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Simulation for a HV-CMOS Sensor for High-Luminosity ATLAS Tracker
Upgrade

by Le LI

In 2024-2026, the LHC will undergo the High Luminosity upgrade to increase its
instantaneous luminosity by 2.5 � 3.5 times in order to facilitate the precision mea-
surements of known particles and to enlarge the explorable mass range of beyond-
Standard-Model physics. The augmented luminosity will lead to an increase in the
number of interactions and the amount of radiation around the interaction points.
The resolution and radiation-hardness of the current ATLAS detector are not suf-
ficient to operate in such an environment. Besides, the current components of the
ATLAS detector will reach the end of their designed life by then. Therefore, it is
planned that the tracking system of the ATLAS experiment will be completely re-
placed by an all-silicon Inner Tracker (ATLAS ITk). Novel sensor technologies are
under study for the construction of the ATLAS ITk. One promising candidate is the
monolithic silicon pixel sensors fabricated through the high voltage complementary
metal-oxide-semiconductor (HV-CMOS) technology. The production cost of such
sensors can be substantially reduced with respect to the conventional hybrid sensors.
The reason is that the sensing part and the readout electronics of a monolithic sensor
are fabricated on a single piece of silicon, as opposed to the time-consuming and
costly bump-bonding process to connect the sensing and readout parts of the hybrid
sensors. To contribute to the research and development of the ATLASPix chip, one of
the HV-CMOS candidate designs, the simulation of the FE-I4 beam telescope, a cru-
cial device to measure the performance of the sensor under development, has been
performed with the generic silicon tracking devices simulation package AllPix2. Be-
sides, the Technology Computer Aided Design (TCAD) simulation of the ATLASPix
Simple matrix, one of the three matrices on the the first fully monolithic large-scale
prototype of the ATLASPix design, has been performed. The simulation results will
be presented in this thesis.
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Chapter 1

Introduction

Particle physics is the branch of physics that studies the nature of the elementary
particles, in other words, the presumed indivisible building blocks of matter, and
the interactions between them. The term "atom" dates back to ancient Greece, when
philosophers such as Leucippus [1] and Democritus [2] proposed the doctrine of
"atomism", which stated that all matter consists of indivisible elementary particles
called "atoms" [3]. The first scientific interpretation of the nature of atoms was pro-
posed by the British chemist John Dalton in the 19th century in the study of the
masses of tin oxides. He hypothesized that everything was composed of atoms,
which are indivisible by chemical means but can combine to form more complex
compounds, and that chemical reactions result in the rearrangement of the atoms in
the reactants and the products. Dalton’s theory was proved successful by empiri-
cal experiments and thus marked the first scientific theory of atoms [4]. The mod-
ern subatomic particle physics started from the discovery of cathode rays [5] which
were later identified to be electrons. This discovery showed that atoms are further
divisible and paved the way for the studies of subatomic particles. Our modern
theories about particle physics is summarized with the Standard Model. This the-
ory has successfully described all known elementary particles and three of the four
fundamental forces: the electromagnetic, the strong, and the weak interactions. The
Standard Model has proven to be successful, with many of its results confirmed by
the observation of cosmic rays and accelerator experiments, such as the discovery of
the Higgs boson in 2012 [6][7], the last missing building block which is responsible
for the mass of elementary particles. However, there remains several important ob-
servations that the Standard Model cannot explain. For instance, the baryonic matter
described by the Standard Model accounts for only 5% of the universe, and the other
95% percent remains unknown and is referred to as dark matter and dark energy [8].
Besides, the Standard Model does not include gravity, the fourth fundamental natu-
ral force [9]. Rigorous experiments are being carried out to test the Standard Model
to a high precision, and to look for hints of the existence of new physics phenomena
beyond the scope of the Standard Model.

The Large Hadron Collider (LHC) at CERN is so far the most powerful experi-
mental tool to test the Standard Model in the world [10] . It accelerates protons to a
high energy before smashing them against each other. In these energetic collisions,
the quarks and gluons in the protons interact with each other, and exotic processes
that are otherwise only possible in violent cosmic events may take place. These
processes are recorded by particle detectors installed around the collision point. By
analyzing the data collected by the detectors, it is then possible to reconstruct the
processes that have taken place and measure at what rate they occur. The experi-
mental results are then compared with theoretical results of the Standard Model, to
see if they agree to a sufficient level. If the measurement results deviate from the
theory, it means that new physics processes may have taken place. The abnormal
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experimental results also serve as a guidance to theorists as they work on possible
theories beyond the Standard Model. Since its launch in 2009, the analysis results of
the LHC data have yielded numerous results, including the discovery of several ex-
otic quark resonances [11] , the precision measurement of the W boson, the discovery
of the Higgs boson, and preliminary results on searches for supersymmetric parti-
cles, one of the Standard Model extensions [12]. By the end of 2023, it is expected
that most components of the LHC and the detectors will reach the end of their de-
signed lifetime. To further explore the potential of the LHC, a major upgrade aiming
at the increase of the luminosity is planned during 2024-2026. The upgraded accel-
erator will be referred to as the High-Luminosity LHC, it will collide protons at an
increased luminosity and produce 10 times higher integrated luminosity than it does
now. However, the High Luminosity upgrade poses a great challenge on the gran-
ularity and radiation-hardness of its tracking detectors, so that the detectors will be
able to distinguish the increased amount of interactions and survive in an extremely
radiant environment.

ATLAS is a general purpose detector on the LHC. It is constituted by several
concentric sub-detectors layers that measure important properties of the particles
produced in the collisions. The tracking detector is a sub-detector that lies in the
innermost volume surrounding the collision point. It consists of several layers of
carefully aligned pixel or strip sensors and straw detectors, and serves to measure
the tracks and decay vertices of charged particles, which are crucial for determining
what particles have been created, when they have decayed were they unstable, and
what have been their decay products. During the HL-LHC runs, it is expected that
two hundred collisions will take place every 25 ns, the final products from which
will leave more than 10,000 tracks in the tracking detectors. Therefore, sensors with
advanced temporal and spatial resolution will be needed. Besides, the HL-LHC will
deliver ten times greater dose of radiation than the LHC, thus posing a much more
stringent requirement on the radiation hardness of the sensor. It is planned that
the tracking system of ATLAS will be replaced by an all-silicon Inner Tracker (ITk)
which will be constructed with next-generation silicon pixel and strip sensors. Rig-
orous investigations of various novel sensor technologies along with research and
development (R&D) of the candidate sensors are ongoing. The simulation work
which will be included in this thesis is within the scope of the R&D of ATLASPix,
a candidate pixel sensor for the pixel layer of the ATLAS ITk fabricated using the
monolithic HV-CMOS technology, a promising novel sensor fabrication method in-
spired by the commercial CMOS approach for imaging sensors.

Chapter 2 is an overview of the ATLAS experiment, including an introduction
to the collaboration, the current detector, and the upgrade schedule. Chapter 3 ad-
dresses relevant semiconductor detector physics. It starts with a discussion of the
physics principles through which a charged particle interacts with matter. Then the
properties of silicon semiconductors utilized for particle detection are presented in
3.2. Section 3.3 is about silicon sensors, including the signal formation process and
the radiation damage they may suffer when they are crossed by charged particles.
Finally, the two major types of silicon particle sensors, the hybrid and the monolithic
sensors, are illustrated in Section 3.4 using the ATLAS IBL planar sensor and the AT-
LASPix sensor as examples. Chapter 4 is devoted to the simulation work of the
FE-I4 telescope, the beam telescope employed in the Geneva testbeam experiments
to measure the resolution and sensitivity of sensors under development, including
the ATLASPix prototype. Last but not the least, Chapter 5 presents the TCAD simu-
lation of one of the pixel matrices on the ATLASPix prototype.
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Chapter 2

The ATLAS Experiment

This chapter is an introduction to the ATLAS experiment, a major experiment on the
LHC. Section 2.1 gives a brief overview of the physics goals of the experiment and
the collaboration, and Section 2.2 illustrates the structure and function of the ATLAS
detector and its sub-detectors. Section 2.3 presents the upgrade projects for ATLAS
for each LHC upgrade phase, with an emphasis on the upgrade of the tracking sys-
tem.

2.1 Overview of the ATLAS Experiment

ATLAS (A Toroidal LHC ApparatuS) is a particle detector located on one of the col-
lision points on the LHC, a circular particle collider built and operated by CERN,
the European Organization for Nuclear Research. It is mainly designed to accelerate
and collide protons, but it also collides lead ions or protons with lead ions for the
study of heavy ion physics.

The LHC lies in a tunnel beneath the Franco-Swiss border near Geneva. Fig. 2.1a
shows a map of the LHC tunnel. It consists of two 27 km long circular beam pipes
surrounded with thousands of superconducting dipole magnets to guide the parti-
cles along the pipes and accelerating structures to boost the energy of the particle
beams. There are four collision points along the ring, each with quadrupole mag-
nets to focus the beam. As shown in fig. 2.1b, inside the LHC, the particle beams
travel in opposite directions in one of the two beam pipes and get accelerated up
to 99.999999% the speed of light. At the collision points, they are focused to collide
by the focusing quadrupole magnets. The particles that do not collide will continue
traveling until next collision point, where they will be focused to collide again [10].

The ATLAS detector is a general purpose detector designed to measure a broad
range of signals and detect any physical processes that may take place during the
proton collisions. ATLAS is one of the two LHC experiments that discovered the
Higgs boson in 2012. Its current focus is on the precision measurement of the prop-
erties of the Higgs boson and the search for traces of beyond standard model physics.

The ATLAS experiment is one of the biggest experiments on the LHC. The AT-
LAS detector is 46 meters in length, 25 meters in diameter, and weighs 7,000 tonnes
[14]. The ATLAS collaboration includes over 3,000 physicists from over 175 institu-
tions in 38 countries.

2.2 The ATLAS Detector

The ATLAS detector serves to detect and identify particles created in the proton col-
lisions on the LHC. It is made of four concentric cylindrical sub-detectors: the Inner
Detector, the calorimeters, the Muon Spectrometer, and the magnet systems. Each



4 Chapter 2. The ATLAS Experiment

(a) (b)

FIGURE 2.1: a: Landscape photo of where the LHC is located. The white dotted line is the
Franco-Swiss border. The LHC tunnel is denoted with the yellow circle and the locations
of the four major experiments are marked. b: Schematic drawing of the passage of protons
inside the LHC. The four interaction sites are denoted by stars. The red and blue arrowed
lines denote the two proton beams. The beams are injected at the interaction points. They
travel in different directions in separate beampipes, and at each interaction point, they are

brought to collide. Images from [13] and [10].

of the sub-detector performs a different but complementary task. The Inner Detec-
tor serves to track particles; the calorimeters measure the energy of easily absorbed
particles; the Muon Spectrometer performs additional measurement of the highly-
penetrative muons; the magnet system fills the detector with a strong magnetic field
to bend the tracks of charged particles to enable the measurement of their charge and
momentum, and to make their absorption by calorimeters easier. Neutrinos are the
only type of elementary particles that cannot be detected directly, and are inferred
by the "missing energy" among detected particles. By combining the information
obtained from the sub-detectors, one can reconstruct what physics processes have
taken place. Each sub-detector of ATLAS is further made up of several layers.

