITS PIXEL DETECTOR

injected charge threshold feedback current
dependence dependence dependence

threshold wdeconen
preamplifier output signal
discriminator output signal

B U S N O I

—high charge | —high threshold! —high feedback
low charge i —low threshold | —low feedback

Figure 5.10: (left)Time-over-Threshold mechanism (ToT) and its dependence on the injected
charge; (center) ToT dependence on threshold value; (right) ToT dependence on feedback cur-
rent. (top) Shaper output; (bottom) discriminator output. (After [122])

The 16 FEs are read out by a Module Control Chip (MCC). Each module is then con-
nected to the off- detector Read-out Drivers (RODs) through optical-fiber links (opto-
links). One down link is used to transmit clock, trigger, commands and configuration
data, while one or two up-links are used for event readout. The readout (R/0O) architecture
is “datapush”. This means that each component in the chain (FE, MCC) always transmits
at the maximum rate, and there is no busy mechanism to stop transmission when buffers
are full.

5.3.1.5 Pixel Support and Services

As already mentioned in the system overview, the pixel system consists of three barrel
layers and two identical endcap regions, each with three disk layers. Figure 5.11 shows
the salient features of the pixel structure.

430mm

End-cap disk layers

Figure 5.11: A schematic view of the active region of the pixel detector consisting of barrel and
endcap layers. (After [116])

Modules are mounted on mechanical/cooling supports, called staves, in the barrel re-
gion. Thirteen modules are mounted on a stave and the stave layout is identical for all
layers. The active length of each barrel stave is about 801 mm. The staves are mounted
in half-shells manufactured from a carbon- fiber composite material. Two half-shells are
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joined to form each barrel layer. The two endcap regions are identical. Each is composed
of three disk layers, and each disk layer is identical. Modules are mounted on mechani-
cal/cooling supports, called disk sectors. There are eight identical sectors in each disk.
The barrel shells and the endcap disks are supported by a spaceframe also manufac-
tured from a carbon-fiber composite material (see Figure 5.11). Electrical, optical and
cooling services are con- nected and routed within service panels (four on each end of
the pixel detector) from patch panels (Patch Panel 0-PP0) at the ends of the supporting
spaceframe to the end of the Pixel Support Tube. These services are supported by carbon
fiber structures that also hold the beryllium vacuum pipe within the Pixel Support Tube.
Electrical, optical and cooling connections are made at the end of the Pixel Support Tube.

5.3.2 Performance Requirements for the IBL and System Overview

The Insertable B-Layer (IBL) is a fourth layer added to the present Pixel detector between
a new beam pipe and the pixel B-layer. The principal motivations for the IBL were:

* tracking robustness, to cope with predicted failures of the pixel layers, in particular
the B-layer; a loss of data in the B-layer seriously deteriorates the impact parame-
ter resolution, directly affecting the b-tagging. The IBL restores the full b-tagging
efficiency even in case of a complete B-layer failure.

* Coping with luminosity effects, like increased event pile-up which leads to high oc-
cupancy that can induce readout inefficiencies. The presence of event pile-up re-
quires redundancy in the measurement of tracks in order to control the fake rate
arising from random combinations of clusters in events with high pile-up back-
ground. The addition of the IBL layer, with comparably low occupancy, helps to
preserve tracking performance in face of luminosity effects.

 Tracking precision: The IBL located close to the interaction point improves the
quality of impact parameter reconstruction for tracks, and thereby improves vertex-
ing and b tagging performance. As a result, sensitivity for signals in physics chan-
nels involving b jets is improved, for instance for alow mass SM Higgs in the channel
WH, H — bb.

Strong constraints and project specifications had a substantial impact on the tech-
nologies required for the IBL:

* the smaller radius of the IBL required development of a more radiation hard tech-
nology for sensors and electronics.

e The small radius between the new beam pipe needed to be able to insert the IBL and
the existing pixel detector does not allow for tilting of modules in the longitudinal
direction (along the beam). Sensors with either an active edge or a slim guard ring
must therefore be developed to reduce geometrical inefficiencies. Full coverage in
¢ is possible by constructing modules with the same active width, but with only one
row of front-end chips. The new front-end chip has five times the area of the chip in
the existing pixel detector and covers an active area that is 90% of the sensor. (The
active fraction of the present pixel modules is 75%.)

e Minimizing material is very important in the optimization of tracking and vertexing
performance. The IBL radiation length will represent just 60% of the pixel B-layer.
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Low radiation length was achieved by considering more aggressive technology solu-
tions, in addition to new module design, technologies such as: local support struc-
tures (staves) made of low density carbon foams; CO, evaporative cooling, which is
more efficient in term of mass flow and pipe size.

The IBL modules are supported by means of fourteen local supports, the Staves, ar-
ranged cylindrically around the beam pipe. Some overlap between modules is provided
by tilting each stave about 14°. The nominal layer radius, that is the distance from the
beam axis to the sensor’s centre-of-mass, is R = 33.25 mm. The r¢ view of the IBL layout
is shown in Figure 5.12. The stave is L = 724 mm long. The IBL was successfully installed

in May 2014.
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Figure 5.12: IBL layout: r¢ view. (After [45])

5.3.2.1 IBL Pixel sensors

Two sensor technologies are used in the IBL: planar n — on — n sensors of the same type
that was used for the pixel detector, and 3D sensors, which are a technology that has not
been used in a HEP experiment before. In 3D sensors the electrodes are columns in the
silicon [46]. There can be varying numbers of electrodes per pixel which will have an
influence on charge collection and noise; for IBL a design with two electrodes per pixel
was chosen. A schematic view of the 3D sensors is shown in Figure 5.13.

Table 5.1: Comparison of parameters between planar and 3D IBL sensors.

Planar 3D
Vendor CiS FBK/CNM
Wafer Thickness 200 um 230 pm
Size in FE chips 2 1

Depletion voltage before irradiation 35-50V 15V
Depletion voltage at the end of the life 1000V 180V
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Figure 5.13: Schematic cross-section of the 3D detector with passing-through columns from
FBK (left) and with partial columns from CNM (right) fabricated on a p—type substrate (not to
scale) (After [123])

The properties of the sensors are summarised in Table 5.1. Pixel pitch is 50 pm x 250 pm
for both technologies. Both sensor types have a slim edge of 200 p which is needed to
avoid gaps in the coverage in z since shingling of the sensors in z is not possible for IBL.
To reduce the area at the detector edge to 200 p, with respect to 1.1 mm for pixel modules,
two strategies were implemented: planar “moved” GRs inward, inside the area defined
by n* pixel implants (see also Figure 5.14); 3D sensors has a forest of p* columns at bias
voltage; in addition to that CNM sensor had a fence of n* columns shorted together to
form a GR.

cutting . high voltage pad
edge guard rings
1100um edge pixel
cutting guard rings
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450um edge pixel »
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c) 3 6 I
| |
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Figure 5.14: Top view of the sensor edge region of the ATLAS pixel (a), the conservative(b) and the
slim edge (c) IBL design. The n* implantation is seen in blue the p* implantation in red. By re-
ducing the number of guard rings, narrowing of the safety margin and by extending the edge pixels
beyond the high voltage pad, the inactive edge could be reduced from 1100 um for the ATLAS pixel
design to 200 p for the slim edge IBL design. (After [124])

Instead of choosing one technology over the other it was decided in the end to use a
mix of sensors: 75% planar in the center of each stave, and 25% 3D on the outsides [125].
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5.3.2.2 IBL Pixel Electronics

The frontend readout chip for IBL is the FE-14 [126]. One FEI4 contains 26880 pixels which
are arranged in 80 columns in z and 336 rows in ¢. The size of one pixel is of course
250 pm x 50 um. A crucial new feature of this chip with respect to the FEI3 readout chip
is that the hits are stored in the pixel cells. A hit is only read out if a trigger request matches
its timestamp, otherwise the hit is deleted. This reduces bandwidth use and power con-
sumption inside the chip and allows for far higher occupancies.

The chip provides 4-bit ToT information for each hit compared to 8 of FEI3. To reduce
data size the data of two neighboring pixels in ¢ are sent out in a single data word.

Figure 5.15 shows the FEI3 and FEI4 chip side-by-side.

:

Figure 5.15: FEI3 and FEI4 chip side-by-side. Chips dimensions are indicated.

5.3.2.3 IBL Structure

The IBL is composed of 14 staves. Each stave contains 12 double-chip sensors in planar
technology and 8 single-chip sensors in 3D technology. The total length of the active area
of the save is 640 mm; including stave services it extends to 7 m.

The stave design is based on carbon foam material that provides a path for the heat
generated in the sensors and in the front-end chips, to the cooling fluid boiling at low
temperature in the cooling channel. The stiffness of the structure is provided by a quasi-
isotropic carbon fiber laminate, the Omega, that is bonded to the foam. Figure 5.16 shows
the cross section and a 3D view of the stave.

The cooling pipe is sandwiched between the carbon foam and the Omega. The pipe is
hard bonded to the structure, the thermal contact being provided by a thermal compound
based on epoxy-loaded resins. Inside the pipe CO; boiling assures the needed evacuation
of the power dissipated by the IBL pixel modules. The target temperature for operating
the IBL sensors is approximately -15°C, in order to minimise effects of reverse annealing
on the sensors and to avoid thermal runaway. At the end of their lifetime planar sensors
are expected to dissipate between 200 and 500 mW/cm?, depending on the annealing
history. The chip adds another 400 mW/cm?, for a total of slightly less than 1 W/cm?.
After performing thermal simulations it was chosen to set a CO, evaporation temperature
of —40°C and a mass flow per stave in the range of 1.5 to 2 g/s.
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Figure 5.16: Cross section and 3D model of the IBL stave. Dimensions are in millimeters. (Af-
ter [45])

5.4 Summary
In this Chapter the ATLAS Pixel detector has been presented, after a review of the physics

program of the ATLAS experiment. In the next Chapter the radiation damage to the ATLAS
pixel sensors will be described and a tool to model it will be discussed.
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Chapter 6

Radiation Damage to the ATLAS Pixel
Sensors

This Chapter presents a model for radiation damage to silicon sensors [127, 128] that is
fast enough to be incorporated directly into the simulation of digitization, i.e. the conver-
sion from energy depositions from charged particles to digital signals sent from module
front ends to the detector readout system. This model is under development within the
ATLAS Pixel group', and a publication is in preparation [127]. This Chapter is built on that
document.

Figure 6.1 shows the flowchart of the ATLAS Monte Carlo simulation, from event genera-
tion to analysis; digitization step intervenes before reconstruction.

Figure 6.1: Flowchart of Monte Carlo simulation in ATLAS.

After introducing the motivations and the the fluences predictions for the actual ATLAS
Pixel detector in Section 6.1, a model of charge deposition and measurement that includes

This work is a collaborative effort, which Benjamin Nachman and I coordinate; the full list of involved
researchers is the following: Mathieu Benoit, Julien Beyer, Marco Bomben, Rebecca Carney, Ian Dawson,
Audrey Ducourthial, Gilberto Giugliarelli, Tommaso Lari, Anna Macchiolo, Lingxin Meng, Javier Llorente
Merino, Paul Miyagawa, Benjamin Nachman, Lorenzo Rossini, Veronica Wallangen
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radiation damage effects is documented in Section 6.2. Comparisons of the models with
data are presented in Setion 6.3; conclusions and plans will be drawn in Section 6.4. In
this report only planar sensors will be discussed; there is a parallel activity ongoing for 3D
Sensors.

6.1 Motivations and Expected Fluence for the ATLAS Pixel
Detector

As discussed in the previous Chapter, silicon pixel detectors are at the core of the current
ATLAS experiment. Given their close proximity to the interaction point, these detectors
are subjected to an unprecedented amount of radiation over their lifetime: the innermost
layers will receive fluences in excess of 101° Neq/ cm?. The modules comprising the de-
tector are designed to be as radiation tolerant as possible, but their performance will still
degrade over time. It is therefore critical to model the impact of radiation damage for an
accurate simulation of charged particle interactions with the detector and the reconstruc-
tion of their trajectories.

Modelling radiation damage effects is especially relevant for the high luminosity upgrade
of the LHC (HL-LHC - see also Chapter 7); the instantaneous and integrated luminosity
will exceed current values by a factor of 100. The simulations for the present and future
ATLAS detectors currently do not model the effect of radiation damage on the silicon sen-
sors of the Pixel detector [129, 130].

As already discussed in Section 2.5, radiation damage in silicon occurs from both
ionising and non-ionizing energy losses. Ionizing radiation leads to an accumulation of
charge in the silicon dioxide (SiO,) and charge trapping at the SiO,-Si interface [50], af-
fecting in particular the readout electronics. However, the focus here is bulk damage in
the sensor due to non-ionising radiation [51]. We remind here that non-ionising radia-
tion introduces defects into the sensor, which create energy levels in the band gap. When
occupied, these states lead to three macroscopic detector effects: a change the effective
doping concentration, reduced signal collection efficiency due to charge trapping, and
an increase in sensor leakage current. The change in effective doping concentration has
consequences for the depletion voltage and electric field profile. The ATLAS pixel planar
sensors, being their bulk of n—type, are subjected to type inversion. The IBL underwent
type inversion after about 3 fb~! of data collected in 2015 and the second innermost layer
(b-layer) inverted in the 2012 run after about 5-10 fb~!. The effective doping concen-
tration is further complicated by annealing in which new defects are formed or existing
defects dissociate due to their thermal motion within the silicon lattice. As a result, radi-
ation damage effects depend on both the irradiation and temperature history [51].

Complex radiation fields are simulated by propagating inelastic proton-proton inter-
actions, generated by Pythia 8 [131, 132] through the ATLAS detector material using the
particle transport code FLUKA [133, 134]. It is important to model as accurately as pos-
sible all the inner detector and calorimeter geometry details as high energy hadron cas-
cades in the material lead to increased particle fluences in the inner detector, especially
neutrons. A description of the ATLAS FLUKA simulation framework can be found in [135].

Predictions of the neutron-equivalent fluences per fb~! in the ATLAS FLUKA inner
detector geometry are available for different center-of-mass /s values. In Figure 6.2 the
prediction for /s =7 TeV [136]; similar predictions exist for /s =8 and 13 TeV.

The dominant contribution is from charged pions originating directly from the proton-
proton collisions. The average values for the four pixel layers starting from the innermost
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Figure 6.2: Quarter slice through the inner detector region of the geometry constructed in the
FLUKA simulations. The colour contours represent the 1 MeV neutron-equivalent fluences, cor-
responding to an integrated luminosity of 1 fb~! for \/s =7 TeV. The four white squares show the
positions of the radiation monitors. (After [136])

one are 6.1 x 1012, 2.9 x 1012, 1.2 x 10'2 and 7.8 x 10! neq/cmzl(fb_l), respectively. Safety
factors have not been applied to these numbers. The simulations predict some variation
as a function of z. For example, in the IBL the maximum predicted value of 6.6 x 10'2
Neq/cm?/ (fb~!) in the central location is about 10% higher than the end regions. The lu-
minosity is determined by a set of dedicated bunch-by-bunch luminosity detectors [137]
that are calibrated using the van-der-Meer beam-separation method [138].

By the end of the proton-proton collision runs in 2016, the IBL and b-layer had re-
ceived integrated fluences approximately ¢ = 2 x 10'* neq/cm?. Because the fluence de-
creases with distance, the outer two layers were exposed to less than half the fluence of
the inner layers. The projected fluence on the IBL at the end of the LHC (300 fb~1!) is about
D =2x10" neq/cm?.

The next Section describes the physics of the digitization model and the first collision
data comparisons are shown in Section 6.3.

6.2 Digitization Modeling

6.2.1 Overview

Figure 6.3 presents a schematic overview of the physics models included in the digitiza-
tion model.
Digitiser inputs are:

* the detector geometry and conditions, including the fluence (Section 6.2.2);

* the energy deposition from a charged particle, produced by Geant4 [139], possibly
with corrections for straggling in thin silicon [140];

e the electric field, including radiation damage effects (Section 6.2.3); TCAD simula-
tions are used to model the electric field.

Ionisation energy is converted into electron-hole pairs (~ 3.6 eV/pair) which experi-
ence random motion from diffusion. Chunks of fundamental charge carriers drift toward
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Figure 6.3: A schematic diagram illustrating the components of the digitizer model described in
this note. The blue line represents a minimum ionizing particle traversing the pixel sensor. Chunks
of electrons and holes, each representing ¢ (10) fundamental charges, are transported to the elec-
trodes. Holes drift toward the backplane under the influence of the electric field and also experi-
ence transverse motion due to the magnetic field (deflecting at the Lorentz angle). Thermal dif-
fusion also changes the position of the charges. Before being collected, electrons or holes may be
trapped by defects in the silicon. Even though the charge chunk may be trapped, it still induces
a charge on the primary and neighbor electrodes via the Ramo potential. Pixel local coordinate
system is indicated; it will be used through out the Chapter. (After [127])

the pixel electrodes (electrons) or backplane (holes) under the influence of the electric
field, with a field- and temperature-dependent mobility. The number of fundamental
charges per chunk is tuned to save time and a correction is applied to account for an
over-estimation of fluctuations. In addition to drifting toward the electrodes under the
influence of the electric field, there is a transverse component to the drift due to the 2 T
magnetic field in the ATLAS inner detector. A field- and temperature-dependent Lorentz
angle is combined with the mobility to compute the time for a charge carrier to be col-
lected (Section 6.2.4 and 6.2.5). This time is compared to a fluence-dependent trapping
time (Section 6.2.6), the characteristic time a charge carrier will travel for before it is
trapped. If the drift time is longer than the trapping time, the chunk is declared trapped.
The location of the chunk at the trapped position is calculated based on the starting po-
sition and trapping time (Section 6.2.4). Since moving charges induce a current in the
collecting electrode, signal is induced on electrodes from trapped charges as well. This
induced charge also applies to neighboring pixels, which contributes to charge sharing.
The induced charge from trapped chunks is calculated from the initial and trapped posi-
tions using the weighting potential (Section 6.2.7). The sum of the collected and induced
charge is then converted into a ToT that is used by cluster and track reconstruction tools.

6.2.2 Luminosity to Fluence

The most important input to the radiation damage digitizer is the estimated particle flu-
ence. Section 6.1 introduced the baseline FLUKA simulation that is used to determine
the conversion factor between integrated luminosity and fluence. This prediction yields
a conversion of about 59.6 x 10" n¢q/cm?/fb™! for the IBL and 29.2 x 10! neq/cm?/fb™!
for the b-layer. In order to establish systematic uncertainties on these predictions, the
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fluence is converted into a prediction for the leakage current. The leakage current can
be precisely measured and therefore provides a powerful constraint on the FLUKA sim-
ulation. For a time ¢ at constant temperature T after an instantaneous irradiation with
fluence @, the predicted leakage current is given by Equation 2.37 already presented in
Section 2.5.

The full leakage current is then estimated by discretizing time into four hour peri-
ods, averaging luminosity and temperature information, and then sum over time in Equa-
tion 2.37. This leads to a complication in the oy parameter that has no explicit time depen-
dence, but does depend on temperature. One proposal [51] is to absorb the temperature
dependence in Equation 2.37 into the logarithm term as an effective scaling of the time
axis:

Teak =V - @+ (oge™ """ + o —Blog(O(T)t/ tp)), (6.1)

where o =7.07- 10717 A/cm is the value of oy from Equation 2.37 evaluated at a reference
temperature Trer = 21°C and the time scaling function ©(T) is defined by

o) EI* (1 ! )] (6.2)
=exp|——|=- , .

P k \T Tt

where E[ = (1.3 +0.14) eV. For a fixed time period with constant temperature, Equa-

tion 2.37 and Equation 6.1 are mathematically identical. However, the latter allows for a
natural extension to non-constant temperature:

n
lleak =V )_ ;- 1

i=1

n t: n @(T')-t-
Qg eXp(_Z’T"lj“j)) + o —ﬁlog(z #)} , (6.3)

where ¢; is the fluence rate, t; is the time in period i, and T; is the temperature in
period i. The first sum is over all time periods and the two sums inside the exponential
and logarithm functions are over the time between the irradiation in time period i and
the present time.

Using the measured module temperature as a function of time, Equation 6.3 is used to
predict the leakage current. Module properties were updated every ten minutes. A con-
stant luminosity-to-fluence conversion factor is fit to the data per module group; module
groups differ by their distance along the beam direction from the geometric center of the
detector.

6.2.3 Electric Field Modeling

The radiation-induced states in the silicon band gap affect the electric field in the pixel
cells by altering the electric field distribution in the bulk®. Since many variables used in
signal formation calculations depend on the electric field (drifting time, Lorentz angle
deviation, etc.), including radiation damage effects requires a careful parameterisation of
the electric field in the pixels.

2There are also changes at the surface, but the focus here is on the deformations on the electric field
within the sensor.
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Section 6.2.3.1 introduces the default model used for subsequent studies, as well as
provides references to alternative models in the literature. Annealing evaluation is dis-
cussed in Section 6.2.3.2. The fluence-dependent depletion voltage calculation is pre-
sented in Section 6.2.3.3 and the resulting field profiles are shown in Section 6.2.3.4. Sec-
tion 6.2.3.5 provides a brief comparison between the default model and alternative mod-
els.

6.2.3.1 Simulation Details

As already mentioned in Section 2.5, investigation of the electric field profile in the bulk
of irradiated silicon sensors have shown that the electric field is no longer linear with the
bulk depth after irradiation. In these materials, the irradiation causes two junctions, one
at the pixel side and one at the opposite side, as first explained by Eremin, Verbitskaya,
and Li (EVL) [58]. These two junctions give rise to an electric field with two maxima at the
two edges of the sensor and a minima somewhere in the middle of the bulk. Electric field
profiles are discussed in more detail in Section 6.2.3.4

This important and striking feature of irradiated planar sensors is simulated using
the Chiochia model [82], already introduced in Section 4.5.2, implemented in the Silvaco
TCAD package (see Chapter 4). The simulation is performed over volume that corre-
sponds to a quarter of an ATLAS IBL pixel sensor cell, to take advantage of symmetry.
Figure 6.4 highlights the geometry used in the simulation. The electric field is computed
at T = —10°C using an effective doping concentration of 1.6 x 10'2/cm? (corresponding to
about 50 V depletion for unirradiated sensors) with a resolution of 1 pm3. The Chiochia
model is a double-trap model with one acceptor and one donor trap with activation en-
ergies setto E.—0.52 eVand E, +0.48 eV [58], respectively. Reference [82] gives suggested
values of the concentrations and capture cross-sections. The capture cross section for the
acceptor and donor levels for holes, 02, 01,3 are fixed at 1.65 (x107® ¢m?) and the same
quantities for electrons (c4,c2) are fixed at 6.60 x 107> cm?. The acceptor and donor
concentrations vary with fluence are interpolated from the values presented in [82]. In
particular, the acceptor concentrations are set to 0.35,0.68, and 1.36 x 1015/c¢m3 for 1,2,
and 5 x 10 neq/cm? and the corresponding donor concentrations for the same fluences
are 0.5,1.0, and 3.39 x 10"°/cm?.

Figure 6.4: A schematic setup of the geometry for the planar TCAD simulation.

While the Chiochia model is used as default, there are additional radiation damage
models (EVL [58], Petasecca [141], New Delhi [96], etc.), some of which are investigated
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in Section 6.2.3.5. The TCAD simulations for planar are valid for silicon that has been in-
stantaneously irradiated to a given fluence. In reality, the irradiation and thermal history
play an important role in the effective doping concentration, which influences the calcu-
lated electric field profile. These effects are accounted for with a model of annealing, as
described in the next Section.

6.2.3.2 Annealing

The irradiation and thermal history are accounted for in the prediction of the effective
doping concentration with the Hamburg model (see [51] and references therein); changes
to the effective doping concentration are of course impacting the electric field profiles too.
In this model, the effective doping concentration has the following form:

Nefr(£) = (Nggr(0) — Nf)emovable 0)) + N]rsemovable( f) — Ngable( ) — Ngeneﬁcial(t) _ N}‘fverse( 0,
(6.4)

where Ng’mo"able (0) is the initial concentration of removable donors. The fraction of re-
movable donors at low doping concentrations like here is 100% for charged particle irradi-
ation, which dominates the inner pixel layers in the ATLAS detector. The time-dependence
of the terms on the right-hand side of Equation 6.4 are described by the following differ-
ential equations:

%Nf)emovable(t) = —cq)(t)Nf)emovable(t) removal of donors for n-type during irradiation
(6.5)

d

ENf\table(t) =g.b(1) introduction of stable defects during irradiation
(6.6)

d : .

%Ngeneﬁ“al(t) = gad(1) — ka(T)NBeneficial () peneficial annealing (6.7)

da

%NrNeverse(t) = gyp(1) — ky (T)NT™(1) reverse annealing - neutrals (6.8)

d

ENre"eme(t) = —ky (T)NY"*"*¢(1) reverse annealing - acceptors (6.9)

where ¢ (1) is the irradiation rate in 7neq/ cm?/s. Equation 6.5 represents the effective re-
moval of the initial dopants by mobile defects. The removal constant is ¢ = 6.4118 x
10~ '/cm?. The second equation, Equation 6.6 represents the constant addition of sta-
ble (non-annealable) defects which electrically act as acceptors. Two additional defects
are introduced in Equation 6.7 and 6.8. These short-lived defects are introduced dur-
ing irradiation with rates g, and gy and then decay with sufficiently high temperatures.
The temperature-dependence of the decay rates are modeled with an Arrhenius equation,
ki(T) = k;oe Fi/*T where kao=2.4 x 10'3/s,ky o =7.4 x 10'*/s, Eo = 1.09 eV and Ey = 1.325
eV. For the beneficial annealing (Equation 6.7), the acceptor-like defects introduced dur-
ing irradiation decay to neutral states with a time constant that is &¢'(days) at 20°C. In con-
trast, for reverse annealing, neutral-like defects are introduced during irradiation (Equa-
tion 6.8). The neutral defects can decay into acceptor-like states (Equation 6.9), decreas-
ing (increasing) the effective doping concentration before (after) space-charge sign in-
version. The timescale for reverse annealing is @ (weeks) at 20°C. The solutions of the
differential equations 6.5-6.9 at constant temperature are:
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Nf)emovable(t) =Neo- (1 _ e—Ctbeqt) (6.10)

NZtable (t) = gcbeqt (6.11)

NReneﬁcial(t) — gA(Peq (1 — e—kAt) +Nop - e_kAt (6.12)
ka

Nieverse (1) - gY]:')eq (kyt 4okt _ 1) +N0d (1 - e_kYt) . (6.13)
Y

While the introduction rates g, ga, and gy have been measured elsewhere (e.g. [118]), the
reported values vary significantly amongst different materials and irradiation types and
so are fit with depletion voltage data from the ATLAS pixel detector described in the next
section (Section 6.2.3.3). Using the fitted introduction rates, the luminosity, and temper-
ature profiles, the above model described in Equations 6.10- 6.13 is used to predict the
effective doping concentration as a function of time. Figure 6.5 shows the predicted ef-
fective doping concentration for the IBL.
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Figure 6.5: The predicted effective doping concentration as a function of time for the IBL using
the Hamburg model described in Equations 6.10- 6.13. Donors lead to a negative effective doping
concentration while acceptors contribute a positive concentration. (After [127])

The sensor is initially doped with about 10'2/cm3 of phosphorous, which is a donor
(making the bulk n-type). Space charge sign inversion (Neg = 0) is predicted to have oc-
curred near the end of the 2015 data-taking run.

The predictions from the Hamburg model are incorporated into the TCAD calcula-
tions described in Section 6.2.3.1 by scaling the effective doping concentration as shown
in Figure 6.5.

6.2.3.3 Depletion Voltage

Here the fit to the depletion voltage of the ATLAS pixel modules is described; the goal is to
extract the introduction rates g, ga, and gy mentioned in the previous Section.
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The depletion region is the volume over which the lifetime of generated carriers is long
enough to be collected. In order to maintain a high charge collection efficiency, it is crit-
ical that the depletion region extends to the whole sensor bulk. The size of this region
depends on the bias voltage and the doping concentration, which changes with fluence.
For unirradiated ATLAS planar sensors the depletion region grows from the backside up
until type inversion, after which the region grows from the pixel implant. For highly irra-
diated sensors, the notion of fully depleted is not well-defined since there can be regions
inside the sensor bulk that have very low field, even if the top and bottom of the (planar)
sensor have a strong electric field. This is described in more detail in Section 6.2.3.4.

Despite the caveats about depletion at high fluence, at moderate fluences the notion
of the depletion region is important for calibrating the Hamburg model that was intro-
duced in Section 6.2.3.2. The full depletion voltage Uty gepl. in the Hamburg model is
defined as usual as:

qu’

Utull depl. = [Negfl - ) (6.14)
2€€

where w is the sensor depth. Figure 6.6 shows the simulated depletion voltage as a func-
tion of time for the IBL (left) and b-layer (right). For calibration of the model, measure-
ments with the ATLAS Pixel Detector were obtained by performing bias voltage scans of
the mean ToT of hit-clusters on reconstructed particle trajectories. The depletion voltage
is extracted by fitting two linear functions to the rising and the plateau region of the mea-
sured data. The intersection of the two lines is defined to be the depletion voltage (blue
bars in Figure 6.6). Another method which was also used to obtain the full depletion volt-
age is a scan of the cross-talk between adjacent pixels (green and red bars in Figure 6.6, the
different colors indicate different information sources). Since the pixels are isolated only
after full depletion this is a powerful measurement tool. Unfortunately, this method is
only applicable before space-charge sign inversion since otherwise the pixels are isolated
already at low bias voltages much before full depletion.
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Figure 6.6: Simulated depletion voltage of IBL (left) and b-layer (right) according to the Hamburg
model as a function of time from the date of their installation until end of 2016. The shown sim-
ulation uses the adapted introduction rates. Blue bars indicate measurements of the depletion
voltage using the bias voltage scan method while red and green bars display earlier measurements
using cross-talk scans. (After [142])

Due to the huge parameter space given by the introduction rates, the time necessary
for the simulation, and a focus on physically rather than mathematically correct parame-

ter combinations, the adjustment of the introduction rates was performed by hand. The
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derived introduction rates are summarized in Table 6.1. The value of gy was chosen close
to the literature values since the measurements were done at insensitive points in time
with respect to beneficial annealing. The value of gy was estimated from the reverse an-
nealing during the long shutdown 1 (LS1) which was an extended period when the detec-
tor was maintained at room temperature. Since the IBL was installed after LS1 and has
not undergone significant reverse annealing, the gy value of the b-layer is used also for
the IBL.

Table 6.1: Introduction rates of the Hamburg model as obtained by fitting the simulated depletion
voltage to the available measurements.

Parameter IBL [x 10_Zcm_1] B-Layer [x 10_20m_1]

A 1.35 1.35
gy 6.0 6.0
gc 1.1 0.45

Table 6.2 lists the bias voltages that are used throughout the rest of the note unless
otherwise specified.

Table 6.2: The calculated depletion voltages as a function of fluence for ATLAS planar sensors. For
the planar sensors, the depletion voltage is computed using the Hamburg model after determin-
ing the introduction rates from Equation 6.4 by fitting the data. A fluence of 1 x 10'* (2 x 10'4)
was reached around 09.07.2016 (08.09.2016). Values in parentheses are directly from the TCAD
simulation based on a CV analysis (prior to the Neg correction).

® (neq/cm?) Depletion Voltage (Planar) (V)

0 53 (50)
1x10M 51 (20)
2x 101 83 (40)
5x 101 (125)

In radiation damage models like [58, 82] annealing effects are not included. We have
devised an effective modelling of annealing of annealing effects for TCAD radiation dam-
age models; it will be presented in Section 6.2.3.6

6.2.3.4 Electric Field Profiles

For planar sensors, the field is largely independent of x and y, perpendicular to the sensor
depth. Figure 6.7 shows the z-dependence of the electric field, averaged over x and y,
for an ATLAS planar sensor for various fluences and a fixed bias voltage of 80 V. Before
irradiation the field is approximately linear, reaching a maximum of about 2V/w ~ 8x10~*
MV/mm, where V is the bias voltage and w is the depletion depth. After type inversion,
the field maximum is on the opposite side of the sensor. With increasing fluence, there
is a minimum in the electric field in the center of the sensor. For a fluence of @ =5 x
1014 Neq/ cm? for 80 V (under-depleted - see Section 6.2.3.3), this minimum is broad and
occupies nearly a third of the sensor.
Similar predictions have been prepared for higher bias voltages and larger fluences.

6.2.3.5 Model Comparisons and Systematic Uncertainties

Detailed model comparisons are in preparation, but already the data presented in Sec-
tion 6.3 can be used to constrain various simulations as well as tune parameters and de-
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Figure 6.7: The electric field magnitude in the z direction, averaged over x and y for a the ATLAS
IBL sensor biased at 80 V and at various fluences. (After [127])

rive systematic uncertainties for predictions for higher luminosity data. In addition to the
Chiochia model for the planar sensors, the Petasecca model was also briefly investigated.
While the model itself is supported by beam test data [141], it is found to disagree qual-
itatively on the fluence for type-inversion with the Chiochia model and does not display
a two-peaked electric field profile after irradiation. Therefore, this alternative model was
not studied in further detail.

Next, Chiochia model parameters are varied. The summary of the parameters varia-
tions is presented in Table 6.3.

Table 6.3: Variations of Chiochia model [143] parameters.

State/variation n E; Oe on
acceptor +10% ~+0.4% £10% +10%
donor +10% ~=+0.4% +10% +10%

Figures 6.8 and 6.9 show the electric field for variations in respectively the acceptor
and donor trap parameters for a fluence of 10 Neq/ cm? and a bias voltage of 80 V. The
normalization of all the curves is fixed by the bias voltage and therefore all the curves
cross at a point.

It can be seen that the electric field profile is almost insensitive to the capture cross-
sections, moderately sensitive to the fluence dependence of the trap concentrations (1),
and highly sensitive to the energy level of the traps. Similar variations are observed when
the trap concentrations are varied by £10% and the energy levels are varied by + 10%
of the thermal energy V;, (V;;, = kT), which corresponds roughly to 0.4% of the energy
level. The latter number is chosen as a benchmark because the occupancy probability
scales exponentially with the energy as ~ e/kT [144]; see also Appendix B. Interestingly,
when the acceptor energy is moved closer to the conductive band by 0.4%, the electric
field looks symmetric around the mid-plane; moving the acceptor even closer to the con-
duction band would probably result in depletion starting from the backside. As expected,
varying one parameter value for the acceptor trap has on the electric field an effect that is
opposite to the one that is obtained when the same parameter is changed for the donor
trap. All the observed changes in the electric field are consistent with expectations (see
for example [144]).
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Figure 6.8: The z dependence of the electric field in an ATLAS planar sensor, averaged over x and
y, for a simulated fluence of ® = 1 x 1014 Neq/ cm?, after varying parameters of the acceptor trap
in the Chiochia model. (Top) The left plot shows a +10% variation in the fluence dependence of
the acceptor trap concentrations while the right plot shows a variation in the acceptor trap energy
level by 0.4%. (Bottom) The left plot shows a £10% variation in the electron capture cross section,
the right one a £10% variation in the hole capture cross section. The bias voltage was set to 80 V
in all cases.
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Figure 6.9: The z dependence of the electric field in an ATLAS planar sensor, averaged over x and
y, for a simulated fluence of ® = 1 x 101 Neq/ cm?, after varying parameters of the donor trap in
the Chiochia model. (Top) The left plot shows a +10% variation in the fluence dependence of the
acceptor trap concentrations while the right plot shows a variation in the acceptor trap energy
level by 0.4%. (Bottom) The left plot shows a +10% variation in the electron capture cross section,
the right one a £10% variation in the hole capture cross section. The bias voltage was set to 80 V
in all cases.
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6.2.3.6 Effective modelling of annealing effects into TCAD simulations

There is no known recipe to include the annealing effects presented in Section 6.2.3.2 into
TCAD based predictions. One challenge for incorporating annealing effects is that both
the Hamburg and TCAD models are based on multiple effective deep traps [58,82] and the
effective states are not exactly in one-to-one correspondence. Furthermore, the Hamburg
model does not make a prediction for the depth dependence of the effective doping con-
centration (Equation 6.14 assumes it is constant) while the TCAD model predicts a non-
trivial dependence, resulting in the complicated electric field profile discussed in Sec-
tion 6.2.3.4. The non-constant charge density from TCAD is demonstrated in Figure 6.10
for an ATLAS IBL planar sensor after radiation damage. For @ =1 x 10" n¢q/cm? the space
charge density is negative and shows an almost linear dependence on the bulk depth,
while for higher fluences the functional form is more complicated, exhibiting sizable re-
gions where the charge density is positive, in agreement with the model first proposed
in [58].
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Figure 6.10: The z dependence of the normalised charge density p/e in a simulated ATLAS IBL
planar sensor, averaged over x and y, for simulated fluences of ® =1, 2 and 5 x 104 Neq/ cm?. The
bias voltage was set to 150 V in all cases.