Inner Detector

The Inner Detector (ID) is a small and complex tracking detector at innermost of
ATLAS. It consists of several layers of millions of small and highly-sensitive sensing
units that emit a signal if hit by a particle. When a particle travels through the ID, it
will hit a series of sensing units, and leave a precise record of its trajectory through
the device. As is mentioned before, a strong magnetic field fills the whole detector,
causing the tracks of the charged particles to bend. The direction of the curve in-
dicates whether the particle is positively or negatively charged, and the degree of
curvature reveals the particle’s momentum. The ID of ATLAS is made of three con-
centrically aligned cylindrical sub-detectors: the Pixel Detector made of small pixel
sensors which measures particle tracks and vertices next to the collision point with
a resolution of 14⇥ 115µm2; the Semiconductor Tracker constructed with silicon mi-
crostrips, and the Transition Radiation Tracker (TRT) made of straw tubes to provide
a measurement precision of 130 µm over a large area. Each sub-detector consists of
a barrel and two endcaps. Fig. 2.2 is a schematic picture of the Inner Detector.

Calorimeters

Calorimeters measure the energy of particles by interacting with and absorbing
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FIGURE 2.2: Computer generated image of the Inner Detector. The sub-layers
including the Pixel Detector, the Semiconductor Tracker, and the Transition Radi-

ation Tracker are shown in the image. Image from [14].

them. The calorimetry system of ATLAS includes the Liquid Argon (LAr) Calorime-
ter that works with liquid argon cooled down to �183�C and the Tile Hadronic
Calorimeter made of 500000 plastic scintillators tiles. The Tile Hadronic Calorimeter
consists of 3 barrels that measure the energy of hadronic particles that interacts via
the strong force. The LAr Calorimeter is made of one barrel and two endcaps. The
LAr barrel is an electromagnetic calorimeter that measures the energy of electrons
and photons, while the LAr endcaps serve as both electromagnetic and hadronic
calorimeters.

Muon Spectrometers

Muon Spectrometers are placed at the outermost to absorb and make additional
measurements of the energy and tracks of highly-penetrative muons. The Muon
Spectrometers consist of various components, including the Thin Gap Chambers
and the Resistive Plate Chambers for triggering and the measurement of the 2nd
coordinate of muon tracks; the Monitored Drift Tubes; as well as the Cathode Strip
Chambers that measure the track curvature.

Magnet system

The Magnet system includes the Barrel Toroid, the Endcap Toroid, and Central
Solenoid Magnet. The Central Solenoid Magnet is placed around the Inner Detector
and produces uniform electric field of 2 Tesla inside the Inner Detector to bend par-
ticle tracks for momentum detection. Besides, 8 Barrel Toroids and 2 Endcap Toroids
are placed outside the calorimeters. The toroids serve to bend particle tracks to make
it easier for the calorimeters and the muon detectors to contain particle tracks. The
magnetic field provided by the toroids vary from 2 Tesla to 8 Tesla.

Fig. 2.3 shows the full structure of the ATLAS detector with all of its sub-detectors.

2.3 Upgrade Programs of ATLAS

The current plan for the running period of the LHC since its launch until 2037 is
summarized in Fig. 2.4. The total running period is separated into three evolution
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FIGURE 2.3: Computer generated image of the ATLAS detector. Image from [14].

FIGURE 2.4: Plan of running phases of the LHC/HL-LHC from 2011-2037, with the goals in
energy and luminosity for each period. Image from [15]

.

phases, each consisting of physics runs and long shutdowns.

2.3.1 Phase 0 Upgrade

The phase 0 period started with the Long Shutdown 1 (LS1) in early 2013 and ended
with the end of Run-II at the end of 2018. The LHC restarted in 2015 as planned.
During Run-II, proton collision energy has been ramped up to 13 TeV and a peak
luminosity of 2 ⇥ 1034/cm2s�1, twice the designed luminosity, has been reached.
The LHC has delivered integrated luminosity of 160 fb �1 in the Run-II.

The main upgrade activity for the ATLAS tracking system during phase 0, i.e.,
the LS1, is the addition of the Inner B Layer (IBL) to the Pixel Detector between
the beam pipe and the old inner layer of the Pixel Detector (B-layer). To make the
necessary space for the IBL, the old beam pipe was replaced by a new beam pipe
whose radius was reduced to 25mm from 29mm.

The IBL consists of 14 staves surrounding the beam pipe, each holding 32 or
16 modules of pixel sensors. The angles of the sensors to the radial direction are
between 0 and 27�. Simulated images of the structure of the IBL are shown in Fig.
2.5.
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(a) (b)

FIGURE 2.5: Simulated images of the IBL. a: transverse planes of the beam pipe (pink circle),
the ibl layer with modules and staves (drawn in blue), the support tube (white circle), and
the old B-layer (outermost gray sensors). b: view from inside the Pixel Detector showing the

geometrical arrangement of IBL sensors. Image from [16].

The IBL serves to preserve tracking resolution and efficiency at an improved lu-
minosity, where the B-layer and other pixel layers suffer from high pile-up occupan-
cies and irreparable failures due to radiation damage. The IBL uses the Front End
chip IBM version 4 (FE-I4) read-out chip, which has 4 buffers per chip to store pixel
hit information, while the Front End chip IBM version 3 (FE-I3) chip used by the old
B Layer only have 1 buffer per chip, and thus the IBL is able to store and process
hit information more quickly. Besides, the IBL is closer to the interaction point and
its pixel size is smaller, so the resolution of vertex reconstruction and b-tagging is
improved. The planar pixel sensors and the FE-I4 readout chip used by the IBL will
be discussed in detail in section 3.4.1.

In addition, a series of consolidation works have been done to the detector, such
as renewing the cooling systems for the Inner Detector and replacing services and
power supplies [17].

2.3.2 Phase I Upgrade

This period will start with the LS2 in 2019 and will last until the end of Run-III in
2023. In Run-III, the LHC is projected to achieve a center of mass collision energy of
14 TeV and a peak luminosity of 2 ⇥ 1034/cm�2s�1. It will deliver to its experiments
300 fb�1 of data. The end of Phase I marks the end of the LHC era. At that time,
the components of the LHC such as the superconducting magnets will reach the end
of their designed lifetime due to the amount of radiation damage they will have
received, and will need to be replaced.

The phase I upgrade will focus on the the addition of new Small Wheels to the
muon chambers and updating the trigger system, in order to extract physics infor-
mation of higher-granularity and resolution from the detected data [17]. No hard-
ware upgrade has been proposed to the Inner Detector during this upgrade. It will
continue working until the phase II upgrade, when it will be completely replaced.

2.3.3 Phase II Upgrade

The phase II running period, also referred to as HL-LHC era, will start in 2024 with
LS3 and last until 2037. During the two years of LS3, a major upgrade of the LHC
will take place, where 1.2 km of the accelerator will be renovated.

The most important parameter of the phase II upgrade is the luminosity, a quan-
tity that is directly proportional to the amount of useful data. The goal is to increase
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peak luminosity to 5 � 7 ⇥ 1034/cm�2s�1, and thus deliver 10 times greater inte-
grated luminosity than what will have been delivered during the LHC era.

The major impact of the increased luminosity is the drastically augmented amount
of radiation damage and pile-up, and the main concern of detector research and
development (R&D) is how to maintain detector performance under the HL-LHC
conditions.

As for radiation damage, the annual dose of radiation delivered to detectors by
the HL-LHC will be equivalent to the total dose the current LHC has delivered from
when it came into operation to now. Thus, to maintain detector performance on
the HL-LHC will require next-generation detectors at least ten times more radiation
resistant than current detectors. The requirement of radiation resistance is especially
high for the tracking sub-detector, as it is only a few centimeters from the interaction
point, and receives the highest amount of radiation.

Another challenge is higher pile-up. In the HL-LHC, thousands of particles will
be produced per bunch crossing, and for each event, the tracking sub-detector will
experience more than 10,000 hits. Detectors of much higher granularity are required
to avoid misidentification of tracks. The correct identification of tracks is of crucial
importance to physics probes. For example, electroweak phenomena are character-
ized by having isolated leptons in their final products. If tracks that are not due
to this interaction is wrongly assigned to this event, the leptons may appear non-
isolated.

One major upgrade project for the ATLAS tracking sub-detector is the construc-
tion of a new all-silicon Inner Tracker (ITk) to replace the current ID, as the silicon
parts of the ID will reach the end of their designed life, and the number of particle
tracks per event will exceed the occupancy limit of the gas-based TRT.

The design concept of the ITk is similar to that of the ID, with sensors arranged
on several concentric cylinder layers. The schematic baseline layout of the ITk is
shown in Fig. 2.6. The ITk will have in its central region five layers of silicon pixel
sensors, which will be surrounded by 5 layers of strip sensors on the outer region.
The forward regions of the ITk will be covered by six pixel endcaps and six strip
endcaps to provide coverage for particles coming in high h directions [17].

To maintain tracking efficiency in the harsh HL-LHC environment, next gen-
eration silicon pixel sensors with high granularity, fast response time, and high
radiation-hardness are being studied for the pixel layers of the ITk. One of the
promising candidates under development is the monolithic pixel sensor fabricated
using the high voltage complementary metal-oxide-semiconductor (HV-CMOS) tech-
nology, an adaptation of the commercial CMOS technology for camera imaging
pixel sensors with HV add-ons to shorten response time and to increase radiation-
hardness. The ATLASPix is one of the candidate designs using the HV-CMOS tech-
nology, and the study of the performances of the first fully monolithic prototype
of this design with Technology Computer Aided Design (TCAD) will be covered in
Chapter 5.

2.4 Summary

The ATLAS detector is a powerful general-purpose detector on the LHC. By combin-
ing the data measured by its sub-detectors, it is possible to reconstruct a plethora of
physics processes that take place during the proton collisions on the LHC. The anal-
ysis of ATLAS data has yielded many important results, including the discovery of
the Higgs boson. During the LHC shutdowns, upgrades for the ATLAS detector
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FIGURE 2.6: Designed layout of the transverse plane of ATLAS ITK. The pixel part is drawn
in red and strip part in blue. The ITK will have radius of about 1 m and length of about 3 m.

Image from [18].

have been planned to help ATLAS to cope with the increased beam energy and in-
tensity for the next LHC running phase. The major upgrades of the tracking systems
include the addition of the IBL layer to increase the resolution of b-tagging in phase
0, and the replacement of the tracking system by the all-silicon ITK in phase II. New
technologies are under study for the ITK sensors, and the ATLASPix design using
with the HV-CMOS technology, the study of which will be presented in Chapter 5
of this thesis, is a promising candidate sensor design with high resolution and rela-
tively low production cost.
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Chapter 3

Silicon Particle Detectors

As is discussed in Chapter 2, the silicon part of the ATLAS tracking detector is made
up of several concentric layers of small pixel or strip sensors that generate a signal
when a charged particle crosses them. This chapter is dedicated to the detection
mechanism of these sensors. To start with, section 3.1 explains the process through
which a charged particle loses its energy and ionizes the atoms when it goes through
a medium such as a semiconductor. Section 3.2 is about the basic physics properties
of the silicon semiconductor that are relevant to detector fabrication, including the
structure of the silicon crystal that allows the presence of charge carriers, and dop-
ing, an important practice to alter the concentration charge carriers and the resistiv-
ity of the semiconductor. Processes responsible for signal formation, including the
transport of charge carriers in the semiconductor, the generation of excess charge
carriers by incoming particles, and the recombination of charge carriers, are also
discussed. Last but not least, section 3.3 explains the structure and detecting mech-
anism of the typical silicon particle sensors, and the influence of radiation damage
to them, using the ATLAS IBL planar sensor and the prototype sensor studied in
Chapter 5 called ATLASPix 1, as examples.