One way to emulate annealing effects from the Hamburg model in the TCAD simula-
tion is to match the effective doping concentration from the former to the average charge
density of the latter:

(p/e)rcap = (Neff)Hamburg- (6.15)

Table 6.4 collects predictions from the Hamburg model (see Section 6.2.3.2) for the
effective concentration of donors and acceptors as well as their difference Ngg for two
points in time.

Table 6.4: Predictions from the Hamburg model for the effective donor (Np) and acceptor (Na)
concentrations as well as their difference (Ng¢) for two points in time during Run 2. Section 6.2.3.2
for details.

date ® [neq/cm?]  Negr[cm™] Np [em™] Np [cm™]
9/7/2016 1x10M 1.62x1012  0.08x102  1.7x10'2

8/9/2016 2x10M 2.72x10%2  0.08x10'2  2.8x10!?

Figure 6.11 shows the charge density predicted by TCAD simulations in four different
scenarios with a bias voltage of 150 V and the two fluences reported in Table 6.4.
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Figure 6.11: The z dependence of the normalised charge density p/e in a simulated ATLAS IBL pla-
nar sensor, averaged over x and y, for simulated fluences of (left) & = 1 and (right) 2x 10 Neq/ cm?.
The bias voltage was set to 150 V in all cases. Four scenarios were simulated; see text for more de-
tails.

The Reference scenario is the default setup described in Section 6.2.3.1 with no modifi-
cations to emulate annealing. Another extreme, labeled Annealed, considers the acceptor
and donor traps in the Hamburg model TCAD as in one-to-one correspondence. There-
fore, instead of matching the effective doping concentration as in Equation 6.15, the ac-
ceptor and donor densities in TCAD are directly set to the values in Table 6.4. Moreover,
since shallow defects are not affected by deep traps in TCAD, the way to account for the
fact that in Hamburg model the shallow donors are supposed to be completely annealed
out is to reduce significantly the initial concentration of shallow donors. So, additionally,
the doping level in the starting material is set to 8x10'° cm™3; as a reminder the initial
donor concentration was of about 1.6x10'? cm™3. The Annealed scenario is qualitatively
different than the un-annealed line and would predict an electric field that is linear (more
below), which is in contrast to various measurements elsewhere [82] and also shown later
in this paper (Section 6.3.2). Therefore, a compromise is made in which only the average
effective doping concentration is matched between the models, following Equation 6.15.
There is some freedom in how to do the matching because donors and acceptors can be
independently varied. For high fluences (= 10" neq/cm?), deep and shallow donor states
are more likely than acceptors to be completely removed [51]. Therefore, we vary only the
acceptor concentrations when solving Equation 6.15. The values that match the Ham-
burg model are +3% for @ = 1 x 10'* neq/cm? and —1.6% for @ = 2 x 10'* neq/cm?. For
reference, the space charge distributions for +10% and —5% for the two fluences are also
shown, respectively. The average charge density in the various scenarios is summarised
in Tables 6.5 and 6.6 for the two fluences shown in Figure 6.11.

Table 6.5: Results for average and RMS of effective doping concentration over the sensor bulk
from TCAD simulation for different scenarios. Fluence ¢ was 1x10'* neq/cm?; bias voltage Vijas
was 150 V. Refer to the text for more details.

®=1x10" neq/cm?
Scenario  (Neff) [cm™3] RMS [cm ™3]
Reference  -1.5x10'? 0.4x101?
Annealed  -1.45x10'? 0.04x10'2
Na+10%  -2.2x1012 0.6x10'2
Na+3% -1.7x10'2 0.5x10'2

The electric field profiles corresponding to the four scenarios shown in Figure 6.11 are
presented in Figure 6.12. For the Annealed scenario (shown only for reference), the profile
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Table 6.6: Results for average and RMS of effective doping concentration over the sensor bulk
from TCAD simulation for different scenarios. Fluence ® was 2x10' neq/cm?; bias voltage Vpias
was 150 V. Refer to the text for more details.

@ =2x10" neq/cm?
Scenario  (Nesp) [cm™3] RMS [cm ™3]
Reference -2.9x1012 2.1x10'2
Annealed  -2.34x10'2  0.01x10'2
Na-5% -2.3x101? 2.8x10"?
Na-1.6% -2.7x10"? 2.1x10'2

is nearly linear while this is not the case for the other scenarios, especially at the higher
fluence @ =2 x 10! neq/cm?.

E. Field - ®=1x10" (1 MeV)neq/cmz, 150 V

E. Field - ®=2x10" (1 MeV)neq/cmz

6000

—e— Reference

—e— Reference

—=— Annealed —=— Annealed

2000 NS
" —&— Acc. - 5%
0000 &\%\‘:‘2\\ o Ace. -16%
. B

3
8000 f-

Elegtric Field [V/cmL.
8
8
S

S
3
S
3

I AW A

—&— Acc +10%

—+— Acc +3%

Electiic Field[V/cm].
8
8
3

[

8000

6000
i

[

6000 ff-
E

4000 f-

'
2000

T

50 100 150 200
Bulk depth [um]

@
=
3

200
Bulk depth [um]

Figure 6.12: The z dependence of the electric field in a simulated ATLAS IBL planar sensor, av-
eraged over x and y, for simulated fluences of (left) ¢ = 1 and (right) 2x 1014 Neq/ cm?. The bias
voltage was set to 150 V in all cases. Four scenarios were simulated; see text for more details.

In summary, increasing the acceptor traps density by 3% at fluence & = 1x 104 Neq/ cm?
and reducing it by 1.6% at fluence # =2x 10" nq/ cm? the effect of annealing predicted by
Hamburg model can be emulated with the TCAD simulations. These variations are cur-
rently within the model variations described in Section 6.2.3.5 that are used to set system-
atic uncertainties on the radiation damage model parameters. Therefore, no additional
corrections or uncertainties are applied to the simulation to account for annealing for the
current radiation levels.

’

6.2.4 Time-to-Electrode, Location-at-Trap

Numerically propagating charges through the silicon sensor can be computationally ex-
pensive, but fortunately can be computed once per geometry and set of conditions (tem-
perature, bias, and fluence). Electrons and holes drift with a velocity given by the mobil-
ity: pc, where C € {e, h}. The mobility is parameterized as a function of electric field and
temperature [145]:

© = 2 14 )ﬁc h (6.16)
He " EC,C Ecrit,C , '

where the values for the saturation velocity vy, critical E-field Ej; and temperature expo-
nent 3 can be found in Table 6.7.
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Table 6.7: Physical constants describing the mobility of charge carriers in silicon. The first three
rows are reformatted from Ref. [145] and the Hall scale factor is from Ref. [146].

quantity electrons holes
vs (um/ns) 116 x (T /273 K) 087 88 x (T /273 K) 92
Eorit (KV/cm) 6.0 x (T/273 K)1-2° 15 x (T/273 K)1:68
B 1.0 x (T/273 K)0%6 1.1 x (T/273 K)*7
r 1.13+8x 1074 x (T/K=273) 0.72-5x10"*x (T/K-273)

Importantly, the saturation velocity for electrons is much higher than for holes. The
magnetic field modifies the mobility by the Hall scattering factor r by p — ru, with the
temperature-dependent r given in Table 6.7. Fundamental charge carriers drift with a
velocity given by v(E) ~ r u(E)E and the charge collection time is estimated via

. -’?ﬁnal dS
Leollection (Xinitial) ~ (6.17)

¢ .. TWE)E

Xinitial

where s is determined by the equations of motion # = ru(E)E and X, depends on
the type of the charge carrier. For planar sensors, the field is nearly independent of x and
¥, so the time to the electrode is parameterized in z and the integral in Equation 6.17 is
one-dimensional. Representative time-to-electrode values are shown in Figure 6.13 for
planar sensors.
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Figure 6.13: The time for an electron or hole to drift all the way to the collecting electrode (elec-
trons) or back plane (holes) in an ATLAS IBL planar sensor biased at 80 V as a function of the depth
(z) using the averaged electric fields shown in Figure 6.7. (After [127])

Since the mobility of holes is much less than for electrons, it takes holes much longer
on average to fully drift. The collection time varies with fluence, bias voltage, and distance
to the electrode, but is on average 0(1)-0(10) ns for @ < 10" neq/cm?.

For charges that are trapped (see Section 6.2.6), one must know the location of the
trapped charge. The position-at-trap can be calculated in a similar fashion as the time-
to-electrode from Equation 6.17. In particular,

Tto trap
ftrap (to trap) ~ j(; ru(E) Edt. (6.18)
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Representative position-at-trap maps are shown in Figure 6.14 for planar sensors.
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Figure 6.14: The z position of the trapped electrons (left) or holes (right) as a function of their
starting position and the time traveled for @ = 104 Neq/ cm?. The collecting electrode is at origin
while the backplane is at 200 pm. (After [127])

6.2.5 Lorentz angle

In addition to drifting with the electric field, electrons and holes also move in reaction to
the 2 T magnetic field that surrounds the ATLAS inner detector. Due to the orientation
of the electrodes, this has nearly no impact on the 3D sensors, but is significant for pla-
nar sensors. The tilt angle of charge carrier drift with respect to the pixel axis is called
the Lorentz angle and is given by tan 0y, = ru(E)B, where r is the Hall scattering factor and
p(E) is the mobility as a function of the electric field, defined in Section 6.2.4. Due to the
dependence of the electric field on the sensor depth, the Lorentz angle can change signif-
icantly along the trajectory of an electron or hole. The left plot of figure 6.15 demonstrates
the change in the Lorentz angle along the trajectory of electrons and holes. As the mobil-
ity increases with decreasing electric field strength, the Lorentz angle is largest near the
center of the sensors when irradiated.

The Lorentz angle can have important implications for charge sharing and it is there-
fore important to correct for the path dependence of the angle. This is modeled in a sim-
ilar manner to the maps from Section 6.2.3.5 by integrating the Lorentz angle along the
path:

. rB Zfinal
tan 6" (ziniial, Zina) = —————— | pE@)dz. (6.19)

| Ztinal — Zinitiall Zinitial

The drift along the ¢ direction (the azimuthal angle transverse to the beam) is then

. int ted . . .
modified as |zfnal — Zinitiall tan Gan BT Zinitial, Zfinal), Where the direction is the same for

both electrons and holes because both the charge and velocity sign are reversed for holes
with respect to electrons. The size of the integrated Lorentz angle variations are shown in
Figure 6.15; for this fluence and bias voltage, the integrated Lorentz angle can change by
as much as a factor of two, depending on the starting and ending position.

6.2.6 Trapping

As a result of irradiation, defects form in the silicon and are sites for charge trapping.
In the simulation, charge chunks are declared trapped if the projected time to reach the
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Figure 6.15: Left: The depth dependence of the Lorentz angle for electrons and holes for four
fluences in an ATLAS IBL planar sensor biased at 80 V. Right: The integrated Lorentz angle for
electrons (see Equation 6.19) as a function of the starting and ending position for a fluence of
d=2x10" Neq/ cm?. The collecting electrode is at a z position of 0. (After [127])

electrode from Section 6.2.4 exceeds a random trapping time ¢ that is exponentially dis-
tributed with mean value 1/(x©), where O is the fluence. The constant k (sometimes
called fp in the literature) has been measured in ATLAS pixel modules in 2001 during a
CERN beam test and is approximately k = 3x 10716 cm?/ns [147]. Charge trapping reduces
the collected signal and thus degrades track reconstruction efficiency.

6.2.7 Ramo Potential and the Induced Charge

Even though radiation damage causes charges to be trapped, the measured signal need
not be zero. This is because charge is registered as soon as the electrons or holes start to
move. One can compute the total induced charge without modeling the detailed time-
dependent current via the the Ramo potential from the Shockley-Ramo theorem (see Sec-
tion 2.4.1). As a reminder, the theorem states that the amount of induced charge is the
particle charge multiplied by the difference in the Ramo potential V,, from its starting
and ending (trapped) location:

Qinduced = _Q Vw (fend) -Vu (fstart)], (6.20)

where Q is the charge of the drifting carrier. The Ramo potential for a particular elec-
trode is computed by calculating the electrostatic potential with the boundary condition
of the electrode held at unit voltage and setting all other electrodes to have zero potential.
For example, for a an infinite parallel plate capacitor, the field is constant in between the
plates, so the Ramo potential is linear (starting at 1 and decreasing to zero - see also Ap-
pendix A). This potential depends only on geometry and therefore can be computed once
prior to any event simulation.

The Ramo potential is calculated using TCAD to solve the Poisson’s equation. For pla-
nar sensors, most of the variation in the Ramo potential is in the z direction, but one must
include the x and y dependence in order to account for charge induced on the neigh-
boring pixels. The left plot of Figure 6.16 shows a slice of the three-dimensional Ramo
potential at x = 0. Vertical lines indicate the position of the pixels: the potential can be
as much as 20-30% in the nearest neighboring pixel. The right plot of Figure 6.16 shows
a one-dimensional projection of the Ramo potential along the z axis. Due to the simple
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geometry of a planar sensor, the full TCAD simulation is well-approximated by a series
expansion that solves Poisson’s equation with periodic boundary conditions. The expan-
sion matches the full three-dimensional potential well and is shown in the right plot of
Figure 6.16 for illustration.
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Figure 6.16: Left: A two-dimensional slice of the full three-dimensional ATLAS planar sensor Ramo
potential as computed with TCAD at x = 0. Dashed vertical lines indicate pixel boundaries. Right:
A one-dimensional slice of the Ramo potential at x = y = 0. Overlaid on top of the TCAD simulation
are a series expansion solution of the Poisson’s equation as well as double-exponential defined by
Equation 6.21. (After [127])

In the digitizer code, if the user does not supply a Ramo potential calculated with
TCAD, this series expansion is substituted instead so that geometries for which a TCAD
model has not yet been created can be studied. The z-dependence of the planar Ramo
potential alone is also very well approximated by a double exponential of the form

Viz(2)=le L ye @l o7 _¢ /2 %—¢™h, (6.21)

where L = 200 pm and the denominator is chosen to make V,, ;(0) = 1. Good agree-
ment is found for a ~ 3L/p, where p is the sensor pitch in the short direction (see Fig-
ure 6.16).

The implementation of the Ramo potential and charge trapping are illustrated in Fig-
ure 6.17 for planar sensors. On the electrode from the same pixel as the electrons and
holes originate, the induced charge equals the electron charge as the time to be trapped
exceeds the time to drift toward the electrode. The average collected charge is an asym-
metric function of the depth inside the sensor because the drift and trapping times are
different for electrons and holes and the Ramo potential is very asymmetric: the aver-
age fraction is lower far away from the collecting electrode. In addition to inducing a
charge on the electrode from the same pixel as the electron-hole pair generation, charge
is induced in the neighboring pixels. This is demonstrated in the middle and right plots
of Figure 6.17. In the limit where the induced charge is the electron charge in the same
pixel as the electron-hole pair, the induced charge in the neighbors approaches zero. For
some combinations of starting location and time to trap, the induced charge can even
be negative. This happens when holes are trapped very close to the pixel implants. Even
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though the Ramo potential map extends beyond one neighbor pixel, in practice the near-
est neighbor pixels are considered in the simulation. The right plot of Figure 6.17 indicates
that this is good approximation.
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Figure 6.17: The average charge collected as a function of the starting location and the time to
be trapped for the same pixel as the electron-hole pair generation (left), the neighbor pixel in the
short (50 um) pitch direction (middle) and the pixel in the long pitch direction (250 pm) (right).
For simplicity, the electric field field is simulated without radiation damage and the vertical axis is
a hypothetical trapping time. (After [127])

6.3 Predictions and Validation

6.3.1 Data and Simulation

Given the models presented in the previous sections, it is critical to validate the physics as
well as the implementation by comparing the simulations with data. This Section present
results for the key observable for studying radiation damage: the charge collection effi-
ciency®. The charge collection efficiency is measured as a function of time in Run 2 for
the innermost pixel layer, which was installed during the shutdown between Run 1 and
Run 2 and thus was unirradiated at the start of Run 2. The data were collected in the fall
of 2015 and throughout 2016 with single muon triggers. Charged particle tracks are re-
constructed from hits in the Pixel detector, silicon strip detector, and transition radiation
tracker. Clusters on the innermost pixel layer associated to tracks are considered for fur-
ther analysis. The IBL is operated at 80 or 150 V at a temperature of 270 Kin 2015 and 288
Kin 2016. The analog threshold is 2550 e with 4 bits of ToT for the digital charge read-
out. The ToT is calibrated so that a ToT of 8 corresponds to 20 ke and a digital threshold
of ToT > 1 is applied. The ADC is modeled in simulation using the same charge to ToT
conversion.

Simulated datasets are based on Geant4 [139] with digitization implemented in the full
ATLAS simulation framework (ATHENA) [129] or a standalone package called Allpix [148].
The latter is a lightweight wrapper of Geant4 that is optimized for beam test analysis and
is a powerful test-bench for digitizer development.

6.3.2 Charge Collection Efficiency

The collected charge is represented by the mode of the charge distribution, which is ap-
proximately Landau [37]. The charge collection efficiency is defined to be the collected

3Results for the Lorentz angle are being prepared

111



CHAPTER 6. RADIATION DAMAGE TO THE ATLAS PIXEL SENSORS

charge at one fluence divided by the charge for unirradiated sensors in overdepletion.
Figure 6.18 shows the measured and predicted charge collection efficiency as a function
of integrated luminosity in Run 2 [149].