3.1 Interaction of Charged Particles with Matter

3.1.1 Collision Loss Process of Massive Charged Particles

When charged particles traverse a medium, such as a silicon sensor, they lose energy
by ionizing the atoms in the medium along their trajectories. This process is called
collision loss process [19].

The average energy loss due to collision loss process was studied by Bohr [20],
Bethe [21], and Bloch [22]. For an incoming particle of mass mp, velocity v = bc,
charge ze, the energy loss per unit path is given by (see [23])

�dE
dx

= 0.1535
rz2Z

A

⇢
ln


2mec2Wm

(hnp)2

�
� 1

�
[MeV/cm]. (3.1)

where r is the density of the medium in unit g/cm3, Z is the atomic number, and A
is the atomic weight of the material. me = 9.11⇥ 10�28 g is the mass of the electron, h
and np are experimental parameters related to the material. For silicon, hnp = 31.06
eV.

The term Wm denotes the maximum transferable energy from particles to atomic
electrons. For high-energy particles traversing thin mediums such as a tracking de-
tector, the deposited energy is usually much smaller than the energy of the parti-
cles. The expression of Wm is derived assuming the collision loss process is a two-
body scattering process where the target is almost at rest (see Section 1.3.1 of [24] for
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FIGURE 3.1: Energy loss per unit length (eV/µm) of particles in silicon vs. the bg value of
the particle. The curve on the top is the energy loss predicted by the Bethe-Bloch formula,
and the lower curve is the restricted energy loss and the fermi plateau. The predicted curve
of the restricted energy loss is compared to experimental data (denoted with circles) for

detector of thickness of 300 µm. Figure from [23].

derivations). Wm is expressed as

Wm = 2mec2b2g2


1 + (
me

mp
)2 + 2g

me

mp

��1
, (3.2)

where mp and me are the rest mass of the particle and of electron. g is the Lorentz
factor, given by

g =
1p

1 � b2
, where ~b =

~v
c

.

~v is the velocity of the incoming particle. When mp >> me, the maximum trans-
ferrable energy is approximated as

Wm ⇡ 2mc2b2g2 (3.3)

3.1.2 Energy-Loss Minimum

Eq. 3.1 shows that the energy loss per unit length (�dE/dx) depends on the product
of bg through the term Wm, and is the same for different types of particles. The
dependence of energy loss on bg values of incoming particles for a given medium is
shown in Fig. 3.1. At low bg values, the collision energy loss decreases quickly with
the increase of bg. The collision energy loss reaches a minimum at around

bmingmin ⇡ 3, (3.4)

which corresponds to bmin ⇡ 0.95. An incoming particle at energy-loss minimum
is called a minimum ionizing particle (mip). Beyond the minimum, the energy loss
increases again.

3.1.3 Restricted Energy-Loss and Fermi Plateau

The deposited energy in solid state detectors is usually smaller than the energy loss
suffered by the incoming particle, as typical detectors are not thick enough to absorb
all ionized electrons, especially the most energetic ones emitted along the direction
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of the particle. It is useful to define an effective detectable maximum transferred
energy W0 to describe the deposited energy in the detector. Thus, at energies b ⇡ 1,
the energy-loss formula reduces to the so-called restricted energy-loss formula

�
✓

dE
dx

◆

restricted
= 0.1535

rz2Z
Ab2 ln


2mcW0

(hnp)2

�
. (3.5)

Eq. 3.5 indicates that at high energies the energy loss is proportional to W0. When
the energy of the incoming particle increases, W0 will eventually reach a constant

value, and in turn �
✓

dE
dx

◆

restricted
will reach a plateau called the Fermi Plateau. The

restricted energy loss vs. the bg value of the incoming particle and the fermi plateau
are shown, compared to experimental data for silicon detector of thickness of 300
µm in Fig. 3.1. A detailed treatment of this topic can be found in Section 2.1.1.4 of
[24].

3.2 Physics Properties of Silicon Semiconductor

Semiconductors are a group of materials having conductivities between that of con-
ductors and insulators. They are useful for electronic devices because their conduc-
tivity and electrical behaviors can be easily manipulated by the addition of small
amount of impurities, a process known as doping. Among semiconductors, silicon
(Si) is the most important material for the fabrication of Very-Large-Scale-Integrated
circuits (VLSI) and radiation detectors. In this section, the physics properties of sili-
con crystals and how doping influences these properties will be introduced.

3.2.1 Structure of Silicon Crystals

Silicon crystals have face-centered diamond cubic structure. A ball-and-stick model
of the unit cell of this structure is shown in Fig. 3.2a. The entire crystal lattice is
generated by repeating the unit cell.

The electrons in an isolated silicon atom occupy quantized energy levels in a
similar way to the Bohr’s model for a Hydrogen atom [25], and each energy level
can be occupied by at most two electrons with opposite spin according to the Pauli
Exclusion Principle. As the isolated atoms are brought together to form the crystal
lattice, the electrons interact with each other, leading to the split of their energy levels
into N narrowly separated energy-levels, where N is the number of the electrons. If
the number of electrons is large enough, the separation between the levels becomes
so infinitesimally small that they can be better represented as a continuous energy
band on the energy scale [23]. The energy bands of the electrons in the silicon crystal
is shown in Fig. 3.2b. They include the valence band, where the electrons are bound
in localized states, and the conduction band, where the electrons can move and thus
conduct, and the forbidden band, where no electron can exist. The forbidden band is
caused by the potential posed on each electron by the other electrons and the nucleus
[26].

Silicon atoms have four valence electrons. Inside a crystal, each atom forms four
covalent bonds with its four nearest atoms to fully occupy its valence energy-shell.
At low temperatures, the energy of the valence electrons lie in the valence band,
which means they are bound by covalent bonds and cannot participate in conduc-
tion. As temperature increases, the energy of the electrons becomes larger. When the
energy increase of an electron is bigger than the energy gap, this electron jumps into
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the conduction band. In other words, the thermal vibration of the electron becomes
strong enough to break the covalent bond for it to become available for conduction.
When an electron escapes a covalent bond, an electron deficiency, called a hole, is
left in the covalent bond. A hole may be filled by nearby electrons, resulting in the
change of its location. Thus, a hole can be considered as a free charge carrier with a
charge opposite to that of an electron. Under the influence of external electric field,
holes and electrons move in opposite directions. [23]

(a)
(b)

FIGURE 3.2: a: Ball and stick model of the unit cell of the silicon crystal. b: Energy bands of
electrons in a silicon crystal. Images from [23].

Doping

Doping is the intentional introduction of controlled amount of impurities in the
production of semiconductor to vary the electrical properties such as the conductiv-
ity of the material. A semiconductor without doping, such as the pure silicon crystal
mentioned in section 3.2.1, is referred to as an intrinsic semiconductor, and a doped
semiconductor is called an extrinsic semiconductor.

Two of the most commonly used dopants are boron and phosphorus. When
boron or phosphorus atoms are introduced in a silicon crystal, they will replace sil-
icon atoms at certain lattice sites. A phosphorus atom has five valence electrons,
and when it is at a lattice site, it will form four covalent bonds with the four near-
est silicon atoms and release one electron. The released electron occupies an energy
level slightly below the lower edge of the conduction band, and is usually excited to
the conduction band at room temperature. This type of impurities are called donors,
and the doped material is called n-type material. Meanwhile, a boron atom has three
valence electrons. When a boron atom is present in a silicon crystal, an additional
electron will be accepted to form four covalent bonds. The energy level of the ad-
ditional electron is slightly above the valence band, and thus it is easy for a valence
electron to be excited to this state, leaving a hole is in the valence band. Boron and
similar impurities are called acceptors and the doped material is referred to as a p-
type material. The energy bands and impurity energy levels are shown in Fig. 3.3.
Usually, in extrinsic semiconductors, the concentration of thermally excited electrons
and holes is much lower than that of charge carriers introduced by dopants, so the
concentration of charge carriers in extrinsic semiconductors can be approximated as
the concentration of dopants.
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FIGURE 3.3: Energy bands in intrinsic and doped extrinsic semiconductors. Image from [27].

3.2.2 Transport of Charge Carriers in Silicon Semiconductors

Thermal motion

As is discussed before, charge carriers including electrons and holes do not be-
long to a single atom but to the whole crystal. They can be considered as free parti-
cles with an effective mass that accounts for corrections from their interaction with
the lattice.

At temperature above the absolute zero, electrons move with randomly dis-
tributed velocities. The statistical behavior of thermal motion of an ensemble of
free electrons or other similar microscopic particles is studied in statistical mechan-
ics, which predicts the kinetic energy of thermal motion is directly proportional to
the temperature by

1
2

miv2
th,i =

3
2

kBT, (3.6)

where mi denotes the effective mass of charge carriers, with the subscript i = e, h for
electrons and holes, kB is the Boltzmann constant, and T is the absolute temperature.

vth,n is the thermal velocity of electrons or holes. At 300 K, the thermal velocity
of electrons in silicon crystal is

vth,e ⇡ 2.2 ⇥ 107cm/s.

Drift of Charge Carriers and Resistivity

When an external electric field is applied to the semiconductor, the holes will
acquire a velocity in the direction of the field, and the electrons in the opposite di-
rection. This velocity is called the drift velocity. The conductivity of a medium is
decided mainly by the concentration of its charge carriers, and by their ability to
drift.

The drifting ability of charge carriers inside the semiconductor is expressed in
terms of drift velocity and drift mobility. The drift mobility µi (i = e, h) is defined
as the ratio of the average drift velocity to the strength of the external electric field.
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FIGURE 3.4: Drift mobility of electrons and holes (V�1cm2s�1) vs. the electric field (V/cm)
at 300 K as predicted by Eq. 3.11. Image from [23].

The drift current density inside the material is related to the drift velocity as

~Jdr = epvdr,h � envdr,e (3.7)
= e(µh p + µen)E (3.8)

where e is the electric charge, p(n) is the concentration of electrons (holes), and E
denotes the strength of the external electric field. At low electric field, the mobility
of electrons and holes is found to be (see [23])

µe =
vdr,e

E
=

�etcol,e
me

(3.9)

µh =
vdr,h

E
=

etcol,h
mh

(3.10)

where ti, (i = e, h) is the average time that a charge carrier can travel before it col-
lides with other charge carriers. Eq. 3.9 and 3.10 show that, at low electric field, the
drift mobility of charge carriers depends on their thermal motion, and will decrease
as temperature increases.

At high electric field, the drift mobility becomes dependent on field strength be-
cause the influence of the electric field is equivalent or stronger than the thermal
motion. The empirical equation describing the dependence of µi(E) on E was de-
rived by Thornber (see [23]):

µi(E) =
µ0,i

[1 + (µ0,iE/vi)m]1/m (3.11)

The mobility calculated using Eq. 3.11 with different field strength at 300 K is
shown in Fig. 3.4. At electric field stronger than ⇠ 104 V/cm, the drift velocity
of the electron or the hole becomes greater than the thermal velocity, and the drift
mobility becomes dependent on the field strength.