] F T T T T 11 T | B B A
o 11— —
f_—i - N - 4. E
e 0.9E ATLAS Preliminary i =
= N S B S O ; * ; P E
g 0.8 IBL:planar modules ‘ P
3 o7 e -+ 3
© o ]
s 06 E
8 05 * Daaso =
= E | e Data 150 + 3
0.4F =

- | 4 Standalone Simulaton80V i i i il

0.3 ¢ e Standalone Simulation 150 V =

0-2’ HE 1 i 1

10 10?
Integrated Luminosity [fb™]

Figure 6.18: The charge collection efficiency as a function of integrated luminosity. (After [149])

Data points are corrected in order to account for the drift in the ToT calibration [150,
151], as it can be seen in Figure 6.19, where the mean and RMS evolution of the ToT for all
the IBL modules is shown, as measured in calibration scans. The tuning point was 10 for
16k electrons for 2015 and 8 for 2016.
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Figure 6.19: The evolution of the mean and RMS of the measured Time-over-Threshold (ToT) over
all pixels in the IBL detector as a function of the integrated luminosity and the corresponding
total ionizing dose (TID) in 2015 (left) and 2016 (right), as measured in calibration scans. Each
color/symbol series corresponds to a single tuning of the detector.(After [150,151])

Radiation effects are assumed to cause the measured ToT to drift with integrated lumi-
nosity, but short periods of annealing and regular re-tunings brought the mean ToT back
to the tuning point. The drift is assumed linear between calibration and the correction is
evaluated in the middle of the run considered. To this correction is assigned an error of 30
% (which is then propagated to the charge collection efficiency value. MPV value of the
fitted Landau distribution are then scaled up or down (accordingly to the direction of the
drift). This effect depends run by run, but is in general below 5% with a final error on the
measure of ~2/3 %. The error on the predicted value of the charge collection efficiency
is evaluated by taking the squared sum of the differences between the nominal value and
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the one obtained with the variation of the radiation damage parameters, as explained in
detail in Section 6.2.3.5. In addition is also considered a variation of the trapping prob-
ability constant of 10% up and down. An error of 3% is also assigned to the luminosity
value of the data points (the horizontal error bars in Figure 6.18). Instead, for the Allpix
simulation points, the integrated luminosity is converted to a fluence and an error of 15%
is assigned to the conversion.

A breakdown of the impact of the systematics variations is reported in Table 6.8.

Table 6.8: List of systematics considered in the errors in the simulation and their relative impact
on the nominal value

bias Voltage [V] 80 80 80 150 150 150
fluence 1 2 5 1 2 5
Variation impact [%] impact [%] impact [%] impact [%] impact [%] impact [%]
Energy acceptor +10% 0.42 2.23 0.76 0.21 1.57 1.51
Energy donor +10% 0.55 - 4.46 0.16 0.35 5.67
Energy acceptor —10% - 1.68 3.77 0.09 0.31 1.60
Energy donor —10% 0.47 0.14 291 0.10 0.90 -
1 acceptor +10% 0.43 0.33 3.77 0.12 0.87 1.28
n donor +10% 0.25 0.96 4.22 0.14 0.40 5.72
1 acceptor —10% 0.27 1.71 13.83 0.06 0.29 1.54
n donor —10% 0.03 0.41 6.82 0.14 0.67 6.87
o acceptor +10% 0.30 1.39 0.88 0.06 0.37 2.36
e donor +10% 0.25 1.01 1.81 0.01 0.38 0.65
oe acceptor —10% 0.44 0.33 1.91 0.12 0.84 4.70
e donor —10% 0.13 0.65 0.12 0.11 0.61 5.53
o}, acceptor +10% 0.34 1.55 133 0.12 0.83 2.64
0}, donor +10% 0.28 0.09 1.41 0.11 0.57 5.04
o}, acceptor —10% 0.30 1.96 0.95 0.08 0.33 2.17
0}, donor —10% 0.29 0.55 0.76 0.015 0.32 0.83
trapping constant +10% 0.68 2.25 3.56 1.24 1.10 1.34
trapping constant —10% 0.60 0.10 8.83 0.14 0.37 7.20
total error 2.36 5.20 20.41 1.37 2.98 16.47

Figure 6.18 shows that the level of agreement between data and simulations produced
using the new digitizer model is satisfactory for what concerns the charge collection ef-
ficiency. As expected, the charge collectionefficiency drops with fluence due to charge

trapping.

6.4 Summary and Perspectives

This Chapter presented a digitization model for ATLAS planar sensors that includes ra-
diation damage effects. In addition to describing the physics processes incorporated in
the digitizer, the charge collection efficiency is studied using Run 2 data; it shows good
agreement between the simulation and the observations. The focus here was on Run 2
and 3 conditions, but the models can be used to make important design decisions for the
upgraded ATLAS detector that must survive the harsh HL-LHC radiation environment.
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Chapter 7

Pixels Detectors for the new ATLAS Inner
Tracker

In this Chapter the Pixel Detector of the new ATLAS Inner Tracker (ITk) of the ATLAS de-
tector will be discussed. It is intended to be ready for the data taking in 2026, in time for
the beginning of the High Luminosity phase of the LHC (HL-LHC). The plans for the up-
grades of the LHC are presented in Section 7.1, along with the physics case and the list of
ATLAS sub detector upgrades for the Phase-II; Section 7.2 will cover the performance and
specifications for the new ATLAS ITk. After describing the R&D efforts for ITk pixels detec-
tors in general (Section 7.3), in Section 7.4 results for radiation hard pixel sensors will be
presented. The concept of slim edge, already applied to IBL pixel sensors (Section 5.3.2)
will be pushed to its limits for the ITk pixels sensors; this topic will be discussed in details
in Section 7.5, together with results from beam tests. Finally conclusions and perspectives
will be drawn in Section 7.6.

7.1 High Luminosity LHC and the Phase-II of the LHC ex-
periments

The timeline of the CERN LHC is presented in Figure 7.1, together with the future plans.
The High Luminosity LHC (HL-LHC) [152] is a project, recently approved [153], to up-
grade the existing LHC to a high luminosity machine, capable to deliver an instanta-
neous luminosity of L= 7.5 x 103*/cm?/s; as a reminder the design luminosity of LHC is of
L=1.0x 1034/cm?/s. After the HL-LHC upgrade completion the data taking is expected to
restart in 2026; the goal is to integrate a dataset of 3000 fb™! by 2037; there is an option to
extend this program to arrive at 4000 fb™?.

As it can be seen in Figure 7.1 the upgrade plans do not include any increase of the
center-of-mass energy /s: the main motivation for the HL-LHC project is reducing the
error halving time. Indeed, taking data beyond 2023 at the same instantaneous luminosity
of Run 3 would imply to take data for more than 15 years to reduce the statistical error by
a factor of 2.

The large dataset at the end of the so-called Phase 2 (or Phase-II) for the experiments
should enable a large program of precision measurements of the Higgs boson and New
Physics (NP) discoveries. As an example of the potential of the HL-LHC dataset, the pro-
jected precision on coupling of the Higgs boson to muons is of about 7% with 3000 fb™!;
the Higgs trilinear self coupling parameter Ay can be probed at about 1 o significance
in the range —0.8 < Agpgn/Asm < 7.7 (Asy is the SM predicted value) in the final state
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Figure 7.1: LHC/ HL-LHC Plan (last update 22.02.20186, after [152])

HH — bbyy [154]. For what concerns NP potential discoveries, as an example, with the ex-
pected HL-LHC dataset the supersymmetric top quark partner 7 discovery mass range ex-
tends up to 480 GeV, and the exclusion one to 700 GeV [155]; for the electroweak SUSY par-
ticles a factor of ten increase in luminosity translates into a 30-40% increase in mass reach.
Other than SUSY the physics program during the Phase-II of the LHC experiments include
searches of vector bosons resonances like W/,Z/, extra dimensions and more [156].

The high luminosity foreseen for the Phase-II implies a much harsher environment
than in Run 2 for the ATLAS sub-detectors; indeed high luminosity means higher event
rate, more pile-up events and higher radiation doses and fluences. To cope with the se-
vere data taking conditions expected at the HL-LHC it is planned to upgrade the ATLAS
detector [156, 157]. Upgrades include:

* alonger latency trigger system, to cope with higher event rates,

* new inner muon barrel trigger chambers, to assure redundancy and improve effi-
ciency,

e upgrading the tile calorimeter electronics, since the actual system will not survive
the doses expected by the time of HL-LHC and

* a complete new silicon only tracker, with coverage down to pseudorapidity || = 4,
the Inner Tracker (ITk)

The constraints, requirements, layout and expected performance of the proposed AT-
LAS ITk will be discussed in the next Section.

7.2 The Quest for a New ATLAS Inner Tracker

The new ATLAS Inner Tracker will have to face unprecedented levels of radiation doses
and fluences, pile-up events and events rate. Table 7.1 summarises some of the most
important figures.

Within this hostile environment the 1Tk will have to guarantee the same level of per-
formance or better of the ATLAS Inner Detector (ID). The project is presented in a series
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Table 7.1: Environment conditions for the inner detector at the LHC and HL-LHC

Parameter LHC HL-LHC
instantaneous luminosity L [cm™2s™!] 1.0x10% 7.5x10%
average number of pile-up events p 25 200
track rate density for the innermost pixel layer .4/ [MHz cm 2] 0.25 2
fluence to the innermost pixel layer & [ 1 MeV neq/cm?] 5x101%  2x1016
total ionising dose to the innermost pixel layer TID [MRad] 160 1700

of documents, from the “Letter of Intent for the Phase-II Upgrade of the ATLAS Experi-
ment” [156] to the “ATLAS Phase-II Upgrade Scoping Document” [157]. Technical Design
Report (TDR) for strip detector of the ITk was recently published [158]; the ITk pixel de-
tector TDR is due by the end of 2017. This Section is built on those documents.

7.2.1 Performance Requirements of the ITk

In what follows a short list of performance requirements of the ITk.

Track Reconstruction Efficiency The required track reconstruction efficiency in the cen-
tral part (|n| < 2.7) has to be above 99% for muons with pt above 3 GeV/c, above 85% for
pions (electrons) with pt above 1(5) GeV/c. Fake tracks rate has to be kept below 1% to
avoid degrading resolution of objects built using tracks, like tracks jets.

Track Resolution and Vertex Reconstrucion The resolution on transverse momentum
will be better than 0.5% up |n| = 1 for muons of 100 GeV/c pr and will degrade mod-
erately till [n| = 2. For |n| = 2.7 the solenoid field diminishes, particularly at low radius,
leading to poorer pr resolution. Resolution on longitudinal (transverse) parameter dy(zp)
are required to be better than 100 pm in the very central region |n| < 0.5 for tracks with
pr = 1GeV/c and better than 8 (50) um in the limit of very large transverse momentum.

With 200 pile-up events, the mean separation of primary vertices is typically less than
1 mm. It is therefore not possible for all vertices in a triggered event to be reconstructed
individually. However, it is important that high transverse momentum objects (muons,
electrons and tracks in high transverse energy jets) coming from a common vertex can
all be correctly associated to the same vertex with good efficiency. This requirement cor-
responds, in the case of ¢t events, to the probability of the ¢ vertex being among the
reconstructed vertices having to be greater than 0.95. In addition, the probability that the
tt decay is associated to the correct reconstructed vertex should be greater than 0.90.

Tracking-reconstruction efficiency and minimisation of multiple scattering effects re-
quirements impose a low material budget. For the ITk, generally it is required to be in
total <1 Xp up to n| < 2.7. In Figure 7.2. The ITk material budget is around 30% lower in
the region |n| < 4.0, compared to the Run 2 detector.

7.2.2 ITkdetector layout

The ITk will be an all silicon tracker; the main reason for abandoning the TRT is the pro-
jected occupancy in its straw tubes, which is about 100% at L = 5.0 x 103*cm™2s™!. The
ITk will consist of an inner detector made of pixel modules and an outer one made of
strips. In the central region of the ITk Detector, sensors are arranged in cylinders around
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Figure 7.2: Material budget expressed as fraction of radiation lengths as a function of the pseudo-
rapidity. (left) ATLAS ID (right) ATLAS ITk. (After [158])

the beam axis, with (starting from inside) five pixel layers followed by two short-strip lay-
ers of paired stereo modules then two long-strip layers of paired stereo modules. The
forward regions will be covered by six strip disks and a number of pixel rings leading to
one or more hits depending on the ring layer and 1 position. The proposed 1Tk layout is
presented in Figure 7.3. The new tracker will cover a pseudorapidity range down to || =4.
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Figure 7.3: Schematic layout of the ITk for the HL-LHC phase of ATLAS. Here only one quadrant
and only active detector elements are shown. The horizontal axis is the axis along the beam line
with zero being the interaction point. The vertical axis is the radius measured from the interaction
point. The outer radius is set by the bore of the solenoid. (After [158])

The peculiarity of the chosen ITk baseline layout, the so called “Inclined” layout, is the
presence of inclined sensors in the forward part of the barrel layers; the inclined sensor
hangs from long barrel staves. This allows the material traversed by particles at large 1 to
be minimised and at the same time requires less silicon surface to cover the full n range.
In addition, these inclined sensors provide two or more hits in the first layer, providing
redundancy for the local track finding close to the interaction point even at large pseu-
dorapidity. One possible support design of the Inclined layout is called ALPINE; a detail
of the ALPINE stave prototype is shown in Figure 7.4. The sensor modules are located on
the stave face closer to the interaction point so that incoming particles are detected by a
pixel sensor before crossing the inactive material (local support structure, cooling tubes
and electrical services).
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Figure 7.4: ALPINE design for the inclined layout (After [158])

7.3 Pixels Detectors for ITK

The innermost pixel barrel layer, Layer 0, of the ITk will be at a radius of 40 mm from the
interaction point; the Layer 1 at 85 mm. Layer 2, 3 and 4 will be placed respectively at 155,
213 and 271 mm from the beam axis. The expected fluences for the ITk are reported in
Figure 7.5.
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Figure 7.5: The 1 MeV neutron equivalent fluence for the ITk layout (After [158])

The maximum fluence predicted for the Layer 0 at the end of the Phase-II program
is about 1.5-2x10'6 Neq/ cm?; for the pixel end-cap the largest fluence will be of about
5x10" neq/cm?, similar to what it is expected for the Layer 1 of the barrel section.

Pixels will have a smaller pitch than today ATLAS pixel and IBL detectors; this is manda
tory to keep the occupancy below 1%, in order to assure a good two particle separation
and limit dead time. The proposed ITk layouts are designed to meet this requirement,
thus the pixel pitches are dictated by this constraint. Moreover physics and performance
simulations indicated that 50 pm x 50 um pitch pixels, or 25 pm x 100 pm are suited
(the smaller pitch is to achieve better momentum resolution). Small pixel cells imply also
less leakage current fed into and small capacitance coupled to the front end electronics,
hence less noise.
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The basic unit of the ITk pixel detector is a module. The baseline module concept
for the ITk pixel detector is the well proven hybrid pixel detector in which modules are
composed of a sensor and the read-out chip (ROIC) bump bonded to each other on a
pixel level. In addition other concepts are also investigated such as monolithic CMOS
pixel detectors, especially for the outer layers.

The choice of sensors depends mainly on the requirement that the detector has to
withstand the integration of an expected dataset of 3000 fb™!. This is particularly chal-
lenging for the innermost layer, which after the high-luminosity running will have inte-
grated, as it was said above, an estimated fluence ¢ of 1.5-2x 1016 neq/cm2 for the inner-
most pixel layer.

There will be two main types of modules: dual-modules (two chips bump bonded to a
sensor, around 4 x 2 cm?) for the the innermost layer to accommodate the limited space,
quad-modules (four chips bump bonded to a sensor, around 4 x 4 cm? for the outer layers
and in the rings. The pixel read-out chip is presently under development within the RD53
collaboration [159], which will produce an RD53 prototype chip. Following this chip an
ATLAS ITk pixel chip will be developed using the basic blocks designed by RD53 while
integrating additional functionality to meet ATLAS specifications.

At this stage three possible sensor types are considered for the pixels modules:

 planar sensors, for an hybrid detector
* 3D sensors, again for an hybrid detector,

¢ monolithic CMOS sensors

3D sensors 3D silicon detectors are candidates to be used for the inner most layer(s)
of the barrel pixel system and some of the inner end-cap rings due to their excellent ra-
diation hardness at low operational voltages and moderate temperature with low power
dissipation compared to planar sensors. The 3D sensors will be produced on either 4" or
6" high resistivity p—type wafers. The total thickness of the sensors will be 200 um, and
and the active thickness' will be between 150 and 200 pm, with 150 um being the base-
line. The 3D sensors shall be produced by etching the p— and n—columns from the same
side (single side process). At the moment the pixel geometry will have a single readout
column in the centre of the pixel (1E), surrounded by four ohmic columns. Figure 7.6
shows the proposed design of the pixel cell for the ITk 3D pixel modules.

The column diameter will be < 8 um, while the depth of the junction (ohmic) columns
will be slightly shorter (longer) than the nominal 150 pm active thickness. Thus ohmic
columns will be in contact with the sensor backside, while junction columns termination
will be away from it, to avoid too early junction break down.

IBL-generation 3D pixel detectors coupled to FE-I4 pixel electronics have been found
to have hit efficiencies in test beam measurements larger than 97% at 170 V after irradi-
ation to @ of 1.0x10'® neq/cm? for normally incident minimum ionizing particles with a
power dissipation of 15 mW/cm? at a temperature of -25° C [160].

Planar sensors In this Paragraph only a short description of the planar sensors specifi-
cation and performance for the ITk will be given as they will be discussed more in depth
in the next two Sections. A new generation of planar pixel sensors are under development

Isensors can be realised in thin high resistivity wafers bonded to thick low resistivity ones; at the end of

the fabrication process the latter can be lapped, completely or not. This approach is used to realise thin
planar sensors too
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Figure 7.6: Design of 3D pixel cells with 50 pm x 50 pym and 25 pm x 100 pm pitch pixels. (Af-
ter [158])

for the ATLAS ITk pixel system. The main differences with respect to the planar sensors
implemented in the present detector are the different electrode arrangement (n—on—p
versus the traditional n — on — n) and the reduced thickness in the range of 100-150 pm
with respect to the 200 um for the sensors used in IBL and 250 pm in the three outer
ATLAS pixel layers.

The n — on — p technology allows for cost reduction given the single side processing
and the reduced complexity in handling and testing. The guard ring structure is imple-
mented on the front side, leaving the edges of the sensor at a potential close to the one of
the backside. This arrangement potentially induces the risk of electrical sparks between
the sensor periphery and the chip. Isolation techniques, like the deposition of a layer of
Benzocyclobutene (BCB) on the sensor surface at wafer level or of parylene after module
assembly have been successfully employed to prevent this problem [161, 162].

Monolithic CMOS sensors Recent developments of CMOS pixel detectors, originally
designed for charge collection in an epitaxial layer of 10-20 um thickness, use new ap-
proaches to cope with the rate and radiation environment expected at the HL-LHC [163-
165] based on the following enabling technology features: HV add-ons that allow to use
high depletion voltages; high resistivity wafers for large depletion depths; radiation hard
processed with multiple nested wells to allow CMOS electronics embedded with sufficient
shielding into the sensor substrate; and backside processing and thinning for material
minimisation and backside voltage application.

A typical CMOS sensor pixel cell with sensing substrate and a CMOS electronics layer
embedded in multiple cells is shown in Figure 7.7.

Since 2014 a demonstrator programme is carried on, to prove DMAPS that are suited
for high rate and high radiation operation at LHC. For this a number of technologies have
been explored and characterised (AMS 350 nm and 180 nm, Global Foundry 130 nm, ES-
PROS 150 nm, LFoundry 130nm, TowerJazz 180nm, etc.); the designs have been charac-
terised as stand-alone sensors as well as bonded to the FE-14 pixel chip (as a hybrid) either
via bump bonds or via glue bonding (capacitively coupled pixel detector, CCPD).

The results within the demonstrator programme can be summarised as follows:

» Technologies complying with the above list of enabling technology are principally
suited to fabricate depleted monolithic sensors that can cope with the HL-LHC run-
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Figure 7.7: DMAPS schematic showing fully or partially depleted bulk, multiple nested wells for
CMOS electronics and charge collection node. (After [158])

ning condition, at least at distances larger than 20-25 cm away from the interaction
point (outer layers).

* DMAPS pixel sensors detect mips with integrated efficiencies above 98% and with
spatial resolutions similar to those as hybrid pixels

« DMAPS pixel sensors can stand radiation fluences of more than 1.0x 10" neq/cm?
when properly designed. This is demonstrated in Figure 7.8 showing the collection
width obtained after irradiation to a neutron fluence of 8.0x10' Neq/ cm? deter-
mined using edge TCT measurements [166, 167].

* Beam test measurements have shown high rate capability as detectors bonded to
the FE-14 chip.

 Fully monolithic DMAPS pixel sensors have been designed incorporating read-out
architectures suitable to cope with the expected rates at the HL-LHC (such as column-
drain architectures and direct hit transfer architectures). Such designs have been
submitted for fabrication in 2016 and are currently being evaluated.
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Figure 7.8: FWHM of the charge collection profile measures using the edge TCT technique as a
function of bias voltage after different irradiation fluences up to 8.0x10'° Neq/ cm? for un-thinned
detector (700 pm thick) without back plane (full symbols) and 300 pm sample with back plane
(empty symbols). (After [166])
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7.4 Radiation Hard Planar Pixel Sensors

The ATLAS Upgrade Planar Pixel Sensor (PPS) R&D Project [168] carried out the optimi-
sation of the well-known technology of planar silicon pixel sensors for the Phase-II of
the ATLAS experiment. The PPS R&D project existed from 2009 to 2014 and investigated
the radiation hardness of pixels sensors realised in planar technology. The main research
directions were: optimisation of the n—bulk material; exploration of p—bulk sensors; re-
duction of thickness; novel biasing structures. Reduction of the dead are at the detector
periphery was investigated too, and it will be discussed in the next Section. These efforts
continued then within the ITk pixel forming collaboration.
In what follows some results from the PPS activities.

7.4.1 Radiation hardness of n — on — n FE-I3 samples.

In [6, 169] examples of the searches within the PPS group are reported. Using pixel mod-
ules based on the ATLAS Pixel FE-13 readout chip the charge collection efficiency (CCE) of
n—on—n modules was tested up to fluences $=2.0x10'6 Neq/ cm?. Table 7.2 summarizes
the fluences to which the sensors were irradiated.

Table 7.2: Summary of irradiated n — on — n samples in the beam tests. KIT stands for 25 MeV
energy proton irradiation; reactor neutrons for the TRIGA reactor [170].

name | thickness (um) ‘ fluence (10'° neq/cmz) ‘ irradiation type

DO6 285 0 -

DO7 250 1 protons (KIT)
DO8 250 1 reactor neutrons
DO9 250 5 reactor neutrons
DO10 250 20 reactor neutrons

These modules have been evaluated in several beam tests in 2009 and 2010. Data
presented in [6] were taken in two different periods in 2010 at the CERN SPS beamline
H6; in both periods pion beams of 120 GeV/c were used. Measurements on samples have
been carried out at temperatures well below 0° C to reduce the large leakage current from
irradiated sensors. As an example, we measured a leakage current of 24 pA (10 pA) for
DO10 (D0OY), at a bias voltage of 1200 V and at -47° C.

Hit Efficiency Hit efficiency was studied as a function of the bias voltage, for the module
irradiated with 5 x 10" n.4/cm?. Results are in Table 7.3.

Table 7.3: Hit efficiency of an irradiated (fluence = 5 x 10%° Neq! cm?) FEI3 n—on—n 200 pm thick
module at different bias voltages.

Bias voltage (V) Hit efficiency (%)

350 93.2
500 97.3
1000 99.6
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Figure 7.9: left: Collected charge as a function of the bias for sensors irradiated with fluence of
5 x 101 ¢4/ cm?; right: Hit efficiency map for the same assembly

In Figure 7.9, on the left, a study of the collected charge vs bias voltage for a module
irradiated with a fluence of 5 x 10'°n.,/cm? is shown? (only data collected with the *°Sr
source are shown). In the figure the expected threshold for the FE-14 chip is shown too.
A signal of about 10 ke™ is observed at 1000 V. This was very promising for the ATLAS
IBL [45], and the outer pixel layers at HL-LHC.

In Figure 7.9, on the right, the hit-efficiency map for the module irradiated with a flu-
ence of 5 x 1015neq/ cm?, as measured at the beam test for particles at normal incidence.
The pixel module was biased at 1000 V and the hit-efficiency was 99.6%.

Charge Collection Efficiency One of the main effects of irradiation is the increased trap-
ping, which leads to a reduced signal amplitude. As the trapping probability depends on
the charge carrier velocity, the collected charge was measured as a function of the bias
voltage. Figure 7.10 shows the results for all irradiated n— on—n samples in the two beam
test periods; see also Table 7.2. A systematic error on the collected charge of 400 e is as-
sumed, due to the finite charge resolution of the ToT mechanism; a 5% systematic uncer-
tainty is also taken into account, due to non-uniformity in the injection capacitances.
After 5 x 10%° neq/cmz, the collected charge still exceeds 10 ke at a bias voltage of 1000 V.
Even if the collected charge is shared equally between two neighboring pixels, this charge
is sufficient to detect the hit with FE-13.

Figure 7.11 top, shows that charge is predominantly lost in the region of the punch-
through bias grid system.

At very high fluences (2 x 1016 Neq/ cm?, DO10 sample) it is no longer possible to say
which region is less efficient than the others, using the charge collection method (Figure
7.11, bottom).

Charge Sharing Probability To calculate the charge sharing probability for each hit within
a cluster, it is determined whether a hit is found in a pixel cell adjacent to the one matched
to a track. This probability increases towards the edge of the pixel since charge carriers
are more likely to drift to the neighbouring pixel. The corresponding plot, referred to as
a charge sharing map, is centred on one pixel, also showing half of the adjacent pixel in
each direction. The overall charge sharing is defined as the number of tracks with at least
one hit in a neighbouring pixel divided by the number of all tracks.

Figure 7.12 shows the charge sharing probability for DO9 at a bias voltage of 1200 V.
Reduced charge sharing probability is visible in the region of the bias dot and the bias

2as a comparison data from strip detectors [171] are reported too.
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Figure 7.10: Collected charge as a function of bias voltage for n — on — n samples irradiated to
different fluences (see details in the text). A threshold of 3200 e is indicated.
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Figure 7.11: Charge collection within a pixel. Top: DO9 at Vj;,,=1200V. Bottom: DO10 at
Vhias=1000V.

grid network.® Less charge is deposited here, so there is a higher probability for the sec-
ond pixel in a two-pixel cluster to be below threshold. As only the bias trace makes the
difference between both pixel sides, it might cause the lower charge sharing probability.
Furthermore, one can see that the region of the bias dot is not affected.

While for DO9 a clear increase in charge sharing probability towards the edges of the
pixel is visible, at higher fluence the collected charge becomes too small for any significant
charge sharing to be observable.

Residuals To estimate the intrinsic spatial resolution of the devices under test (DUTs),
the distribution of hit residuals was studied. The intrinsic spatial resolution was estimated
by the RMS of the residual distribution for clusters of all sizes, while the residual distribu-
tion of 2-pixel clusters is used to estimate the width of the area between pixels, where
charge sharing occurs. The distribution is fitted with the sum of two Gaussian functions,
where one accounts for misreconstructed hits, resulting in large residual values (equal to
2 times the pixel pitch or more), and the other for correctly reconstructed hits. The width

3The bias grid network is an aluminum trace arranged on top of the intermediate pixel region connecting
all bias dots.
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Figure 7.12: Top: Design of the sample of the region shown in the plot below. Bottom: Charge
sharing probability for DO9 at Vj,;;,,=1200V. Note the reduced charge sharing in the bias grid region
on the right-hand side of the central pixel.

of this “core” Gaussian gives the width of the charge sharing region.

Figure 7.13 shows the residual distributions in the 50 um pixel direction for the unir-
radiated sample (DO6) and the sample irradiated to 2 x 10'® neq/cm?, respectively. The
widths of the distributions are 16 um and 15.4 um, comparable with the expected digital

resolution of 14.4 um. Thus, no influence of radiation damage on the spatial resolution
can be observed.
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Figure 7.13: Residual distributions in the short pixel direction for an unirradiated sample (DO6,
left) and a sample irradiated to 2 x 10'6 Neq/ cm? operated at a bias voltage of 1000V (DO10, right).
No deterioration of the spatial distribution with irradiation is visible.

Plotting the residual distribution for two-pixel clusters only allows the width of the
charge sharing region between pixels to be determined. Figure 7.14 shows the distribu-
tions for DO9 (5 x 10'® neq/cm?) and DO10 (2 x 10’6 neq/cm?). After correcting for the tele-
scope resolution, the widths of the charge sharing regions are 7.1 um and 7.7 um. These
values correspond very well with the width found for an unirradiated sample of 6.4 um.

This indicates that the lateral diffusion of the charge cloud does not change significantly
with irradiation.

Comments The radiation hardness of n—bulk sensors was tested up to unprecedented
fluences, with a maximum of 20 x 10'°neq/cm?. At a bias voltage of 1.2kV a collected
charge of about 6ke was observed, corresponding to about one third of the collected
charge before irradiation. A much thinner detector should be able to collect a much larger
fraction of charge at a bias voltage lower than 1000 V. Despite the rather small collected
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Figure 7.14: Residual distributions for 2-pixel clusters only. Shown are distributions samples irra-
diated to 5 x 1019 neq/cm? (left: DOY, bias voltage 1000V) and 2 x 10'® neq/cm? (right, DO10, bias
voltage 1200V), respectively.

charge and the reduced charge sharing between pixels, no significant deterioration of the
spatial resolution was observed. Important charge losses were observed in proximity of
the punch-through dot used for biasing the sensor.

7.4.2 Thin n—on— p FE-14 samples.

While n—type bulk sensors require patterned guard rings on the back side of the sensor,
for p—type material these can be moved to the pixelated side of the sensor (front side);
then metallisation is the only process for the back side. This makes it a very cost-effective
material for future pixel detectors.

Thin n—on— p planar pixel sensors have been realised at FBK* on high resistivity type
6" wafers within the framework of the INFN Phase-2 program [172]. Si-Si Direct Wafer
Bonded (DWB) wafers were chosen to fabricate pixel detectors; Si-Si DWB are obtained
bonding together two different wafers: a high-resistivity (HR) Float Zone sensor wafer
and a low-resistivity (LR) Czochralski handle wafer. The FZ wafer is thinned to the de-
sired thickness value, so as to obtain a wafer with a thin active layer plus a relatively thick
mechanical support layer. P-type wafers of two different active depths (100 and 130 pm)
with 500 um thick handle wafer were used. In Figure 7.15 a picture of one wafer from this
production.

7.4.2.1 Beam test studies

Radiation hardness of that production was tested using irradiated pixel sensors compat-
ible with the FE-14 [126] readout chip. Two sensors, W80 and W30, were taken from two
different sensor wafers, with thickness of 130 (100) pm for W80 (W30); and had differ-
ent number of GRs, 2 and 5, respectively. In both detector assemblies the 500 um thick
handle wafer was not thinned.

Irradiations were carried at CERN PS using the 24 GeV/c proton beam. The irradiation
was staged; in Table 7.4 the detail of the irradiation program for the two modules tested
from that production, W80 and W30, along with their characteristics.

4FBK-CMM (Trento, Italy): http://cmm. fbk.eu/
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Figure 7.15: Wafer from the n—on—p planar technology production [172] whose layout was mainly
based on ATLAS FEI4 and CMS PSI46 designs. The red rectangle encircles one pixel sensors com-
patible with the FE-14 [126] readout chip.

Table 7.4: Irradiation program for the two FE-14 pixel modules W80 and W30.

Module name Beam spot size Fluence ¢ Cumulative fluence at peak ¢
(thickness [pm], # of GRs) (FWHM - [mm?]) [10'° neq/cm?] [10"° neq/cm?]
W80 (130, 2) 20%20 3 same
W30 (100, 5) 12x12 4 same
W80 (130, 2) 20x20 7 10
W30 (100, 5) 20x20 7 11

The sensors were indeed bump bonded to an FE-14 chip at [ZM, Berlin® and measured
on beam before and after irradiation. In Figure 7.16 some pictures of the pixel modules
on PCB are shown.

Figure 7.16: Thin n — on — p planar pixel sensor modules. (left) Module mounted on a PCB card.
(right) Module inside the DUT cooling box at the CERN H6 beamline; W80 is the second module
from the left; outside of the box the six planes of the ACONITE telescope [173].

The modules were tested on beam after each irradiation step at CERN H6 beam line
(120 GeV/c pions) and at DESY T21 beam line (4 GeV/c electrons). In both cases tracks
were reconstructed thanks to a EUDET-type beam telescope [173], composed of six pixel

SFraunhofer-Institut fiir Zuverldssigkeit und Microintegration: https://www.izm.fraunhofer.de/
en.html
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detector planes equipped with fine-pitch MIMOSA 26 sensors [75]. The DUTs where
mounted inside a box that shed them from light and kept them cold (~-35°C).

In what follows some results are presented for hit and charge collection efficiency [174,
175].

Hit Efficiency Hit efficiency were tested as a function of the bias voltage for both W80
and W30 after each irradiation step. In Figure 7.17 the hit efficiency of W80 is reported
after each irradiation step.

1
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Figure 7.17: Hit efficiency as a function of the bias voltage for the W80 module after each irradia-
tion step.The fluence, the threshold and the tuning are indicated. The red dashed line indicate the
97% hit efficiency.

For the lower fluence the module hit efficiency is 97% or more for bias voltages larger
than 500 V. This result is good but somewhat below the expectations as the detector is only
130 pm thick and the fluences not so large (3x10' neq/cm?). One possible explanation
for this not so large hit efficiency is the threshold: 1000 e was probably too high for such
detector.

After a fluence of & = 1 x 10'® neq/cm? the W80 module efficiency is close to 97% at
a bias voltage of 600 V for a threshold of 700 e (the signal amplitude for a MIP in an un-
irradiated module of the same thickness is about 8000 e). This result is very promising
and it meets the specifications for the Layer 1 of the ITk pixel detector.

The hit efficiency within the pixel cell was investigated too. In Figure 7.18 the result
for W80 after the first irradiation step. It can be seen that there are inefficient regions at
the short sides of the pixel cell. This is consistent with the presence of permanent biasing
structures like the n* bias dot implant and the bias rail shorting the bias dots together.

Charge Collection Efficiency The charge collection efficiency was studied for the W30
module after the irradiation. The cluster charge distribution, measured in Time-over-
Threshold bins of 25 ns [126] was fitted with a Landau function convoluted with a Gaus-
sian. In Figure 7.19 the comparison of the cluster charge distribution for the W30 module
before and after the first irradiation step, at 100 V and 600 V bias voltage respectively.
Both before and after irradiation the module was tuned always with a threshold of
1000 e and 6 ToT corresponded to 6000e. It can be seen that after the irradiation the most
probable value (MPV) of the distribution is reduced by about 33%, going from 9 to 6.
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Figure 7.18: (top) Hit efficiency within a pixel of the W80 module after the first irradiation step.
(bottom) The pixel cell layout is superimposed.
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Figure 7.19: Cluster charge distribution, measured in ToT, for the W30 module before and after the
first irradiation step; the bias voltages were 100 V and 600 V, respectively.
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In Figure 7.20 the cluster charge distribution for the for the W80 module after the sec-
ond irradiation step, i.e. after a total fluence of 1x16 neq/cmz, at different bias voltages.

é e Vbias [V]
@014 400
0141|4450
0.12 500
0.1 550
008/ [+ 600

12
#tot [ns]

Figure 7.20: Cluster charge distribution, measured in ToT, for the W80 module after the second
irradiation step.

The module was tuned always with a threshold of 700 e and 8 ToT corresponded to
4000e. The MPV of the cluster charge in ToT increases from ~6 to ~9 as the bias voltage
changes from 400 to 600 V.

A crude estimation of the loss in the amount of collected charge can be made compar-
ing Figures 7.19 and 7.20. At 600 V, after a fluence of 1 x16 neq/ cm?, the 130 pm thick W80
detector collects about half of the charge it was collecting before irradiation.

Comments Thin planar detectors are envisaged for the ITk pixel detector. The results
reported here for 130 um thick n — on — p pixel modules are very promising since they
exhibit an hit efficiency close to 97% at a bias voltage of 600 V after a fluence of 1.0x 106
neq/cm?; the charge collected is half of the original one before irradiation. The tested
modules were just prototypes that used the existing FE-14 readout chip. New thin pixels
sensors prototypes, compatible with the RD53A chip are in preparation; thanks to new
readout chip, which should have the possibility to get lower in threshold, it should be
possible to recover full hit efficiency even at bias voltages lower than 600 V.