The drift mobility is also referred to as conductivity mobility, as the drifting of
charge carriers is the main factor influencing the conductivity of the material.

The resistivity r (the inverse of conductivity) is an important electrical property
of a material, and is directly related to the drift mobility and the concentration of
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FIGURE 3.5: Resistivity of extrinsic semiconductor vs. doping concentration for p-type and
n-type silicon semiconductor at 300 K. Image from [23].

charge carriers. For n-type semiconductors, the resistivity is

r =
1

eµen
, (3.12)

where e is the electric charge, µe is the drift mobility of electrons, and n is the con-
centration of electrons.

Similarly, for a p-type semiconductor, the resistivity is

r =
1

eµh p
, (3.13)

where µh is the drift mobility of holes, and p is the concentration of holes.
For extrinsic semiconductors, the resistivity will decrease with the increase of

doping concentration, as the doping concentration determines the concentration of
charge carriers. The dependence of resistivity on doping concentration is shown in
Fig. 3.5.

Diffusion

Another important transport mechanism of charge carriers in the semiconductor
is diffusion. When the distribution of the concentration of carriers inside the material
is not uniform, the charge carriers will diffuse from regions of high concentration to
regions of low concentration, resulting in the diffusion current. The total diffusion
current density~Jdiff is expressed as

~Jdif = ~Jdif,e +~Jdif,h = eDeDn � eDhDp, (3.14)

where e denotes the electron charge, Di, (i = e, h) is the diffusion constant for elec-
trons and holes, and n (p) denotes the concentration of electrons (holes).

The total current density in the semiconductor is given by

~J = e(µen + µh p)~E + e(DeDn � DhDp) (3.15)

Generation and Recombination of Excess Carriers

The concentration of carriers inside a silicon semiconductor is not constant, and
excess carriers can be generated thermally or under an external excitation such as a
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particle.
The thermal generation and recombination of free electron-hole pairs occur con-

stantly inside the material. However, in doped semiconductors, the thermal exci-
tation of electrons cannot occur directly as it does in pure silicon crystals, as the
crystal momenta of the majority and minority carriers are not the same. The creation-
recombination processes mainly occur in two steps via the intermediate states formed
by crystal defects, which can be introduced through radiation damage. These states
are termed generation-recombination centers or trapping centers.

Besides, when a heavy charged particle traverses a silicon semiconductor, excess
carriers are created absorbing the deposited energy of the particle. This process is
called charge injection. After charge injection, the injected minority carriers tend to
recombine with the majority carriers of the semiconductor to restore to equilibrium.

3.3 Detection Mechanism of Silicon Particle Detectors

3.3.1 P-n Junction and Depletion Region

A p-n junction is formed when a p-type material is placed adjacent to an n-type
material. At the interface, the majority carriers of each material diffuse into each
other and recombine, forming a depletion region where almost all free charged car-
riers are recombined. Inside the depletion region, there is an electric field pointing
from n-type material to p-type material, as the depleted n-type region is positively
charged, and p-type region negatively charged. This field tends to stop the diffusion
of the charge carriers, and grows stronger as the depletion region widens. The sys-
tem reaches an equilibrium when the fluxes of charge carriers due to diffusion and
due to the electric field cancel, and the width of the depletion region remains con-
stant. The depletion region can serve as a particle detector. When a particle passes
a p-n junction, the excess charge carriers generated by the particle will drift to the
edges of the p-n junction under the electric field inside the depletion region, induc-
ing a current on the charge collection electrode and making it possible to collect the
generated charge.

If no external voltage is applied, the electrostatic potential Y, electric field ~E, and
depth of the depletion zone are only determined by the concentrations of charge
carriers in the materials forming the p-n junction, and can be obtained by solving
the Poisson equation:

d2Y
dx2 = �r(x)

e
, (3.16)

where e = 1.054 pF/cm is the silicon electric permittivity, and r(x) denotes the
charge density in the depletion zone and is given by:

r(x) =
⇢

qNd, for 0 < x < xn
�qNa, for � xp < x < 0.

Inside the depletion region, the total amount of charge is 0, so Ndxn = Naxp.
By integrating Eq. 3.16 with boundary conditions E(xn) = E(�xp) = 0, the

electric field E is obtained:

E(x) = �dY
dx

=

⇢
En(x) = q(Nd/e)(x � xn), for 0 < x < xn

Ep(x) = �q(Na/e)(x + xp), for � xp < x < 0. (3.17)
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The electrostatic potential is calculated by integrating Eq. 3.17:

Y(x) =
⇢

Yn(x) = Yn � q[Nd/2e](x � xn)2 for 0 < x < xn
Yp(x) = Yp + q[Na/2e](x + xp)2 for � xp < x < 0. (3.18)

The built-in voltage of the p-n junction is defined as

V0 = �
Z

E(x)dx = Yn � Yp =
kBT

q
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◆
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For silicon at T ⇡ 300 K, V0 ⇡ 0.3 � 0.6 V. The total depletion depth is calculated to
be
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where Xn and Xp denotes the depletion depth in n and p regions, while X is the total
depletion depth. The detailed derivation can be found in Section 4.2.1 in [23].

However, the depletion depth of an unpolarized p-n junction is usually a few
microns which limits the junction’s ability for particle detection, and thus a bias
voltage is often applied to widen the depletion depth. When a negative bias voltage
of Vb < 0 is applied on the p-side of the junction, the electrostatic potential on the
boundaries becomes

Y(�xp) = Yp � Vb

Y(xn) = Yn,

and the depletion depth becomes

X =

s
2e(V0 + Vb)

q

✓
1

Na
+

1
Nd

◆
.

The detectors concerned in this thesis are made of p-n+ junction for which Na ⌧ Nd.
Therefore the depletion depth can be approximated as

X ⇡ xp =

s
2e

qNa
(V0 + Vb)

⇡
s

2e

q(Na � Nd)
(V0 + Vb)

=

s
2e

q|Neff|
(V0 + Vb),
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(a) (b)

FIGURE 3.6: Illustration of a p-n junction and the distribution of charge density r(x), electric
field E(x) and electrostatic potential y(x) inside the junction. a shows an unpolarized p-n

junction, and b shows a p-n junction with a bias voltage of Vb. Image from [23].

where Neff = Na � Nd is the effective dopant concentration. The resistivity of silicon
detector is

r =
1

µq|Neff|
,

and the highest measured electron mobility for silicon crystals at room temperature
(300K) is µe = 1400 cm2/(V·s) [28]. Thus the depletion depth X can be approximated
as

X ⇡ 0.53
q

r(V0 + Vb) (3.20)

Eq. 3.20 shows that the depletion depth is proportional to the square root of the
resistivity of the material. Therefore, the higher the resistivity or the bias voltage,
the larger the sensitive volumn for particle detection becomes. See Section 4.2.2 in
[23] for more details.

3.3.2 Charge Collection and Signal Formation

When a charge carrier moves in the proximity of an electrode, an instantaneous cur-
rent is induced by the change of electrostatic flux lines. According to Ramo theorem
(see [29]), the generated charge in the electrode is related to the displacement of the
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charge carrier as

Dq = q
Dx
w

where w is the thickness of the sensor. The induced current is given by

i(x) =
dq
dt

=
q
w

dx
dt

=
q
w

v(t).

where v(t) denotes the velocity of the charge carrier. Inside the depletion zone, the
velocity of charge carriers is determined by the mobility µi, (i = e, h) of charge car-
riers and the electric field:

ve(t) = µeE(x)
vh(t) = µhE(x),

and the electric field in the depletion zone is expressed as

E(x) = �qNeff

e
(x � w) +

Vb � Vf d
w

= �ax + b.

The time it takes for a charge carrier generated at position x0 to reach the electrode
at x = w is given by

tcoll(e) = � 1
µea

ln
✓

aw � b
ax0 � b

◆

tcoll(h) = � 1
µha

ln
✓

�b
ax0 � b
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The total amount of charge induced by a charge carrier as it moves from its original
position x0 to the electrode can be obtained by integrating the current over collection
time:

Qe =
q
w
(w � x0)

Qh =
q
w
(x0),

and the total collected charge is

Qtot = Qe + Qh = q. (3.21)

Eq. 3.21 indicates that the total amount of charge induced by a charge carrier as it
travels to the electrode is the same as the charge it carries. Therefore in a simplified
picture, one can say that the charge carrier is collected by the electrode.

3.3.3 Influence of Radiation Damage

When an energetic particle traverses a silicon detector, besides generating signals, it
also causes damage that degrades detector performance. Radiation damage includes
the Total Ionizing Dose (TID), mostly caused by energetic protons and electrons, and
Non-Ionizing Energy Loss (NIEL), the displacement damage caused by the scatter-
ing of the incoming particle with lattice atoms [30].
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The influences of the TID creates additional electron-hole pairs. The electrons
produce noise, and the holes tend to be trapped at the Si/SiO2 interface, influencing
the depletion voltage and the charge carrier mobility. In addition, TID deteriorates
electronics performance and may result in electronics failure [30].

The NIEL causes crystal defects. The main impacts include the change of effec-
tive doping concentration, which in turn will make it more difficult to deplete the
sensor, resulting in a smaller detecting area or a need for higher bias voltage.

Besides, NIEL leads to an increased number of generation-recombination cen-
ters. Inside the depletion region, these centers give rise to free charges inside the
depletion region, and these free charges will move under the electric field of the de-
pletion region, forming a current called leakage current that leads to shot noise or
even to destructive thermal runaway. Outside the depletion region, these centers act
as trapping centers that facilitate the recombination of the charge generated by the
particle, thus reducing the signal strength and the charge collection efficiency.

3.4 Silicon Pixel Sensor Types

3.4.1 Hybrid Pixel Detector

The hybrid pixel detector is currently the default choice for large scale pixel track-
ing detectors in LHC experiments [31]. A hybrid pixel consists of an electronically
passive sensor and a readout chip connected through the flip-chip bump bonding
technology. The sensor collects charge when hit by a particle, the charge is then
transported to the readout chip through the bump bonds, where it will be processed
and transformed to digital signal for further analysis. The layouts of the individual
hybrid pixel and the pixel matrix are illustrated in Fig. 3.7.

A typical sensor is made by placing densely doped n- and p- type implants re-
spectively on the front- and back-side of a highly ohmic (~2-5kW/cm) n-type sub-
strate, with aluminum electrodes on the implants. A bias voltage is added between
the p+ and n+ implants to deplete the sensor. As is shown in Fig. 3.7a, after a par-
ticle passes through the sensor, the generated electrons flow to the n+ implants and
the holes to the opposite side, creating a signal in the electrode on the n+ implant.
The signal is then transmitted via the bump bond to the readout chip.

The major advantage of the hybrid pixel technology is that the sensor and the
readout chip can be optimized for the LHC demands separately, as the main chal-
lenge for the sensor is radiation-hardness while the challenge for the readout chip
is the high input rates of ~MHz/mm2 [31]. However, the hybrid approach has a
severe disadvantage. The bump bonding and flip chipping processes are laborious
and expensive, and result in tedious production steps and relatively large produc-
tion budget. [31].

The planar sensor used in the ATLAS IBL is one example of such pixels. The
dual-module IBL sensor is 200 µm thick and 4 ⇥ 2 cm2 wide. It has planar n+ im-
plants of an area of 50 ⇥ 250µm2 [32] on its front-side and and 13 ring-shaped p+

implants, referred to as p-guard rings, on its back. The ring-shape design of the p+

implants serves to bring the negative bias potential at the bias implants to zero at
pixel implants, so to optimize the behavior of the sensors after irradiation. Fig. 3.8
shows the design of the IBL planar sensor matrices.