7.5 Edgeless n — on — p Planar Pixel Sensors

ITk pixel sensors, other than meeting radiation hardness specifications, have to assure
highest possible geometrical acceptance, being “active” almost till the physical detector
edge. In what follows edgeless sensors using the active technology will be discussed. In
particular the results from the joint LPNHE-FBK active edge planar pixel sensors produc-
tion will be presented. They are documented in a series of documents which will be re-
ferred to.

7.5.1 Edgeless Pixel Sensors and the Active Edge Technology

As for the IBL (see Section 5.3.2) for the ITk pixel barrel layers too there will be no space
for module tiling in the z (beam) direction. So the fractions of inactive regions have to be
kept low by having larger pixels at the edge and in the regions between chips, and by min-
imising the edge region while still preventing voltage breakdown. The ITk specifications
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indicate that the distance from the active region to the cut edge of pixel modules has to
be smaller than 100 pum [158] in all pixel layers and rings.

The 3D sensor technology inherently allows for slim edges of 15-150 pum [176] Planar
sensors can adopt slim edge designs, as it was done for the IBL pixels sensors, or an edge-
less design, through the “active edge” technology.

The active edge is one of the possible choices to realize “edgeless” detectors, i.e. de-
tectors with no (or very limited) insensitive area. Along the sensor border a trench is dug
by deep reactive ion etch (DRIE), reaching through the whole thickness of the substrate
(hence a support wafer is required). The trench is then doped with boron (for p—type
bulks) and filled with polysilicon. The cut realized through DRIE produces an edge region
much less damaged than the one resulting from a standard diamond-saw cut. This leads
to less generation centers hence lower leakage current generated at the border. Moreover,
the edge doping prevents the depletion region from reaching the physical trench walls,
hence carriers created at the edge do not experience an electric field, are not effectively
separated and just recombine, without contributing significantly to the device leakage
current. Active edge technology can routinely obtain very uniform, well defined and nar-
row trenches, as shown for example in Figure 7.21. For a 200 pm thick bulk the typical
trench width is of 5 pm.

Figure 7.21: SEM picture of a test trench, after cleaving the wafer perpendicularly to the surface
and to the trench itself.(After [7])

7.5.2 Joint LPNHE-FBK Active Edge Planar Pixel Sensors Production

The active edge technology was chosen by LPNHE ° for a planar pixel production with
reduced inactive zone [7]. The production, composed of 200 um thick n — on — p sensors,
was realised at FBK’ .

7.5.2.1 The Active Edge Sensor Fabrication at FBK

Since the trench extends all the way through the sensor wafer thickness, the support wafer
has to be bonded to the sensor one before starting the etching step. Given the presence of

SLaboratoire de Physique Nucleaire et de Hautes Energies (LPNHE), Paris, France; http://lpnhe.
in2p3.fr/
"FBK-CMM (Trento, Italy): http://cmm. fbk.eu/
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the support wafer accessing the backside after wafer-bonding is impossible. Thus, as first
process steps, a uniform high-dose boron implant has been performed on the back side,
followed by a thermal oxide growth on both sides.

Up to the trench definition, the process follows standard steps. Since the read-out
electrodes are n-type, they will be shorted together by the electron inversion layer, in-
duced by the positive fixed charge present in the oxide, unless a p-type implant, com-
pensating such charge, surrounds the pixels. Both homogeneous (“p-spray”) and pat-
terned (“p-stop”) implants have been used; the process splittings adopted in the fabri-
cation batch only concern the presence and the doses of these implants, as detailed in
Table 7.5.

Table 7.5: List of the different isolation solutions adopted in the process.

p-spray p-stop
low dose absent
high dose absent
low dose present
high dose present
absent  present

Two patterned high dose implants, a phosphorus implant forming the pixel and GR
junctions and a boron implant for the ohmic contact to the substrate (“bias tab”), are
then performed.

The etching of the trench is accomplished by a Deep Reactive Ion Etching (DRIE) ma-
chine, the same used for the fabrication of 3D detectors [177]. The trenches in an active
edge sensor must be fully passing, i.e. their bottom has to reach the silicon oxide, which
separates the active wafer from the support wafer.

After the trench is etched, its walls are boron-doped in a diffusion furnace. Thus, a
continuous ohmic contact to the substrate is created on the trench wall and to the back-
side.

The trenches are then oxidized and filled with polysilicon. The remaining processing,
arriving at the final device, whose cross-section is sketched in Figure 7.22, is quite stan-
dard, and includes the following steps:

* contact opening
* metal deposition and patterning

* deposition of a passivation layer (PECVD oxide) and patterning of the same in the
pad and bump-bonding regions.

Since some sensors were intended to be bump-bonded to FE-14 [126] read-out chips, it
was necessary to select good sensors at the wafer level, by measuring their I-V characteris-
tics. For this purpose, an additional layer of metal was deposited over the passivation and
patterned into stripes, each of them shorting together a row of pixels, contacted through
the small passivation openings foreseen for the bump bonding. This so-called temporary
metal solution has already been adopted for the selection of good 3D FE-14 sensors for the
ATLAS IBL [178]. After the automatic current-voltage measurement on each FE-14 sensor,
the metal was removed by wet etching, which does not affect the electrical characteristics
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Figure 7.22: Schematic section of the pixel sensor. The region close to the sensor’s edge is por-
trayed, including the pixel closest to the edge, the edge region, including GRs (when present), the
bias tab (present only on one edge of the device), the vertical doped trench, and the support wafer.

of the devices. Pictures of FE-14 sensor pixels before and after the metal layer removal can
be seen in Figure 7.23.

l@hg

el

Figure 7.23: Pictures of the pixels-side of a FE-14 sensor. (left) Sensors before temporary metal
removal; region covered with temporary metal and the trench are highlighted. (right) Same sensor
as above (different scale, though) after temporary metal removal.

To further proceed in module construction the support wafer has to be removed. The
approach followed is illustrated in Figure 7.24 [179]. Each FE-14 sensor is surrounded by
the trench on all sides, so the sensor is effectively isolated on all sides from the silicon
wafer. After having deposited a dicing tape on the pixel side, the support wafer can be
back-lapped completely. Since the trench penetrates the whole sensor wafer thickness,
once the support wafer has been completely lapped, each sensor can separated from the
others by removing the tape.

After the temporary metal and the support wafer removed, the diced sensors were
ready to be bump-bonded to the FE-14 readout chip.
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Figure 7.24: Sensors separation from wafer.

7.5.2.2 The Wafer Layout

The production included nine FE-14 compatible pixel sensors, differing in the pixel-to-
trench distance (100, 200, 300, and 400 pm) and in the number of the guard rings (0, 1, 2,
3, 5, and 10) surrounding the pixel area (see Figure 7.22). As a reminder the ATLAS pixels
feature 100 um pixel-to-edge distance; IBL ones 250 pm.

The sensor with 3 GRs and a 200 pm pixel-to-trench distance featured two different GR
designs, and each of them is repeated twice. A list of the different FE-14 sensor versions is
reported in Table 7.6.

Table 7.6: List of FEI4 sensors. The number of the sensors (first column) is reported for each com-
bination of number of GRs and pixel-to-trench distance. Two different designs are envisaged for
the sensor with 3 GRs and 200 um pixel-to-trench distance. See text for more details.

pixel-to-trench

Multiplicity Number of GRs distance (um)

1 0 100
1 1 100
1 2 100
4 3 200
1 5 300
1 10 400

A bias tab for substrate biasing (either by probing or by wire bonding), located inter-
nally to the surface delimited by the trench, was placed at about 1.5 mm from the pixe-
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lated area on one of the sides (see also Figure 7.22).

The production included FE-I3 [121] compatible pixels, baby strips detectors and a
large number of test structures, i.e. square diodes and small arrays of FE-I14-like pix-
els, which differ in the number of GRs surrounding the active area and in the trench-
to-pixel distance. Several possible combinations have been implemented, including all
those used for the FE-I4 sensors. The aim of these structures was to test the isolation and
to measure the high-voltage behavior before and (possibly) after irradiation, in order to
find the best sensor configuration to be bump-bonded to the read-out chip and to select
the best combination of GR number and trench distance for possible future productions.

7.5.3 Electrical Characterization

Only one out of 20 processed wafers was not usable due to bad wafer-bonding. The
electrical characterization of the production for non-irradiated sensors was been per-
formed [36]. It started with measurements on specially designed test structures, to assess
mainly bulk and surface properties, then tests on large sensors followed. The first part of
the measurement program was carried mainly on structures reported in Figure 7.25.

200

Figure 7.25: Left: test structures consisting of 2 arrays of 9 x 13 FE-I4-like pixel cells each (“inter-
pixel structure”); the pixels in the left (right) structure have (no) field-plate. Right: test structures
consisting of an array of 6 x 30 FE-I4-like pixel cells (“FE-I4 test structure”), where all the pixels
were shorted together.

A test structure consisting of an array of 9 x 13 FE-I14-like pixel cells was used to mea-
sure the interpixel and the pixel-to-backside capacitance; the central pixel was isolated
with respect to all the other pixels; the first 8 neighbours were shorted together, but iso-
lated from all the other remaining (which, again, were shorted together). These structures
are shown on the left in Figure 7.25, where two versions are present: one with metal field-
plate and one without. “Interpixel structure” will be used for the sake of brevity in the
remaining of the text to refer to this structure.

In Figure 7.25, on the right, an array of 6 x 30 FE-I4-like pixel cells is shown; all the
pixels were shorted together allowing the measurement of the current voltage character-
istics of the whole array and of the inner GR (if present), and the break-down (BD) voltage
dependence on the number of GRs and on the pixel-to-trench distance. Several combi-
nations of values for the latter parameters are present on the wafer; in Figure 7.25, on the
right, a structure with a 200 pm pixel-to-trench distance and 2 GRs is shown. “FE-14 test
structure” will be used for the sake of brevity in the remaining of the text to refer to this
structure.
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Figure 7.26: Measurements results for the intepixel structure; (left) inverse squared capacitance
between all the pixels and the sensor backside as a function of the bias voltage; both pixels with
and without field-plate were tested; (right) interpixel capacitance for test structure with FEI4-like
cells; the capacitance between the central pixel and all the other pixels surrounding it in the test
structure is reported as a function of the bias voltage for pixel cells with a field-plate, and without
it; the results are reported for three different frequencies: 10, 100 kHz and 1 MHz.

For the interpixel structure, in Figure 7.26, the inverse of the square capacitance be-
tween all the pixels and the sensor backside is presented as a function of the bias voltage;
the measurement was performed at a frequency of 10 kHz. From this measurement the
sensors’ depletion voltage was derived (~20 V). For the same structure, in Figure 7.26, the
capacitance between the central pixel and all the other ones is presented as a function
of the bias voltage; the measurement has been carried out at three different frequencies
v: 10, 100 kHz and 1 MHz. It can be seen that the presence of a field-plate increases the
interpixel capacitance. The coupling is particularly important due to the presence of the
uniform p-spray implant. However, the level of capacitive coupling, even with a field-
plate, is acceptable in term of electronic noise for the read-out.

Using the interpixel structure the interpixel resistance R, was evaluated; the results
are reported in Figure 7.27 for the 2 different p-spray doses. It can be seen that for the
high p-spray dose value, at depletion voltage, the interpixel resistance is four times larger
than the low p-spray dose corresponding value; nonetheless, excellent pixel isolation is
already assured by low p-spray dose. After irradiation, this test will be crucial to prove the
pixels isolation.

FE-14 test structures were used to evaluate the current voltage characteristics of the
production. The effect of GRs on the breakdown voltage can be seen in Figure 7.27, where
the current-voltage curves of test structures featuring FEI4-like pixels and different num-
ber of GRs are reported; the distance between the last pixels and the doped trench is
100 pm [8]. The breakdown voltage increases by more than 70% (from 70 to 120 V) by
adding a second, floating GR.

7.5.4 Beam test results

Three sensors were bump-bonded to FE-14 readout chips at IZM Berlin® and were evalu-
ated on beam [8].

8Fraunhofer-Institut fiir Zuverldssigkeit und Microintegration: https://www.izm.fraunhofer.de/
en.html
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Figure 7.27: (left) Interpixel resistance Ry as a function of the bias voltage for two different p-
spray doses. (right) Current-Voltage curves for test structures featuring different number of GRs.
The innermost GR, if present, was kept at ground voltage. The shortest distance from the pixels
to the trench is 100 pm. The measurement for the test structure with 2 GRs was taken at a lower
temperature with respect to the other two samples.

7.5.4.1 Description of Tested Devices

The main difference among the three sensors is the number of guard rings (GRs) sur-
rounding the active area, ranging from zero to two. In Figure 7.28 a detail of the sensor
edge can be seen for all the three samples.

W
i!%

Figure 7.28: Microscope picture of corners of the (left) LPNHE5, (middle) LPNHE4 and (right)
LPNHE?7 sensor. The black line at the top and on the right is the trench. The shortest distance
from the pixels to the trench is 100 um for all the three sensors. For LPNHE4 there is one GR
surrounding the pixel matrix; for LPNHE7? there are two GRs. The pictures show also a temporary
metal strip [178] shorting the pixels: it was used at wafer level for checking the sensor current but
it was removed from the detectors tested in this work.

JRECLEA B ..,.__..W...._.—/

LPNHE5 has no GRs, LPNHE4 has one GR and LPNHE7 has two GRs. All sensors are
200 pm thick n — on — p and include a uniform p-spray implant on the pixels side to pro-
vide enough insulation among them. LPNHE4 and LPNHES5 sensors have, in addition,
p-stops implants that surround the implants of pixels and GRs. The main characteristics
of the devices are summarized in Table 7.7.

Table 7.7: Tested devices characteristics.

Name Number of GRs p-stop implant

LPNHE5 0 yes
LPNHE4 1 yes
LPNHE7 2 no
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The LPNHE4 module was used in an irradiation experiment before the beam tests.
Laboratory measurements after irradiation showed that, due to the lack of electrical insu-
lation layer between the sensor and the FEI4-B readout chip (for a discussion of this issue
see for example [33]), it could not be biased up to full depletion. Hence there are no beam
test results for irradiated detectors from this pixel sensors production but only laboratory
measurements with radioactive sources which will be presented at the end of the Section.

During all measurements the innermost GR, if present, was kept at ground voltage by
the FE-14 readout chip; the second GR, when present, was left floating. The depletion
voltage for all three devices was about 20 V.

7.5.4.2 Detector Configuration and Experimental Setup

Before laboratory and beam tests the threshold and gain settings of the readout electron-
ics are carefully tuned. When choosing the threshold, a compromise has to be found be-
tween a high threshold, which decreases the number of noise hits but decreases the signal
efficiency as well, and a low threshold, with opposite effects. For our detectors, a typical
threshold is 1400 e, which corresponds to a tenth of the expected most probable value
signal amplitude due to a minimum ionizing particle (MIP) crossing the sensor at normal
incident angle. A typical result from threshold tuning [126, 180] can be see in Figure 7.29;
the threshold dispersion is of the order 200 e. The signal amplitude in the sensor is mea-
sured in units of Time over Threshold (ToT): a clock counts when the shaped signal goes
above threshold and stops when the signal falls below threshold; the difference between
those two crossings is the ToT [126]. During the tuning of the electronics, the correspon-
dence between ToT value and input charge is calibrated.
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80
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Figure 7.29: Pixel threshold values for LPNHE?7. On the abscissa is the pixel column index, on the
ordinate axis is the pixel row index. The tuning target value was 1400 e; the sensor bias voltage was
40 V.

The results presented here are based on data taken at the DESY beam test facility? and
at the CERN North Area experimental area'®. At DESY 4 GeV/c momentum electrons were
used; at CERN 120 GeV/c momentum positive pions were used.

At both laboratories the data were recorded using a copy of the Eudet/AIDA tele-
scope [173] already presented elsewhere. The data from the DUTs were recorded us-
ing two different Data Acquisition (DAQ) systems: the Reconfigurable Cluster Element
(RCE) [181] system and the UsbPix [180] system. The typical averaged!! trigger rate was

http://testbeam.desy.de/
Ohttp://sba.web.cern.ch/sba/
1 Averaged over a supercycle at CERN
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in the range of 250-1000 Hz, depending on the beam conditions and on the DAQ system
used for the devices under test (DUTSs).

The DUTs were located between the two arms of the telescope (each arm having three
detection planes). To screen the DUTs from the light, they were operated inside a cooling
box, capable of maintaining the DUT temperature constant.

7.5.4.3 Data Reconstruction and Analysis

Raw data were processed into tracks using the algorithms implemented in the EUTele-
scope framework [182]. At the end of the process a ROOT [183] file is created contain-
ing basic observables ready to be analyzed in the data analysis framework, TBmonz2 soft-
ware [184]. TBmonz2 allows studying the quantities discussed below.

Global, In-Pixel and Edge Hit Efficiency The global hit efficiency is defined as the frac-
tion of reconstructed tracks crossing a sensor that have an associated hit in that sensor.
A bad bump bonding can degrade severely the efficiency of the sensor. The quoted effi-
ciency is measured in a fiducial region, defined by the surface of the pixel module where
each pixel cell is hit by at least 1 track. From Figure 7.30 it can be seen that the fiducial
region, defined by the trigger scintillators area, is smaller than the surface of the detector.
Nonetheless the uniformity in threshold show in Figure 7.29 is a good indication that the
performance measured in the fiducial area can be taken as valid also outside it, hence the
hit efficiency be interpreted as global.
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Figure 7.30: Hit map of a tested sensor in beam. On the abscissa is the pixel column index, on the
ordinate axis is the pixel row index. (Left) the beam is focused on the center of the sensor; (right)
the beam is focused on the edge, which allows to perform edge efficiency scan. The area where
hits are seen is a 1 cm? rectangle and correspond to the area of the trigger scintillator.

The in-pixel hit efficiency is obtained by superimposing the 2D maps of efficiency as a
function of the local position in each pixel cell of the sensor, the granularity of this analysis
being of the order of the total pointing resolution (sum of the telescope resolution and
the multiple scattering average shift). The in-pixel efficiency gives valuable information
on the homogeneity of the charge collection, stressing the presence of low efficiency areas
due, for instance, to permanent biasing structures. Our sensors do not include permanent
biasing structures, since for testing purposes they are polarized thanks to a temporary
metal line [178], which is then removed before bump bonding.

To assess whether the active edge ensures a high hit efficiency in the area between
the last pixels and the doped trench, an efficiency measurement as a function of the track
position in the edge area is performed, using data collected with the beam focused on
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the edge area; see also Figure 7.30. The impact of the GRs on the efficiency is studied
by comparing numerical device simulations with the edge hit efficiency profiles. The lat-
eral depletion can be investigated looking at the edge efficiency performance for several
values of the bias voltage.