The readout of the IBL planar sensor is provided by the FE-I4 front end chip,
which consists of 26880 pixels arranged in 80 columns and 336 rows. The outline of
the FE-I4 pixel array is shown in Fig. 3.9. The FE-I4 pixels have the same size as the
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(a)

(b)

FIGURE 3.7: a: Schematic illustration of a single hybrid pixel, including the sensor, the
bump bond, and the readout chip. The incoming charged particle is denoted with an arrow.
The charge generated by the incoming particle and their motion inside the depletion region
are also shown in the graph. b: Illustration of a hybrid pixel matrix. The gray box on the top
denotes the sensor, and the dark red rectangles are the pixel implants on the bottom of the
sensor. A bias high voltage is added between the front and back side of the sensor to fully
deplete the sensor bulk. The blue balls are the metal bump bonds. Each sensor pixel and
readout pixel are connected with one bump bond. The black gray box on the bottom is the

readout chip, and the light gray rectangles on the box are its pixels. Images from [31].

pixels of the IBL planar sensor, and each readout pixel is connected to a correspond-
ing sensor pixel via a bump bond.

When the collected charge enters the readout pixel cell, they first encounter a
capacitor, which converts the collected charge to an analog voltage signal through
the relationship V = Q/C, where Q is the amount of charge, and C denotes the
capacity. Then, the analog signal goes through an amplifier and a discriminator with
adjustable threshold, which enables the threshold to be set globally with corrections
for each pixel.

As for digitization of the signal, the readout pixel array is subdivided into 2 ⇥ 2
pixels regions. The pixels in each region share a common Pixel Digital Region (PDR)
which contains the Digital-Analog-Converter (DAC), memory, and trigger process-
ing. The digitization technique is referred to as the "time-over-threshold" method.
The analogue voltage pulse can be regarded as a standard-shape curve or a superpo-
sition of such curves, and thus by measuring the duration that a pulse stayed above a
pre-defined voltage threshold, it is possible to interpolate the amplitude of the pulse.
Fig. 3.11 is an illustration of this digitization technique. The measured duration is
then converted to a 4-bit digital value. Besides, the pulses are time-stamped using a
synchronized timing module. The timing information is converted to a 8-bit digital
value. Both the signal and a 8-bit timestamp are stored in memory cells, and are read
out after a trigger signal.

3.4.2 Monolithic Silicon Radiation Detector

As is mentioned in section 3.4.1, the construction of a hybrid pixel detector is expen-
sive and time-consuming. As a result, alternative pixel fabrication approaches are
being explored for the LHC Phase-II Upgrade. One promising candidate is active
pixel sensor based on the HV-CMOS technology, a monolithic approach where the
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(a) (b)

FIGURE 3.8: Schematic drawings of the IBL planar sensor matrix. a illustrates the structure
of the vertical cross section. This structure is referred to as n-in-in design, as in this design
the n+ pixel implants (green rectangles on the top) are placed on the front side of the n-
type substrate. The p-type bias implants for the application of bias high voltage and the
p-type guard rings (red and blue rectangles on the bottom) are placed on the back side of the
substrate. b shows the view from above. The p-type implants and guard rings are drawn in
purple, and the n-type pixel implants are drawn in blue. The deep purple dots in the pixel
implants are the bump bonds. Notes that n-type and p-type implants are drawn overlapping
on this plot, but in reality they are fabricated separately on the front and back side of the

substrate. Images from [31] and [16].

FIGURE 3.9: Outline of the FE-I4 readout chip. The pixel cells are arranged in 80 columns
and 336 rows. Image from [16].

FIGURE 3.10: Diagram of a four-pixel region, showing the geometrical layout of four analog
pixel cells and a central digital region. The gray octogons denote the bump bonds. The actual

size is 500 µm⇥100 µm. Image from [33].
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FIGURE 3.11: The time-over-threshold digitization technique. Image from [34].

particle sensor and the readout electronics are fabricated on a single piece of silicon.
One of the main advantages of the monolithic approach is that it does not require
the laborious and expensive bump bonding process. Besides, in this approach, the
bias implant, the guard rings, and the charge collection implants are fabricated on
the same side of the substrate, so double-sided processing is not needed. Last but
not least, the monolithic approach is an adaptation from commercial CMOS technol-
ogy, and thus the monolithic sensors are mass-producible. In a word, the monolithic
sensors require much less production time and cost.

As is mentioned before, the HV-CMOS technology is an adaptation of commer-
cial CMOS imaging sensor technology to particle detection. The main modifica-
tions include additional implant wells to shield the charge collection well and the
electronics, and high voltage technology add-ons to optimize the sensor’s radiation-
hardness and charge collection time. Nowadays, the major commercial CMOS man-
ufacturers are able to make extremely small pixel CMOS imaging sensors (< 20 µm2

per pixel) with fully depleted charge collection layers and high density CMOS cir-
cuitry that can achieve high charge collection speed and efficiency.

At present, the HV-CMOS community within the ATLAS Collaboration is tar-
geting several prototyping designs made by various foundries that provides CMOS
technology. One of the most promising prototypes is the ATLASPix design, a fully
monolithic CMOS pixel sensor with mature on-chip digital readout architecture fab-
ricated with the 180 nm HV technology provided by ams [35].

The layout of the ATLASPix 1, a first large-scale prototype that contains three
matrices of three design variants of similar detecting principles, is shown in Fig.
3.12. Fig. 3.13a and Fig. 3.13b show the top and side views of the ATLASPix Simple
matrix, the design that is studied with TCAD simulation in Section 5. The implant
wells in a ATLASPix pixel include a dense n well and a p well that are constituents
of the standard CMOS architecture. The n well serves as the charge collection well,
while the readout electronics are fabricated in the p well. Besides, an additional deep
n well with lower doping concentration is implanted surrounding the p well and n
well for shielding purpose, and a p-guard ring is placed on the periphery for the
application of high bias voltage. As is illustrated in Fig. 3.13b, after a reverse bias
voltage is applied on the p guard ring, a wide depletion region is created inside the
substrate. When a particle hits the pixel, electron-hole pairs are created along the
track. The generated electrons inside the depleted region flow toward the n well to
be collected, and the generated charge carriers in the undepleted part of the bulk
diffuse randomly until they diffuse into the depletion zone or get trapped at some
defect site.
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FIGURE 3.12: Layout of the ATLASPix 1 prototype consisting of three matrices of design
variants including the ATLASPix M2, the ATLASPix Simple, and the ATLASPix IsoSimple.

Image from [37].

The charge collected by the n well is then passed to the electronics in the p well,
where they will be amplified, selected, and transformed to digital signals in a similar
process as described in section 3.4.1.

3.5 Summary

Silicon semiconductor is widely used for particle sensors because their electric prop-
erties can be easily manipulated by doping with an exact amount of impurities.
When a piece of p-type silicon semiconductor is placed next to the n-type semi-
conductor, a p-n junction and then a depletion zone, a space-charge area with an
electric field and without free charge, are formed. The depletion zone can be used
for particle detection.

When a charged particle goes through a depletion zone, it deposits energy which
injects free charge to the depletion zone. The free charge moves under the electric
field inside the depletion zone, and if an electrode is placed on the p-n junction, the
movement of free charge will induce a current signal on the electrode. The current
signal is then transferred to the readout circuit, where it will be processed and con-
verted to digital signal, thus making particle detection possible. The width of the
depletion zone, i.e., the sensitive detection area, can be widened by the application
of an external voltage. Beside charge injection, the interaction of charged particle
with the semiconductor may also result in the displacement of lattice atoms. This is
called radiation damage, a harmful effect which results in smaller depletion width,
increase of noise, and reduction of signal strength.

There are two approaches of sensor fabrication, namely, the hybrid approach
where the sensing part and the readout circuit is fabricated on separate chips and
connected through bump bonding, and the monolithic approach where the sensing
part and the readout circuit are fabricated on a single piece of silicon. These two
approaches have been introduced in section 3.4.1 and 3.4.2 using the ATLAS IBL
planar sensor and the ATLASPix 1 as examples.
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(a)

(b)

FIGURE 3.13: Layout of a ATLASPix Simple matrix pixel. a shows the top view of the
pixel, with p guard rings (green lines on the peripheral), deep n well (region inside the pink
rectangle), n well (green and pink regions), and p well (white region inside the n well). The
bias high voltage is applied on the p guard ring, and the readout electronics are placed in
the p well. Picture is drawn to scale. b is the vertical cross section of the pixel. The incoming
particle track is represented by an arrow. Inside the depletion region, the generated electrons
flow to the n well, while the holes flow to the back side of the sensor. Outside the depletion
region, the generated charge carriers diffuse randomly. Some of the electrons may diffuse

into the depletion region and get collected. Picture not drawn to scale. Image from [37].
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Chapter 4

Simulation of FE-I4 Telescope

The testbeam experiment is a crucial step in the R&D of tracking detectors. Com-
puter simulation is often employed to aid the analysis and interpretation of testbeam
results. A valid simulation model of the FE-I4 telescope, the measurement device
used in the testbeam simulations by the ATLAS group of the University of Geneva,
has been built with the Allpix2 [38] simulation framework. Computer experiments
with upright and inclined telescope planes have been done to probe the effects of
geometry on the spatial resolution of the telescope. The simulation results provided
explanations on why better resolution is achieved with inclined geometry. In ad-
dition, the model can be used in future research about improvement of resolution
by more advanced reconstruction algorithms. It can also be extended to simulate
different beam telescopes or experiment under different conditions. In this chapter,
the simulation and its validation are presented. In addition, the performance of the
reconstruction framework Proteus [36] on inclined planes has been evaluated.

4.1 Testbeam Experiment

In testbeam experiments, high energy particle beams are used to test the perfor-
mance of prototype detectors. Beam telescopes are commonly adopted in testbeam
experiments to record particle tracks and to measure the behavior of the prototype.
A typical beam telescope is a small tracking detector. It consists of several telescope
planes with well-known sensors and readout chips, and one or more planes to install
the prototype sensor, called the Device-Under-Test (DUT). During data-taking, the
DUT plane is carefully aligned with other telescope planes. By comparing particle
hits on the DUT with tracks reconstructed from the telescope sensors, information
can be obtained about important characteristics of the DUT, including spatial and
temporal resolution and efficiency.

4.2 The FE-I4 Telescope

4.2.1 Telescope Description

The FE-I4 telescope [32] is a powerful beam telescope constructed in 2014 and is
since then employed by the Geneva group in testbeam experiments. It is able to test
prototypes of up to 4 cm2 area with event trigger rate of ⇠kHz and beam-tracking
of ⇠10 µm precision at the DUT [32].

The telescope is composed of 6 telescope planes and a DUT box inside which the
temperature is controlled. It has two arms, each holding three adjustable telescope
planes, and the DUT box in the middle. Each telescope plane has a 200 µm thick
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IBL planar silicon sensor [16]. Fig. 4.1 shows a computer generated image of the
telescope [32].

Readout of the telescope plane sensors is provided by ATLAS FE-I4 frontend
chips [33]. Each sensor has two FE-I4 chips, but only one chip is read out during
data-taking. The reason is that, in the experiments, the two mid-planes on each
arm are flipped by 90� around the beam axis to ensure similar resolution in x and
y direction. As a result, only one of the two FE-I4 chips on each plane can remain
overlapping. The overlapping chips are read out.

Dummy 
DUT

ATLAS IBL Pixel 
Sensor module

Y 

X 

Z 

XY Stages

Adapter board

DUT box
(base plate)

FIGURE 4.1: Computer generated image of the FE-I4 telescope. Shown in the image are two
arms, each with 3 telescope planes, and a dummy DUT in the middle. Image from [32].

4.2.2 Reconstruction

The raw data taken by the telescope are reconstructed with Proteus [36], a software
to reconstruct and analyze data from pixel beam telescopes based on C++ and ROOT.
The reconstruction proceeds through multiple steps.

Noise masking. Preprocessing includes masking noisy pixels.

Clustering. When a particle hits a telescope plane, it can trigger more than one pix-
els. Proteus implements an algorithm to group all neighboring hits into a clus-
ter. The position of the cluster is by default estimated as the geometric mean
of the pixel positions weighted by the amount of deposited charge in each of
the pixels.

Track finding. The tracking algorithm starts with a seed cluster, and then searches
for following clusters inside a cone determined by the scattering angle of the
particle and the beam divergence on the planes. The algorithm assumes ini-
tially that the track is parallel to the plane’s longitudinal axis, and modifies
the direction of the track when clusters are added. If multiple candidates are
found on one plane, the track divides and searches continue at each node. The
candidate tracks with the largest number of clusters are kept. Clusters that
have been assigned to tracks are excluded from further searches.

Track fitting. The tracks are fitted to a straight line. Tracks with large c2 are ex-
cluded for they are likely to have undergone heavy scattering or nuclear inter-
action with the telescope planes or are not real tracks.
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Alignment. To reconstruct particle tracks with high precision, it is necessary to ob-
tain the accurate relative position of the telescope planes. The alignment al-
gorithm takes as input the telescope geometry manually measured during the
experiment, then adds small corrections to offsets and inclination angles of
the planes to obtain optimal inter-plane hit correlation distribution and track
residuals.

The last three steps are repeated until an optimal reconstruction of tracks is found.

4.3 Data Sample

A data sample with over 1 million triggers was used to extract simulation param-
eters and to validate the simulation model. It was taken in a testbeam experiment
at H8 beamline in the CERN SPS testbeam facility with 180MeV p+ beam. During
data-taking, the telescope planes were inclined by an angle of around 12.5�, and the
two mid-planes on each arm were additionally flipped by 90� horizontally. The tele-
scope planes were separated by a distance of roughly 10 cm, and the DUT plane
was 10 cm away from the last plane on the left arm, and 35 cm away from the first
plane on the right arm. The geometry parameters have been reconstructed using
the Proteus reconstruction package and used as input for the AllPix2 simulation.
Fig. 4.2a is a photo of the telescope in the same geometry as during data taking. The
temperature of the sensors was kept at 30�C.

4.4 Simulation of the FE-I4 Telescope

The simulation model is created with Allpix2 [38], a generic simulation framework
for silicon tracker and vertex detectors written in C++. A full simulation consists of
the following steps:

Geometry construction A set of detectors, such as a beam telescope, are built with
the GEANT4 geometry modeler. Every detector is described by position, ori-
entation, and detector model parameters. The detector model contains param-
eters describing the geometry of the sensor and the support of the detector.
The sensor parameters include type, namely monolithic or hybrid, number of
pixels, pixel size, thickness of the sensor, and thickness of the readout chips on
the sensor. The parameters of the supporting structure include size, thickness,
location, and the type of materials.

Charge deposition Simulation of the particle beam and of the deposition of charge
carriers inside the sensor as charged particles traverse the active area of the
sensors. The interaction of the particle with the sensor is modeled with the
FTFP_BERT_LIV physics list provided by GEANT4 [39]. The position and di-
rection of the particle beam can be specified to the scale of mm, and the diver-
gence to the scale of mrad [40].

Charge propagation Simulation of the propagation of charge carriers through the
silicon sensor due to drift or diffusion processes. The final position of the prop-
agated charge is stored. If the charge is ready to be collected, its position is on
the pixel implant. The charge can also be outside the pixel implant if it got
trapped inside the sensor bulk or if it was lost in another process.
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Assignment of charge to pixels In this step, the deposited and propagated charges
in the sensor are assigned to pixels of the readout electronics. The indices of
triggered pixels and the number of charges at each pixel are stored.

Digitization of charge Conversion of charge at the pixels to ADC (Analog-to-Digital-
Converter) units. The charges above threshold are converted to digitized sig-
nals. In the simulation presented in this chapter, they are converted to 16 ADC
units based on a linear scale, to best emulate the real case.

The output of the simulation is stored in ROOT format.
In the simulation, the FE-I4 telescope has been reproduced. A visualization of

the simulation is shown in Fig. 4.2b. Six telescope planes have been simulated, and
each of them is equipped with a 200 µm thick IBL planar pixel silicon sensor, which
consists of 330 columns and 80 rows of 250 µm long and 50 µm wide pixels. The two
arms holding the telescope planes have not been simulated since they are not in the
beam during data taking. A sensor in the middle to represent the DUT has also been
simulated, but has not been considered in the analysis.

The inclination angles and offsets of the telescope planes were obtained from the
reconstruction of the geometry in the data sample. The two mid-planes on each arm
were rotated by 90� around the beam axis to ensure similar resolution in x and y
direction. In addition, the three planes on the left were inclined by 12.5� to the up-
stream direction, and the three planes on the right were inclined by the same angle
towards downstream direction. The DUT plane remained upright. The telescope
planes were perfectly aligned. The three upstream planes were separated by 10 cm
from each other, and so were the three downstream planes. The distance between
the two planes next to the DUT plane was about 45cm. The DUT plane was about
30cm away from the closest plane on its left. Details of the position of the telescope
planes are shown in Table A.1a and A.1b in Appendix A. The simulated planes were
reflected along its longitudinal axis, but this reflection would not influence the re-
sults since all chips are symmetric along its long axis.

The simulated beam consisted of 180MeV p+. Beam size, direction, and diver-
gence were those obtained from the data sample. The simulated temperature for
charge propagation in the sensors was 30�C.

As for the digitizer, in the simulation, the charge deposition in the pixels above
a threshold of 3000e was kept and converted linearly to 4-bit ADC units that ranges
from 1 to 15, and 15 is the overflow bin. However, the testbeam data above threshold
were encoded in units from 1 to 14 and 14 was the overflow bin, and the conversion
scale differs slightly from a linear relationship. Thus it was not possible to simulate
the same digitization with currently available simulation tools. Digitizer parameters
including ADC slope and ADC offset have been tuned to make simulation as close
to data as possible.

The simulation parameters are summarized in Table A.1 in Appendix A. The
simulation model with the parameters described above is referred to as "inclined
model" in the following text. In addition, another model with the same parame-
ters but with upright telescope planes (referred to as "upright model") was built, to
compare the performance of the reconstruction framework on the inclined and the
upright geometry, because the upright geometry was the original construction of the
telescope before the inclined geometry was adopted in 2017.
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(a)

(b) (c)

FIGURE 4.2: a: Photo of the FE-I4 telescope in UniGE cleanroom. The geometry of telescope
planes and the DUT is the same as that in the experiment where the data sample was taken.
b: Visualization of the inclined simulation model of the FE-I4 telescope. c: Visualization of
the upright simulation model. This model has been built for the evaluation of reconstruction

in section 4.6.

4.5 Validation of the Simulation

The simulation and the data sample have been reconstructed with Proteus through
the processes described in section 4.2.2. Three variables that serve as direct input
for reconstruction have been checked to evaluate the validity of simulation. They
include

1. the cluster size, the number of neighboring pixels with a signal above thresh-
old;

2. the cluster value, the number of ADC units of a cluster;

3. the hit value, the number of ADC units of each hit.

Fig. 4.3, 4.4, and 4.5 show the distribution of the three variables in simulation and
in data. The cluster size distributions agree well. The number of size 1 clusters and
size 2 clusters are almost the same, and they account for over 98% of clusters. Due to
the limits in the digitization model, the simulated cluster value and hit value differ
slightly from data. The deficit in low value clusters in simulation is caused by the fact
that in the simulated digitizer the amount of deposited charge is converted linearly
to ADC units, but in the experiment, the function of conversion varies slightly from
the linear scale. The difference does not make a big difference, as the agreement of



34 Chapter 4. Simulation of FE-I4 Telescope

the cluster value distributions from the simulation and the data is sufficient. The
excess in bin 15 and bin 30 in the simulated cluster size distribution is due to the
fact that the 15th and the 30th bins are used as the overflow bin. The difference in
hit value in simulation and the data is the most obvious among the three variables,
because the difference in digitizer mentioned in Section 4.4 renders it impossible
to emulate exactly the experiment. Nevertheless, simulation parameters have been
tuned to achieve a relatively good level of agreement. Overall, it is safe to conclude
that the simulation is valid enough to be used to study the effect of geometry on the
resolution of the telescope.

(a) (b) (c)

(d) (e) (f)

FIGURE 4.3: a � f: Distribution of cluster size in the simulated inclined model (red) vs. data
(black) on telescope planes 1 � 6.

4.6 Evaluation of Reconstruction

The performance of the reconstruction with Proteus [36] of particle tracks through
the inclined telescope planes was studied using the simulation model presented
above. The performance was evaluated with the residual between the reconstructed
cluster position on the telescope planes and the truth particle position on the same
plane read from the simulation. In addition, another simulation model with upright
telescope planes was generated to study the difference between the reconstruction
of inclined and of upright telescope planes. Fig. 4.2c is the visualization of the up-
right model. The upright model has the same beam, digitizer, and temperature set-
tings. Six FE-I4 telescope planes each holding an ATLAS IBL planar sensor and a
DUT plane were simulated and they were separated by the same distance from each
other as in the inclined model. Similar to the inclined model, the mid-planes on left
and right arm were rotated by 90� around the beam axis. The only difference was
that the telescope planes were upright.

For simplicity, only the first telescope plane in both simulation models was con-
sidered in the analysis. Fig. 4.6 shows the distribution of the positions of recon-
structed clusters and of truth particles on the first telescope plane for inclined and
upright model.
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(a) (b) (c)

(d) (e) (f)

FIGURE 4.4: a � f: Distribution of cluster value in the simulated inclined model (red) vs.
data (black) on telescope planes 1 � 6. The excess in bin 15 and bin 30 in the simulation is

caused by the fact that these two bins are used as the overflow bin.

The residual between cluster position and truth particle position is calculated
using Eq. 4.1. It is calculated as the difference between the column/row number of
cluster on the sensor on one telescope plane and the x/y coordinate of the middle-
point on truth particle’s track through the same sensor.

Res x = column cluster � xmiddle-point

Res y = rowcluster � ymiddle-point

where xmiddle-point or ymiddle-point =
x or yincome + x or yexit

2

(4.1)

Demonstration of points on the particle track. Image from [31].