7.5.4.4 Efficiency Results for the Edgeless Sensors

In what follows the global hit, in-pixel and edge hit efficiency results from the beam tests
will be presented.
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Figure 7.31: Global hit efficiency for the 2 sensors (LPNHE7 and LPNHE5), for various bias points,
threshold configurations (1600 e or 1400e ) and beam tests (CERN or DESY). “Edge” identifies data
taken when the beam was focused at the detector periphery.

Global Hit Efficiency The hit efficiency has been investigated at CERN SPS and DESY
with a set of two thresholds corresponding to an input charge of 1400 electrons or 1600
electrons and for various bias points. The global hit efficiency is higher than 97.5 % for
both the LPNHE5 and LPNHE?7 sensors, as shown in Figure 7.31. For LPNHE7 at the CERN
SPS with a threshold of 1400 electrons, two beam configurations were investigated, one
with the beam focused on the center of the sensor (open triangles), the other with the
beam focused on the edge of the sensor (full triangles). Biasing the sensor above 25 V
allows the sensors to reach a 98 % efficiency whatever the threshold.

In-Pixel Hit Efficiency As observed in Figure 7.32, the in-pixel efficiency is very homo-
geneous. This high homogeneity shows the interest of using a temporary metal to bias the
sensors for electrical tests before bump-bonding instead of adding a permanent structure
such as punch-through bias dots. A tiny drop of efficiency can be observed at the pixel
corner, where it decreases to 95%. This is due to the charge sharing occurring between 3
or 4 neighboring pixels. In those clusters, the charge induced in one of the pixels could
be under threshold and then not taken into account, which biases the hit reconstruction
and the hit efficiency.

This result is to be compared to the one in Figure 7.11 where charge is lost in the bias
grid area and Figure 7.18 where the bias rail is responsible for lower hit efficiency.
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Figure 7.32: Pixel scheme (top) with inner structures: n*-implant, metal contacts, bump bond
pad, p-stop... and in pixel efficiency (bottom) for LPNHE7 at 40 V.

Edge Efficiency The hit efficiency at the detector edge for both LPNHE5 and LPNHE?
is presented in Figure 7.33. LPNHE5 and LPNHE7 were measured at DESY and at CERN
respectively; the threshold was set to 1600 (1400) e for LPNHE5 (LPNHE?), while the bias
voltage was 40 V for both detectors.
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Figure 7.33: Edge efficiency profiles for LPNHE5 (no GRs - full markers) and LPNHE?7 (2 GRs - open
markers). Laboratory were the data were taken, device bias voltage and threshold are indicated
too. The horizontal dashed line marks the 50%-point efficiency. The devices photograph on top
helps in visualizing which physical area of the pixel is related to the efficiency profile.

Thanks to the active edge technology both detectors are efficient even in the un-instrumented
area: for both LPNHES5 and LPNHE? the efficiency is higher than 50% up to about 90 um
away from the last pixel, that is only 10 um from the cut edge. This performance meets
the specifications of ATLAS ITk pixel modules [158] in terms of distance from the active
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region to the cut edge.

As a reminder, LPNHE7 has 2 GRs, one connected to ground laying between 13 um
and 50 um from the last pixel, one floating between 55 pm and 80 pum; LPNHES5 has no
GRs. The behavior of the 2 samples is rather similar in the first 30 pm, where the effi-
ciency is basically flat. Then the efficiency drops faster for LPNHE5, while for LPNHE?
the efficiency is a plateau between 0 and -50 pm then it smoothly decreases to reach 90 %
at -80 um, before sharply dropping to 0.

Even if data taking conditions were different and clearly sub-optimal for LPNHES5 (higher
threshold, multiple scattering, ...), the detector is still quite efficient in the edge area. In
particular, it is to be noted that the slope of the hit efficiency curve is consistent with the
smearing in the telescope tracking resolution due to the multiple scattering. Nevertheless,
further tests on active edge sensors without GRs are necessary, with better experimental
conditions.

For LPNHE7, the good performance in terms of efficiency in the edge area indicates
that the presence of GRs does not degrade too much the hit efficiency, even in the area of
the innermost connected GR.

To better understand the efficiency in the GRs region, two dimensional numerical
simulations (for details see [7]) were run; the edge area of sensors with 0 and 2 GRs and
a 100 um distance between the last pixel and the doped trench were studied. The results
are shown in Figure 7.34 for a simulated bias voltage value of 40 V.

Electric Field [V/em] GR2 GR1  PIXEL Electric Field [V/em]
08 o — o - . - - 08
. AR AN . AV AR I TR AR AV
INRARSRRAARAL W PMAARNERRRRRRARTT B
/A A ® A AV A A A A A AR A A 1
- VAVE VAN ANANANANAN NAVAVN I PO AAALLE LS LR B,
R /I 1 A R R R g @/ S A A A A A
"§1oo dodidoded b d bl d [ dgs E o 0078 ARV A S A
E VAU A A A ST Em«(zw/uv\zw\lild\f/iilyililllri
Em B R 0l |cc«cvvvydyddliLLLLLLLIL 02
L} L | |Electric Field [V/cm] bl |- R, J ¢ ) 4 | | |ElectricField [V/cm] |[]
160 R ] :);5;:;);3 ol wof o AT AT A Y AR/ A AN A B :)zsgjf; 1 ot
180 bbb > 180 “ R A A A L AR I A ! (7
PN e e e O ]\50\ e SNSRI SNSRI [ 1Y e e e Y 8 R W MR AR R T P
Distance to trench [m] Dlstance to trench [um]

Figure 7.34: Numerical simulation of the electric field. Left: 0 GRs; right: 2 GRs. The simulated
bias voltage value was 40 V.

From Figure 7.34 it can be seen that the GRs do not deeply influence the electric field
lines. The charge carriers, following the electric field lines, are collected by the last pixels if
they are electrons or by the trench or backside if they are holes. This seems to be the case
from the simulation results, except for electrons generated within a small depth below the
GRs. This picture is consistent with the efficiency results shown in Figure 7.33.

From Figure 7.34 it can also be seen that the depleted area is slightly larger for the
sensors with 2 GRs and extends till the sensor edge: the GRs are contributing to the de-
pletion of the sensor bulk. The simulated electric field magnitude in Figure 7.34 shows a
weak electric field region in the bottom left corner; this is due to the presence of two close
equipotential planes, the doped trench and the sensor backside. Carriers generated here
drift so slowly that they do not produce a signal during the useful integration time of the
read-out electronics, and the efficiency drops.

In summary, based on the above results, supported by numerical simulations, it can
be stated that GRs do not preclude the possibility to have edgeless detectors; their pres-
ences make possible at the same time high hit efficiency at the detector edge, by extending
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laterally the depletion region, and high breakdown voltage (as shown in Figure 7.27).

In order to further investigate the lateral depletion of the LPNHE7 sensor in the un-
instrumented area between the last pixel and the trench, the hit efficiency was measured
as a function of the track distance from the edge for several values of the bias voltage, as
shown in Figure 7.35.
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Figure 7.35: Comparison of edge efficiency profile of LPNHE?7 for several bias voltages

The edge efficiency is highest at 40 V, where the lateral depletion is such that the ef-
ficiency exceeds 50% up to a distance of 90 um from the pixel edge. At 20V, the lateral
depletion is clearly not completed as the 50% efficiency point is reached at 60 um. The
30 V efficiency profile is quite close to the 40 V curve, although the high efficiency (>95%)
in the region between 50 um and 70 pum is possible only at the 40 V. A few events yield non
zero efficiency up to 20 pm beyond the edge. This is consistent with the spatial resolution
of the hits formed by one pixel cell.

7.5.4.5 Comments on the Irradiated Pixel Module LPNHE4

The LPNHE4 module was irradiated at KIT'? with 25 MeV protons at a fluence & = 1 x
10%° Neq/ cm?. After irradiation the LPNHE4 detector was then tested at low temperature
to limit reverse annealing which could degrade its performance, but also to avoid possible
thermal runaways due to the expected high level of leakage current after irradiation. As it
can be seen in Figure 7.36 unfortunately the irradiated LPNHE4 detector goes into break-
down at very low bias voltage values, when the detector bulk is not completely depleted.

Two concurring causes have been identified about the origin of this too early break-
down. The first one deals with electrical discharges at the detector periphery. In Fig-
ure 7.37 a sketch to illustrate the problem can be found.

As already discussed before in the Section the doped trench is equipotential with the
detector backside (at High Voltage, HV, as it can be seen in Figure 7.37). The trench is
electrically connected with the front-side detector periphery through the bulk and the
isolation implants (either p-spray or p-stop). The pixels are kept at ground via the con-
nection to the readout chip. The readout chip area extends beyond the sensor pixel area,
overlapping with the sensor front-side part that is at a voltage very close to HV. So there is
an area where a voltage difference of 100 V drops on less than 20 pm. For a more detailed

Zhttp://www.etp.kit.edu/english/irradiation_center.php
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Figure 7.36: IV curves at different temperatures for LPNHE4

discussion please refer to [33]. In addition no electrical insulation layer was deposited on
the sensor surface, nor on the readout chip one. The second cause for the too early break-

PIXEL SENSOR

trench

Figure 7.37: (left) Sketch to illustrate the problem of electrical discharges at the edge of the detec-
tor. (right) Sketch to illustrate the problem of electrical discharges at the edge of the detector.

down is related to the fact that the GR was kept at 0 V thanks to a bump-bond connection
to the readout chip; see also Figure 7.37. This reduces the area where the voltage can drop
from HVto O V.

Despite the too early breakdown voltage it was possible to use LPNHE4 to record
events from a %°Sr source. The detector was biased at Vy,;,; = 80 V, 2 million events were
recorded and the resulting hit map is reported in Figure 7.38; the source halo is clearly
visible. This result makes us confident that the sensor itself is still alive.

7.5.5 Conclusions on the Edgeless Sensors

It was shown that the active edge technology allows a drastic reduction of the dead area
at the detector periphery. The doped trench at the detector edge allows the depleted area
to extend almost to the border of the silicon sensor, without drawing any current from
the edge, and making it possible to have a hit efficiency higher than 90% up to 80 pm
from the last pixel cell, hence assuring very high hit efficiency almost everywhere in the
detector volume. It was also shown that the presence of guard rings does not degrade the
hit efficiency; on the contrary, guard rings help the lateral extension of the depleted region
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Figure 7.38: LPNHE4: 9°Sr source scan after two million events. The bias voltage was Vj; s = 80 V.

and do not interfere severely with charge collection, making it possible at the same time
to achieve a high hit efficiency in the sensor edge area and fairly large operation voltages.

New planar pixel productions exploiting the active edge technology are under devel-
opment at FBK-Trento, in collaboration with LPNHE-Paris and INFN-Italy. The goal is to
reduce the sensor thickness, to better cope with the radiation damage, to further reduce
the size of the insensitive edge area and to have smaller pixels for better performance at
higher particle rates.

7.6 Summary and Outlook

The High Luminosity LHC will allow to achieve instantaneous luminosities a factor of five
larger than the LHC nominal value, thereby enabling the experiments to increase their
data sample by one order of magnitude compared with the LHC baseline programme.

With the integrated luminosity of 3000 fb™! expected by the end of the HL-LHC phase,
ATLAS and CMS collaborations will be able to make Higgs couplings measurements at
the % level; these and other measurements are crucial because deviations of the Higgs
boson properties from the SM expectations would indicate the existence of New Physics.
Furthermore, the HL-LHC will provide experimental access, for the first time, to Higgs
boson couplings to particles of the second family through studies of the rare Higgs decays.
Direct searches for New Physics will continue at the HL-LHC with enhanced sensitivity.
The discovery potential will increase in terms of masses of new particles compared with
the baseline LHC programme, reaching several TeVs for singly- produced particles.

Due to the higher beam luminosity in the HL-LHC era, in particular the larger num-
ber of protons per bunch, the ATLAS and CMS experiments will have to cope with an
average of 140 simultaneous proton-proton interactions occurring at each crossing of the
two beams every 25 ns, with maximum values extending up to 200 interaction events per
crossing. This is only one example of the challenges the experiments will have to face to
operate at the HL-LHC. ATLAS will undergo substantial upgrades to be able to cope with
the increased luminosity of the HL-LHC and with the harsher environment arising from
the larger event pile-up. Furthermore, some of the detector components will near the
end of their lifetime at the beginning of the next decade due to radiation damage, and will
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need to be replaced. The higher luminosity requires highly-granular, very radiation-hard
silicon tracking devices in the regions closer to the beam line.

The development of the components for the new ATLAS Inner Tracker (ITk) detector
are ongoing. R&D activities in the sensor, read-out chip and infrastructure area show
already feasible solutions for future modules concepts.

ITk pixels sensors will have to face radiation fluences and doses 10 times higher and
more than today. Results on thin planar detectors are very promising in terms of hit effi-
ciency. Active edge detectors will assure the needed hermeticity close to the interaction
point; this is crucial to avoid degradation in vertexing efficiency and resolution, which
would affect severely the discovery potential in many important physics channels.

The large radiation fluences will impact the charge collection efficiency of the ITk pixel
modules. It will be essential to optimise clustering, tracking, vertexing and flavour tagging
algorithms to make sure the highest precision physics results can be achieved even with
a detector severely hit by radiation damage.
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Chapter 8

Perspectives

In this Chapter future research topics in the domain of tracking at high luminosity collid-
ers will be presented. The search for thin and edgeless pixel sensors will continue with
new productions which will be tested throughly after irradiation to fluences expected at
the HL-LHC (Section 8.1). The data extracted from beam test measurements of irradiated
pixel modules can be used to improve the modelling of radiation damage (Section 8.2).
Some comments will be made on the importance of optimising the algorithm of cluster-
ing, vertexing, tracking and flavour tagging when the pixel sensors will be severely hit by
radiation damage (Section 8.3). A novel solutions for thermal management and mechan-
ical structures for future silicon detector system will be presented in Section 8.4.

8.1 Radiation Hard Pixels Sensors

The results for thin pixel detectors presented in 7.4.2 and for edgeless ones in 7.5 are very
promising in terms of hit-efficiency after irradiation of the former and of performance at
the detector edge for the latter. The next step is to prove that thin edgeless pixel detectors
are suited for the HL-LHC phase of ATLAS. For this a new planar pixel production was
realised [185] on high resistivity 6" p—bulk material wafers; sensor wafers active thickness
is as thin as 100 pm. Edgeless pixels detectors compatible with the FE-14 chip have been
designed, featuring a pixel-to-edge distance as low as 50 pum. As we write some of these
new pixel sensors prototypes are being bump-bonded to FE-14 chip and should be tested
before the end of the year. Sensors compatible with the new RD53A chip prototype were
included in the production, with both 50 pum x 50 pm and 25 pm x 100 um pitch pixels.
The plan is to have some of them connected to the RD53A chip and test them on beam
next year.

For both FE-I4 and RD53A modules the plan is to irradiate them at fluences of the
order of 1.0x10'6 Neq/ cm? and retest them on beam after irradiation. This time, thanks to
the deposition of a layer of Benzocyclobutene (BCB) on the readout chip surface at wafer
level it will be possible to verify the efficiency at the detector edge after those very large
fluences.

Diodes, test-structures and baby detectors will be irradiated too, to be then studied in
laboratory to extract valuable information to be used to better understand and model the
effects of the radiation damage in silicon.
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8.2 Improved TCAD and Monte Carlo Pixels Simulations

Concerning radiation damage modelling for TCAD based simulations, as already men-
tioned in Chapter 4 all of the radiation damage models work fine for certain type of sen-
sors and conditions, even more if they were tuned for specific measurements. A nice re-
view of the situation can be found in [186]. Despite the fact that the detector properties
after irradiation depend on the initial detector material, particle and energy of the irradi-
ation step (one recent example is here [187]), an effort to define a minimal set of radiation
damage models should be pursued. This is very important in view of the HL-LHC phase of
ATLAS, where a mix of several hadrons with different energies spectra will be responsible
for the radiation damage to the tracking detector. Data from beam test campaigns will be
fundamental, but also collision data from LHC Run 2 and 3 will be valuable for this pur-
pose; indeed, given the excellent luminosity performance of LHC as we write, effects due
to radiation damage are already visible in the actual ATLAS tracker, as shown in Chapter 6.

During the Phase-II data taking of ATLAS it will be important to update often the
Monte Carlo simulations, following the changing conditions of the pixel detector due to
the accumulated fluence. Using more accurate radiation damage models in combina-
tion with a good knowledge of the composition in energy and particles of the radiation
received by the detector, through an approach as the one outlined in Chapter 6, reliable
simulation of the the detector behaviour will be prepared.

Accurate and detailed simulations of the pixel detectors after large irradiation fluences
will be also important during the preparation of the data taking at the HL-LHC but also
during the actual and next LHC Run. Clustering, tracking, vertexing and flavour tagging
algorithms will need to be updated to assure they will still deliver high performance on
physics objects, even with a damaged tracking detector.

8.3 ITkPerformance Optimisation

The possibilities offered by the dataset foreseen at the HL-LHC are many. For the search
of Higgs boson decaying to second generation fermions, for other Higgs sector studies,
and for many New Physics (NP) scenarios not only outstanding tracking and vertexing
of charged particles are needed but excellent reconstruction of jets is mandatory too.
To achieve the highest possible performance tracker information should be exploited at
maximum together with calorimeter. The chief advantages of integrating tracking and
calorimetric information into one hadronic reconstruction step are [188]:

¢ the momentum resolution of the tracker is significantly better than the energy res-
olution of the calorimeter for low-energy charged particles;

 the angular resolution of a single charged particle, reconstructed using the tracker
is much better than that of the calorimeter;

* abetter association of low pr charged particles to the right jet, and

* abetter association to the correct production vertex so important reduction of degra-
dation due to pile-up

It is clear that the ATLAS Inner Tracker is of the uttermost importance for all the searches
and studies of ATLAS. As it was already mentioned in the previous Section, clustering,
tracking, vertexing and flavour tagging algorithms will need to be updated to reflect the
changes in the inner tracker detector.
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A good test case to study the radiation damage impact on physics performance and
analysis is offered by the H — bb decay channel; this is a study case that is in perspective
very important given the excellent luminosity performance of LHC as we write.