Fig. 4.7a and 4.7b show the distribution of x and y residuals between cluster po-
sition and truth position in the inclined and upright models. The x residuals in the
inclined and the upright model are similar. They are almost uniformly distributed
between �140 and 140 µm. But the y residuals are different. While the y residual
in the upright model is closer to a uniform distribution from �30 to 30 µm, the y
residual in the inclined model is of a Gaussian shape. The y residuals in the inclined
model are better than those in the upright model, indicating a better reconstruction
of cluster position in the inclined model, which translates to better tracking.
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(a) (b) (c)

(d) (e) (f)

FIGURE 4.5: a � f: Distribution of hit value in the simulated inclined model (red) vs. data
(black) on telescope planes 1 � 6.

The y residuals for clusters of each size in inclined and upright model have also
been studied. Only clusters of size 1 and 2 have been considered because, as is in-
dicated by Fig. 4.3, size 1 and size 2 clusters make up of more than 98% of clusters.
The distribution of y residuals for size 1 and size 2 is shown in Fig. 4.8a (inclined
model) and 4.8b (upright model). For both inclined and upright models, the resid-
ual of size 2 cluster is smaller than that of size 1 cluster. In the upright model, the
residual distribution of size 2 cluster is of a saddle shape. Further studies are needed
to understand this shape.

Fig. 4.9 shows the map of truth particle positions on the first telescope plane on
a 2⇥2 matrix of pixels for inclined and upright geometry, respectively. It is obtained
by mapping the truth particle hits on all pixels on the sensor to the 2⇥2 pixel matrix
on the lower-left edge. Fig. 4.10 shows the map of cluster positions obtained in the
same way. When the particle track is close enough to the edge of the pixel, the
charge cloud it generates drifts to two adjacent pixels and will result in triggering
two pixels. In the upright model, size 2 clusters are formed when the particle track
is less than 5 µm away from the edge, while in the inclined model, the mid point of
the particle track only needs to be within 25 µm from the pixel edge to lead to size
2 clusters. Thus, in the inclined model, the area where a particle triggers two pixels
is enlarged, resulting in an obvious increase in the number of size 2 clusters. Since
the position reconstruction of size 2 clusters is better than that of size 1 clusters,
as is shown in the simulation results, the reconstruction of cluster position in the
inclined model is better, and this could lead to a better telescope resolution when
the telescope planes are inclined. This also explains why the improvement of the
resolution in the y direction is more obvious than that in the x direction. The pixel
pitch in y is 50 µm, which is 1/5 of the pixel pitch in x. As can be seen in Fig. 4.9,
in the inclined model, the area where a particle hit leads to a size 2 cluster in the
y direction accounts for 1/2 of the total pixel area, while in the upright model this
area only makes up 1/5 of the total area. Therefore, the inclination of the telescope
planes leads to a noticeable increase in the proportion of size 2 clusters in y direction.
However, compared to the pixel pitch of 250 µm in the x direction, this increase of
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(a) (b)

(c) (d)

FIGURE 4.6: a and b: Distribution of x (a) and y (b) positions for truth particles (red) and
reconstructed clusters (blue) in the inclined model. c and d: Distribution of x (c) and y (d)
positions for truth particles (red) and reconstructed clusters (blue) in the upright model.

Note that the x coordinate denotes the row or column number of the pixels.

20 µm in the area that allows size 2 cluster is not obvious, and the proportion of
the size 2 clusters in the x direction does not change much. Thus the reconstruction
resolution in the y direction is more sensitive to changes in geometry.

4.7 Summary

Simulations of the FE-I4 telescope with inclined and upright geometry were made
with AllPix2, and validated with the data sample taken during a testbeam experi-
ment at CERN SPS with 180 MeV p+ beam. Besides, the performance of the Pro-
teus reconstruction framework on the inclined and upright models was compared.
The reconstruction resolution in the inclined model is better than that in the up-
right model, indicating that indeed with the inclined geometry, the resolution of the
telescope is improved. The explanation is that the increase of size 2 clusters in the
inclined model has led to this improvement of the resolution.
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(a) (b)

FIGURE 4.7: Distribution of the residuals between the x (a) and y (b) positions of recon-
structed clusters and truth particles in the inclined and upright model. The blue lines show

the inclined model and red lines show the upright model.

(a) (b)

FIGURE 4.8: Residual between y positions of reconstructed clusters and truth particles for
size 1 and 2 clusters in the inclined (a) and upright (b) model. The red lines show the residual

for size 1 clusters and the blue lines show that for size 2 clusters.
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(a) (b)

(c) (d)

FIGURE 4.9: a and b: Distribution of truth particle positions for clusters of size 1 (a) and 2 (b)
mapped to a 2 ⇥ 2 pixel matrix in the inclined model. c and d: Distribution of truth particle
positions for clusters of size 1 (c) and 2 (d) mapped to a 2 ⇥ 2 pixel matrix in the upright

model.

(a) (b)

(c) (d)

FIGURE 4.10: a and b: Distribution of reconstructed cluster positions clusters of size 1 (a)
and 2 (b) mapped to a 2 ⇥ 2 pixel matrix in the inclined model. c and d: Distribution of
reconstructed cluster positions of clusters of size 1 (c) and 2 (d) mapped to a 2 ⇥ 2 pixel

matrix in the upright model.
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Chapter 5

TCAD Simulation of ATLASPix

The physics goals and the design requirements of LHC phase-II upgrade pose a
stringent demand on the resolution, radiation hardness, and production cost on the
ATLAS ITk pixel detector. The ATLASPix fabricated using the HV-CMOS technol-
ogy provided by ams [35] is a fully monolithic sensor candidate under study for the
outermost pixel layers of the ITk detector. To aid the development of the ATLASPix,
simulation of the ATLASPix Simple matrix on the ATLASPix 1, the first large-scale
fully monolithic prototype, was performed with the Technology Computer Aided
Design (TCAD) software provided by Synopsis [41] in order to understand the signal
formation and collection processes in the sensor. In this chapter, 2D and 3D TCAD
simulation results of the ATLASPix Simple pixels will be presented, including elec-
trical properties, response to transient incoming particle, and the charge collection.
Models of four different values of bulk resistivity were simulated and compared to
study the influence of bulk resistivity on sensor behavior.

5.1 Technology Computer Aided Design

TCAD refers to the use of computer simulation in the design process of semiconduc-
tor devices. It includes process TCAD, the modeling of the fabrication process, and
device TCAD, the simulation of the device operation. TCAD reached its maturity in
the mid 1980s, and has remained an essential design tool [42]. By numerically solv-
ing the fundamental physical partial differential equations such as the drift-diffusion
equation, TCAD software can model the structural properties and electrical behav-
iors of semiconductor devices. Thus, at early design stages, TCAD allows the ex-
ploration of alternative structure designs and the impact of structure on physical
performances when experimental data are not available. Besides, in the optimiza-
tion of fabrication process, TCAD makes it possible to conduct experiments on a
broad range of process variables to comprehensively study the fabrication process
without the costly and time-consuming experimental runs on real wafers [43].

The TCAD results presented in this thesis are obtained with software provided
by Synopsis, one of the major suppliers of commercial TCAD tools [41]. The simula-
tion with the Synopsis software is done in the following 3 steps.

1. Generation of Device Structure.

The first step is to create a geometric structure that contains information of the
geometric layout and doping profiles for each region of the device as the in-
put of TCAD. This is done with the Sentaurus Device Editor, a structure editor
based on the Scheme scripting language. In addition, this structure editor pro-
vides a mesher that divides the structure into small regions, referred to as mesh
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elements, on which is obtained the numerical estimation of physical properties
such as the distribution of the electric field [44].

2. Process TCAD.

The major process TCAD tool provided by Synopsis is the Sentaurus Process.
This tool takes as input the structure generated by the structure editor, and
parameters such as temperature and pressure. It then uses powerful numeri-
cal algorithms to simulate the fabrication steps of the device, such as doping,
diffusion of carriers, etc. Besides, with Sentaurus Process, one can specify cer-
tain interfacial region to be contacts, where the the subsequent tools such as the
Sentaurus Device apply electrical boundary conditions. Another useful feature
of the Sentaurus Process is that it allows the creation of multi-pixel structure
by reflecting the input structure. The output of process simulation is a 2D or
3D structure that can be used as input to device TCAD [45].

3. Device TCAD.

The main Device simulation tool is called the Sentaurus Device. It simulates
the electrical behavior of the semiconductor for a given set of boundary condi-
tions such as bias voltage or current flux, by solving a set of physical equations
that describes the carrier distribution and conduction mechanisms. The input
can be structures generated by both the Sentaurus Device Editor or the Sentau-
rus Process [46].

5.2 Model of Single Pixel

A full-flow TCAD simulation is often accomplished with simplified 2D models, as
a 2D simulation is finished within hours while a full 3D model can take days or
weeks. A 2D model is generated by simulating a cross section of the device and as-
suming the device is uniform in the third dimension. Full 3D models and simplified
2D models emulating a single ATLASPix Simple Matrix pixel of bulk resistivity of
20, 80, 200, and 1000 W·cm have been built, to study the influence of the 2D simpli-
fication on the electrical properties of the sensor, and to compare the behavior and
performance of pixels of various bulk resistivity values. In this section, the simu-
lated structures and the results including the electrostatic potential, depletion zone,
electric field, and response to particles will be presented. Besides, a 2D simulation
of a matrix of four pixels has also been made to study the charge-sharing and edge
effects of neighboring pixels, and the results will be included in the next section.

5.2.1 Simulated Structure

To begin with, a full 3D simulation of the ATLASPix 1 pixel has been built. The
model is 130 µm in length, 40 µm in width, and 100 µm in thickness. The location
and sizes of the implant wells on the front side are specified according to Fig. 5.1. A
p-type guard ring (referred to as p-guard ring hereafter) that is 5 µm wide and 1 µm
deep is placed at the periphery of the front side of the pixel, and is implanted with
boron of a concentration of 1⇥1016 cm�3. The p-guard ring serves both asguard ring
and bias voltage implant. Besides, a 6 µm deep n-type well (referred to as deep n-
well) is placed inside the area surrounded by the p-guard ring. A denser n-type well
(referred to as n-well) with a depth of 2 µm is further placed inside the deep n-well.
Finally, a 1 µm deep p-type well (referred to as p-well) is placed inside the n-well.
The n-type wells are doped with phosphorus, with a dopant concentration of 1⇥1016
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FIGURE 5.1: Schematic drawing of the top view of the ATLASPix Simple pixel, showing
position and size of the front-side of the bulk and the implants including the p-guard ring,

deep n-well, n-well, and the p-well. Image from [37].

cm�3 for the deep n-well, and of 1⇥1018 cm�3 for the n-well. The p-well is doped
with boron with a concentration of 1⇥1018 cm�3. As is mentioned in Section 3.4.2,
the deep n-well shields the n-well and p-well, the n-well is responsible for charge
collection, and the readout circuit is implanted in the p-well. In addition, two oxide
layers are added to the front and back sides of the pixel, to protect the bulk and the
implant wells. The bulk is of p-type, and is doped with a chosen amount of boron to
tune the bulk resistivity. Four models of bulk resistivity of 20, 80, 200, and 1000 W·cm
have been simulated to study the influence of bulk resistivity on sensor performance.
Details about the size and doping concentration of the bulk and implant wells can
be found in Table B.1 in Appendix B.

Besides the full 3D models, simplified 2D models of the same values of bulk
resistivity have been made. The simulated plane is the vertical cross section through
the center of the sensor. It also has a length of 130 µm and a depth of 100 µm, but it
is assumed to be uniform in the third direction with a width of 1 µm. The location,
length, and depth of the implant wells are the same as those in the 3D model, except
that they are also reduced to 2D.