8.3.1 Impact of Radiation Damage on Higgs Analysis

The decay of the SM Higgs boson to pairs of b—quarks is expected to have a branching
ratio of 58% for a mass of the Higgs boson my; of 125 GeV [107]. At the LHC the very
large backgrounds arising from multi-jet production make the inclusive search extremely
challenging. Careful reconstruction of secondary vertices is needed, to ensure the correct
association of b—vertices to the same primary vertex, rejecting the huge QCD bb back-
ground, but also to identify the flavour of the jets with good efficiency and high purity.
All these ingredients of course strongly depend on the tracker performance. As shown in
Chapter 6 radiation damage effects can already be measured in the actual detector. Hence
it would be very interesting to produce Monte Carlo simulations with a pixel detector at
a reduced charge collection efficiency and then process them using un-optimised tracks
reconstruction algorithms to see which is the impact of silicon pixel sensors hit by radia-
tion damage on jets flavour tagging and then on the H — bb analysis itself. Two scenarios
are possible:

1. if algorithms performance are still acceptable then scenarios with different levels
of charge collection losses can be simulated and analysed, to understand when the
algorithms will need to be optimised;

2. if there is the need to retune algorithms a study of their performance should be per-
formed as a function of the integrated fluence by the pixel detector; this could help
in assessing better the systematic uncertainties to jet reconstruction and flavour

tagging.

8.4 Microchannel Cooling for the ITK Pixels

The need of highly performing cooling systems using small amounts of fluids is nowadays
mandatory for silicon detectors in fundamental physics and in general for all the appli-
cations requiring a high level of miniaturisation. There are indeed two conflicting trends
concerning many modern devices: the need to dissipate increasing amounts of heat and
and the quest for more compact and lightweight designs.

One very promising solution consists in exploiting CO, latent and sensible heat, rather
than sensible heat only. Indeed the cooling system for the ITk Strip and Pixel Detectors
will be based on evaporating CO- in a liquid pumped cycle cooled by an external pri-
mary chilling source. CO; cooling is chosen as this gives significant mass savings inside
the detector due to the possibility of having smaller diameter tubing than conventional
refrigerants or liquid cooling applications.

The two innermost barrel layers and the innermost endcap ring layer are placed inside
an Inner Support Tube, allowing for their potential replacement. In contrast, the three
outer barrel layers and three outer end- cap ring layers are between the Inner Support
Tube (IST) and the Pixel Support Tube (PST), and are, like the Strip Detector, designed to
operate for the entire lifetime of the HL-LHC.

The replacement of the innermost layers of the ITk pixel detector could offer the possi-
bility to move from a cooling system based on metal pipes to one based on microchannels
etched in the silicon.
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Channels with a hydraulic diameter below 1 mm are defined as microchannels. Mi-
crochannels have been etched on many materials, like Polyimide, Silica Glass, Quartz,
Steel, Silicon, Copper, and more [189]. In Figure 8.1 a sketch of pixel detector module
with micro channel cooling system integrated.

Bump-bonds Area:~2cmx2cm

Coolant \ Sensor —200 um thick

Inlet/Outlet Area:~2cmx2cm
FE chip —150 pm thick -
\ ——
—300 - 700 um thick N
Area: >~ 2 2
u-channels ' B R N R rea: >~2.¢m x 2 cm

in p-channels

Figure 8.1: Schematic sketch of a pixel detector module with micro channel cooling system inte-
grated.

The microchannels are etched on the backside of the unprocessed wafer that will be
used for realising later the front-end chips. After the microchannels are etched a silicon
oxide layer to seal them is grown. The opposite side of the wafer can be thinned down to
the desired thickness before realising the readout circuitry.

A cooling system based on CO, evaporating in microchannels etched in silicon offers:

 very uniform and efficient heat removal; the channels position can be optimised to
maximise the cooling efficiency;

* reduction of all possible thermic transmission inefficiencies and reflections to in-
terfaces between materials with different thermal properties thanks to the fact that
the cooling unit is made of silicon as the detector module;

* for the same reason above mechanical stress due to thermal expansion will be min-
imised too, being the system more homogenous;

¢ the system will be more lightweight in terms of material budget since made of sili-
con only, and the material distribution will be more uniform with respect to a stave
with a metal pipe.

For the future LHCD vertex detector a microchannel based cooling system was pro-
posed [190]. This is very promising since the LHCb experiment has a fixed target geome-
try and mass can be placed immediately outside active elements. For more classical col-
lider experiments geometries like ATLAS the problem of having long barrel staves (500-
1000 mm) dictates the need of connecting many cooling units together. Low mass and
high pressure resistant connector are at the moment object of intense research.

Within the REFLECS and REFLECSZ2 projects [191] microchannels-based cooling units,
created by etching silicon wafers, were created, with two scientific goals: realize cooling
prototype units for the future ATLAS Inner Tracker (ITk); study the basics of the two-phase
microfluidics. If the first research axe should be by now clear, for the second it must be
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said that at the moment a valid numerical model for the two-phase fluid flowing in mi-
crochannels is missing [192], especially in high pressure applications (50-200 bars and
more). Once etched the silicon wafers were sealed by a pyrex wafer through anodic bond-
ing. Figure 8.2 shows details of the wafers produced at FBK within the project. Another

SEM HV: 15.0 kV WD: 26.42 mm
View field: 5.73 mm Det: SE
SEM MAG: 48 x Date(m/d/y): 02/03/16 Performance in nanospace

Figure 8.2: Silicon etched microchannels. (left) Wafer of microchannels prototypes, sealed by a
pyrex wafer. (right) Channel restrictions to favour the start of the fluid boiling; channels are 120 pm
deep and 60 (200) um in the narrow (wide) section.

research axis within these projects is the idea of using 3D printed ceramics connectors,
exploiting the good thermal specifications of ceramics.

The first samples from the REFLECS2 project wafers were cut and they will be soon
connected to a CO, plant for tests, using a high resolution camera to study the bubbles
formation and the biphasic flow. These data will be valuable to better understand the flow
and boiling of two-phase fluid in microchannels at high pressure.

These studies could lead to a microchannel based cooling stave for the replacement
of the innermost ITk layers.
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Summary

In this report, prepared to obtain the “Habilitation a Diriger des Recherches”, I have pre-
sented the highlights of my work after getting my PhD degree. All my research activities
had in common the development of silicon tracking systems for high luminosity colliders,
first for e* e~ machines then for hadron colliders.

I have started focusing on strip detectors (Chapter 3) for Linear Collider and Super
Flavour Factories experiments, working on the sensor characterisation and the beam test
data simulation, reconstruction and analysis.

Later, after moving to the “Laboratoire de Physique Nucléaire et de Hautes Energies”
(LPNHE), to work with the local ATLAS group, my focus shifted to pixel detectors for the
High Luminosity LHC experiments. Here I have coordinated and contributed to the re-
search and development of thin and edgeless pixel sensors, participating in all the R&D
steps, from sensor design conception and simulations to the tests on beam of prototypes
(Chapters 4 and 7). This reasearch activity saw the decisive contribution of students I have
advised.

The knowledge I gained about radiation damage and TCAD simulations allowed me
to make important contributions to the understanding and the simulation of the actual
ATLAS pixel detector system (Chapter 6). This activity is being done in the framework
an ATLAS Pixels sub-working group, which I chair together with a colleague; the group is
composed, among others, by several master and PhD students.

I am very eager to continue my research on high luminosity silicon trackers develop-
ment, a field that I wanted and had the opportunity to join 10 years ago. With the ITk
pixel detector construction about to start in two years it is time to focus on pixel module
construction, to which I will contribute thanks to my experience, by organising the work
on crucial aspects like Q&A assurance of the new pixel modules and measurement cam-
paigns on beam. But other than pixel sensor modules I want also to pursue innovative
solutions for pixel detector services, like the micro-channels based cooling solution.

Beyond pixel detector construction itself, I see myself preparing the data taking at the
HL-LHC, working on the understanding of the expected performance of the new ATLAS
tracker in terms of tracking, vertexing and flavour tagging. The combination of my exper-
tise in pixel detector characterisation, simulation and data analysis will be very important
for these tools which are crucial for precision measurements and discoveries.

Within the LPNHE ATLAS group I will fulfil my research program, including possibly
a contribution to future studies on Higgs boson decays, in preparation for the analysis at
the High Luminosity LHC.

155



CHAPTER 8. PERSPECTIVES

156



Appendix A

Charge Collection Efficiency in
Irradiated Silicon Pads

In this Section estimates of the expected charge collection efficiencies for irradiated pads
will be derived under some simplistic assumptions.

A.1 Introduction

In this part the assumptions made will be outlined after having reminded how signal is
formed when carrier moves towards the collecting electrodes.

A.1.1 Ramo Theorem

We remind here that the instantaneous current i(¢) appearing on the electrodes of a sili-
con pad can be expressed in terms of the charge of the carriers g, 5, the drift velocity v, j,
and the weighting field E ;. For the sake of simplicity the time/position/temperature/voltage
dependence of the drift velocity are here omitted, as well the dependence on position of
the weighting field. The following formula holds separately for electrons and holes:

i(t)=q7-Ey A.1)

A.1.2 Assumptions to Simplify the Calculation

A simple 1D diode will be considered; its bulk depth is equal to w. The direction of the
carriers drift will be identified with z; electrons will move toward the z = 0 position, the
holes toward z = w. With the above assumptions, when focusing on the electrode collect-
ing electrons the weighting field is simply equal to:

1
E,=—2 (A.2)

w
Diffusion is neglected as well as temperature dependence for whatsoever variable.
The drift velocity is assumed to be saturated: v, j, = v% D still the values can be different
for electrons and holes. With the above assumptions the vectorial drift velocity is simply

equal to:

o= (F) vf;;:t)é (A.3)
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The trapping effect will be modeled through an exponential attenuation with time of
drifting carriers:

t
Gen(t) = qen(0)e Teh (A.4)

The trapping time T, is related to the fluence ¢ through:

(Te,n) ' =Pend (A.5)

B¢, are the trapping constants.

The event of trapping and de-trapping within the current integration time will be ne-
glected.

The passage of a MIP through the entire sensor thickness will be considered. The rate

80
of charge created per unit length is 2 (~ —e). The total charge released in the silicon bulk
um

by the MIP is Qo =2 w

A.2 From Instantaneous Current to Charge on Electrodes

Under the assumptions made in Section A.1.2 the instantaneous current i(¢) from elec-
trons and holes is simply equal to:

(sat) _ t
e Teh (A.6)

v

ie,h(t) =e

To get the charge on electrodes the Equation A.6 has to be integrated over the collec-
tion time .,;; and over all the possible initial z position of the carriers. Given that the drift
velocities are constant the collection times are equal to:

(z,w-2)
Leoll,y, = —Gan (A.7)
ve,h
The charge appearing on the electrode due to electrons is Q,:
A
(sat) (sat) -
Qe—f dzf dtale ¢ Te (A.8)
v(sat)
Integrating Equation A.8, and introducing the collecting distance d, = 50 ¢, = Be o
eh
the charge Q, due to electrons is found to be:

w

d d R
Qeon—e[l——e(l—e de)] (A.9)

w w
Similarly, the charge appearing on the electrode due to holes is Q,:

w

d d -
Qun=Qo—2[1-L(1-¢ dn)| (A.10)

w w
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The charge collection efficiency, hence, is CCE = Qg
K w
cb= o= [CrU] (S 1o &) (L) e B)

From Equation A.9 and A.10 it is also possible to get the contribution to CCE for elec-
trons and holes separately.

A.3 Predictions for Interesting Cases: Unirradiated vs Large
Fluences

A.3.1 Unirradiated Sensor

In the case of unirradiated sensors the fluence ¢ is zero, so the trapping time T and the
collecting distance d are infinite. Working out the limits the CCE is found to be:

(})iLI})CCE ~
_ de+d d 1 1 d 1 1
A G G 3@ @) () (G 3G 5t -
1 1 wil 1y  wel 1
5*5‘3(676 d—h)—l‘g(d—jd—h)
(A.12)
To summarise: CCE(¢p —0) ~1 - w (di + dl ) for infinite collecting distances the CCE is
h

exactly one. It is interesting to notlce that there’s a contribution 1/2 from electrons and
1/2 from holes to the CCE. Neglecting holes in case of no trapping for electrons the CCE
would be merely 1/2: all the holes would be trapped and screen on average half of the
total charge Q.

A.3.2 Large Fluences

In the case of sensors irradiated to large fluences the collecting distance d is negligible
with respect to the sensor thickness w.
Working out the limits the CCE is found to be:

(gi_{rOloCCE ~
Jm A G- G A13)
B [ de+ dh]
w
de +

To summarise: CCE(¢p — oco) ~ [ ] for zero collecting distances the CCE is exactly

zero. The result in Equation A.13 means that in case of heavily irradiation the charge
can be effectively collected only within a distance from the electrode that is equal to the
collection distance d; all the remaining w — d have a negligible contribution. As for the
unirradiated case, if holes are neglected the CCE would be only about 1/2 of what it should
be (in general the collection distances are different for electrons and holes).
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A.4 Estimates for Some Scenarios

In Table A.1 some estimates for the CCE at certain fluences @ for certain diode thick-
nesses w are reported. For the trapping constant B, a value of 5.6 (7.7)x1071® cm?/ns
was used [193]; for the thermal velocities vy, ,a value of 1.06x 107 cm/s was used for both
electrons and holes.

Table A.1: CCE estimates at fluences & for certain diode thicknesses w.

w [pm] @ [1x10"° neq/cm?]  CCE [%]

50 3 75
50 5 63
50 7 54
50 10 45
50 15 34
50 20 27
100 1 82
100 3 59
100 5 45
100 7 36
100 10 27
100 20 15
200 0.1 96
200 0.2 92
200 0.5 82
200 1 69
200 3 40
200 5 27
200 7 21
200 10 15

It can be seen that already for moderate fluences, 1-2x10' neq/ cm?, the signal am-
plitude loss is sizeable if the detector is 200 um thick. For fluences in the range of 5-
10x10'° neq/cm? only very thin diodes can still deliver more than 1/4 of the original signal
amplitude.

It is interesting to observe that for 1-2x10'6 Neq/ cm? there’s little or no difference in
expected CCE between 100 and 50 um thick diodes, since charge is collected within a very
thin layer close to the collected electron, the thickness of this layer being smaller than the
diode one w.
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Trap occupation probability

The purpose of this section is to motivate the variations in the electric field profiles in
Section 6.2.3.5 with changes in the defining parameters of the two-trap radiation damage
model presented in the same Section. Many of the concepts described here are discussed
in more detail in [144].

Variations in the electric field profile are driven by modifications to the space charge
distribution. The contribution to the space charge density from radiation damage is due
to charged traps. The Chiochia model [82] has two non-degenerate traps with two pos-
sible charge states, one of them neutral. A trap is occupied if it can emit an electron; a
donor-like trap is charged if it is not occupied and an acceptor-like trap is charged if it is
occupied. For one of the two traps ¢ in the Chiochia model, the occupation probability P;
can be estimated from its energy level E; and its electron and hole capture cross sections
0n,p- Once the trap occupation probability is known, its average charge state Q; can be
calculated. In particular, Q; = (1 — P;) for donors and Q; = —P, for acceptors.

It is useful to start with the limiting cases. When E; ~ E; a donor trap is a shallow
donor, which is most of the time ionized (Q; = +1); on the contrary, when E; ~ E, an
acceptor trap is a shallow acceptor, which is most of the time ionized (Q; ~ —1). In con-

trast, the occupation probability is exactly 50% at the Fermi energy level. The intrinsic

E,+E. 1 N
energy level E; = —~ 5 4 EkBTln(N—U) ~ 0.534 eV is almost exactly half way between

the valence and conduction bands: E gC: E;. - E,=1.09 eV. In the Chiochia model, the ac-
ceptor (a) and donor (d) states are very close to the intrinsic energy: E, = 0.525 e and
Eg =0.48 eV (KT ~ 0.023 eV). As the acceptor trap is only 0.031 eV above the intrinsic
level (about 1.4 kT) and the donor trap is only 0.054 eV below the intrinsic level (about
2.4 kT), small changes to the model parameters can result in significant changes in the
space charge.

The full expression for the occupation probability for a trap ¢ is given by [144]

1
Pr= Cpp ¥ CnNiX; (B.1)
1+

Cpl+Cpnil Xt

E:—E;
where x;(E;) =e kT | Cn,p = Vth,,On,p for electron/hole thermal velocities vy, p, and
n; denotes the intrinsic carrier concentration. If the bulk is depleted, hence the electron
and hole concentrations are negligible with respect to the intrinsic one (n, p < n;), then
the Eqg. B.1 simplifies to:
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po_ ol 1 B.2

PTepxi+cplx; CnXt (5-2)
nat plAt 1+ ——
Cpl Xy

The space charge density (in units of elementary charge per volume) is then given by
2;=N;(1-Py) for donors and 2; = N;P; for acceptors. By substituting Eq. B.2 into these
formulae, it is possible to assess the impact of changes in E4,E4,04,1,04,p,0a,n,0a,p, Na
and ng on the space charge density. The relationships are concisely summarized in Ta-
ble B.1 for the energy levels and Eq. B.2 for the capture cross-sections and introduction
rates. An upward or downward pointing arrow indicates how the parameter in the second
columns of the table is changed. Then, the penultimate and final columns indicate the
trend in the occupation probability and average charge. For n, a higher rate (lower) rate
results in a higher (lower) space charge density: positive for donors, negative for accep-
tors. The more negative the space charge, the stronger the electric field is near the front
(bias electrode) side of the sensor and vice versa.

Table B.1: Change in occupation probability P; and charge state Q; for changes of trap energy
values.

Parameter Increasing? Decreasing? closerto? Py Q:

Eg /! E. 1-0 0—+
Eg4 \ E, 0—1 +—-0
E, /! E, 0—1 0—-
E, \ E. 1-0 -—0

Table B.2: Change in occupation probability P, and charge state Q; for changes of trap cross sec-
tions values.

Trap type Parameter Increasing? Decreasing? P; Q:

Donor o, v 1-0 0—+
Donor o AN 0—-1 +—-0
Donor Op a 0—-1 +—-0
Donor Op . 1-0 00—+
Acceptor o, a 1-0 ——0
Acceptor o . 0—-1 0—-—
Acceptor Op / 0—-1 0—-
Acceptor Op AN 1-0 —-—0
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