Six electrodes have been added on the front side, with two on the p-guard ring,
two on the p-well, and two on the n-type wells, for the specification the electrical
boundary conditions at the implants and reading their responses to incoming parti-
cles in the device simulation. Two additional electrodes are added on the backside
to tune the electrostatic potential at the bulk.

The geometrical layouts with doping concentration of the the models of four
resistivities are shown in Fig. 5.2, 5.3, 5.4, and 5.5.

5.2.2 Simulation of Device Operations

Electrical Properties

The behavior of the simulated pixels under a reverse bias voltage of -60 V on the p
guard ring and the bulk, 1.8 V on the n-type wells, and 1.0 V on the p well has been
simulated and analyzed. The distribution of the electrostatic potential and the elec-
tric field inside the device as well as the position and size of the depletion zone have
been obtained by solving the Poisson equation Eq. 3.16 using the external voltages
specified above as boundary conditions (See Section 3.3). The Sentaurus Device tool
provides a variety of physics models to describe the physics processes inside the
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(a) (b)

(c) (d)

FIGURE 5.2: Models of the 20 W·cm ATLASPix Simple pixel, including a the full 3D model
with oxide layers, b the 3D model with oxide layers hidden, c a 2D cut through the center
of the 3D model (the gray plane), and d the 2D model. In the doping concentration scale,

n-type doping is denoted with positive numbers and p-type with negative numbers.

(a) (b)

(c) (d)

FIGURE 5.3: Models of the 80 W·cm ATLASPix Simple pixel, including a the full 3D model
with oxide layers, b the 3D model with oxide layers hidden, c a 2D cut through the center of

the 3D model (the gray plane), and d the 2D model.
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(a) (b)

(c) (d)

FIGURE 5.4: Models of the 200 W·cm ATLASPix Simple pixel, including the full 3D model
with oxide layers, a the 3D model with oxide layers hidden, b a 2D cut through the center of

the 3D model (the gray plane), and c the 2D model.

(a) (b)

(c) (d)

FIGURE 5.5: Models of the 1000 W·cm ATLASPix Simple pixel, including a the full 3D model
with oxide layers, b the 3D model with oxide layers hidden, c a 2D cut through the center of

the 3D model (the gray plane), and d the 2D model.
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sensor, such as the transport or the recombination of charge carriers, and the list of
models used in this simulation is summarized in Table B.2 in Appendix B.

Fig. 5.6 to Fig. 5.9 show the distribution of the electrostatic potential in the 3D
and the 2D models of each of the four resistivities. A 2D cut through the center
has been made for each 3D model to compare with the 2D simulation results. The
electrostatic potential shows similar trends in all the models. A constant potential of
-60.5 V is achieved in the undepleted part of the p guard ring and the bulk, and a
constant potential of 0.5 V in the p well, while in the undepleted part of the n-type
wells, the electrostatic potential is 2.3 V. In a word, in p-type regions, the simulated
voltage is 0.5 V lower than the specified external voltage, and in n-type regions, it is
0.5 V higher. This 0.5 V shift is caused by the built-in voltage of the p-n junction (see
section 3.3). Inside the depletion zone, the electrostatic potential is the highest at its
border in the n-type wells, and decreases towards the bulk and the p guard ring.
For each resistivity, the 2D cut of the 3D model is comparable to the stand-alone 2D
simulation, except that in cut of the 3D model, the resolution of the result is lower,
and the decrease of the potential is faster. This is due to a coarser meshing that was
used in the 3D model, to keep the computing time reasonable.

The border of the depletion zone is denoted by white lines (or planes in the 3D
case). In general, the depletion zone starts near the lower edge of the deep n-well
and the p guard ring, and extends into the bulk to form an oval-shaped region that
grows deeper towards the center of the pixel. Still, due to the coarser meshing in the
3D model, the border of the depletion zone in the 3D model is not so smooth as that
in the 2D model, and the depth of the depletion zone in the 3D model is also slightly
smaller than in the 2D model. Besides, the shape and size of the depletion zone vary
in models of different bulk resistivity. The 20 W·cm model has the smallest depletion
zone, with a width of 121.5 µm and a depth of 17.6 µm at the widest and the deepest
point. The area of the depletion zone grows with the increase of bulk resistivity. The
80 W·cm model is fully depleted in x direction, and its depletion zone extends to a
peak depth of 29 µm in y direction. The 200 W·cm model is also fully depleted in x,
and has a peak depletion depth of 41.6 µm. The 1000 W·cm model has the biggest
depletion zone with an almost flat lower border, which is 81.5 µm deep at its deepest
point. The numbers are read from the 2D simulation, as the 2D models are generated
with finer resolution.

A comparison of the electric field in the models of different bulk resistivity is
shown in Fig. 5.10 to Fig. 5.13. As expected, a strong electric field exists in the de-
pletion zone, and no field exists in the undepleted area. Similarly, the 3D model and
the 2D model of the same bulk resistivity have comparable distribution of the electric
field, except that the lower resolution and smaller depletion zone in the 3D model.
The electric field is strongest at the lower corners of the deep n-well, and gradually
decreases toward the edges of the depletion zone. Horizontally, the electric field is
roughly uniform in the central part of the pixel, and decreases quickly toward the
pixel edge, which indicates that, if a particle hits the edge of a pixel, the generated
signal will be slower than that from particles in the central part of the pixel. Besides,
the strength of the electric field in the depletion region becomes smaller with larger
bulk resistivity. The 20 W·cm model has the strongest electric field, with a peak value
of 1.15⇥105 V/cm, and in the 80 W·cm model, the electric field strength decreases to
7.8⇥104 V/cm. In the 200 W·cm model, the peak electric field strength further de-
creases to 5.81⇥104 V/cm. The 1000 W·cm model has the weakest electric field with
a peak strength of 3.7⇥104 V/cm. The peak values of the depletion depth and the
electric field for models of the four bulk resistivity values are summarized in Table
5.1.
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bulk resistivity [W·cm] 20 80 200 1000

peak depletion (y) [µm] 17.6 29.0 41.6 81.5
peak depletion (x) [µm] 121.5 fully depleted fully depleted fully depleted

peak electric field [V/cm] 1.15 ⇥ 105 7.8 ⇥ 104 5.81 ⇥ 104 3.7 ⇥ 104

TABLE 5.1: Table of the peak depletion zone width (x) and depth (y) and the peak
electric field strength for 2D models with bulk resistivity values of 20 W·cm, 80

W·cm, 200 W·cm, and 1000W·cm.

In summary, for all of the four bulk resistivity values, the electrical properties of
the simplified 2D model are comparable to those of the 3D model, indicating that
the 2D model is a valid approximation. Besides, because a 2D model takes much
less time to run than a full 3D model, finer meshing can be applied to the 2D model
to obtain results of higher resolution at the center of the pixel volume.

Response to Particle

As discussed in the last section, as bulk resistivity increases, for a given bias volt-
age, the depleted volume, that is the sensitive zone for particle detection, becomes
larger, but at the same time, the electric field in the depletion zone, which influences
the speed of charge collection, becomes weaker. As a result, how bulk resistivity
affects the charge collection ability of the sensor is not straightforward. To obtain
a better understanding, a simulation of the transient process of charge collection in
the sensor after being hit by a Minimum Ionizing Particle (MIP) has been made, and
the response of the four models of different bulk resistivity have been studied and
compared.

The deposited charge by the MIP is simulated with the Heavy Ion Model pro-
vided by Sentaurus Device [46]. This model describes the spatial and temporal dis-
tribution of the generated charge with Gaussian distributions, whose width, direc-
tion, position, and peak value are specified in the command file. The simulated MIP
travels in the y direction through the center of the pixel. It deposits about 80 electron-
hole pairs per µm3 over a length of 100 µm. The width of the spatial distribution of
the generated charge is 0.05 µm, and the temporal width is 5 ⇥ 10�4 ns. Fig. 5.14a
shows the initial spatial distribution of the charge generated by the MIP in the 20
W·cm model.

The charge collection process in 100 ns after charge injection has been simulated.
The transport of the charge carriers including thermal motion, drift, and diffusion,
along with their generation and recombination have been taken into account in the
simulation (see Section 3.2.2). The current density due to the drift and diffusion of
the charge carriers is calculated using Eq. 3.15. The induced current on the collection
electrode is calculated using the Ramo theorem (see Section 3.3.2).

Fig. 5.15a shows a comparison of the current induced on the charge collection
electrode on the n-well in the first 5 ns in models of different resistivity values.
The current in the four models shows similar behavior. It first increases quickly,
and reaches a peak value of around 4.5-5.5⇥10�7 A in 0.2-0.4 ns. but starts to de-
crease after 0.4 ns and finally reaches a constant value of about 2⇥10�8 A. The 20
ohm model has the highest peak of 5.45 ⇥10�7 A, and the 1000 W·cm model has the
second-highest peak value of 5.05⇥10�7 A. The peak current in the 200 ohm model
is slightly higher than the one in the 80 W·cm model, and they are both around



48 Chapter 5. TCAD Simulation of ATLASPix

(a)

(b) (c)

FIGURE 5.6: Distribution of electrostatic potential the 20 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model. The

depletion zone is denoted with white lines.

(a)

(b) (c)

FIGURE 5.7: Distribution of electrostatic potential the 80 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model.
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(a)

(b) (c)

FIGURE 5.8: Distribution of electrostatic potential the 200 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model.

(a)

(b) (c)

FIGURE 5.9: Distribution of electrostatic potential the 1000 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model.



50 Chapter 5. TCAD Simulation of ATLASPix

(a)

(b) (c)

FIGURE 5.10: Absolute value of the electric field in the 20 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model.

(a)

(b) (c)

FIGURE 5.11: Absolute value of the electric field in the 80 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model.
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(a)

(b) (c)

FIGURE 5.12: Absolute value of the electric field in the 200 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model.

(a)

(b) (c)

FIGURE 5.13: Absolute value of the electric field in the 1000 W·cm models: a 3D model with
oxide layers hidden, b a 2D cut through the center of the 3D model, and c the 2D model.
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(a) (b) (c)

FIGURE 5.14: Initial distribution of the generated charge along different MIP paths in the 20
W·cm model: a, the full MIP path across the center of the pixel, b the "drift path" inside the

depletion zone, and c the "diffusion path" in the undepleted region.

4.5⇥10�7 A. After the peak, the current in the 20 W·cm model drops the fastest, and
reaches the minimum in 2 ns. In models of higher bulk resistivity, the current drop
becomes noticeably slower. The current drop in the 1000 W·cm model is the slowest.

The amount of collected charge is obtained by integrating the induced current
over time, and a comparison of collected charge in 100 ns in the four models is shown
in Fig. 5.15b. As expected, the amount of collected charge first increases rapidly for a
few nanoseconds, and then gradually slows down to a constant and slow increasing
speed, as the current reduces to the minimum. The rapid increase of the collected
charge lasted no more than 2 ns in the 20 W·cm model whose current drop was the
fastest, while it lasted almost 10 ns in the 1000 W·cm model with the slowest current
drop. Except the first few nanoseconds, in most part of the 100 ns, the model of
higher bulk resistivity collects a larger amount of charge. At 100 ns, the 1000 W·cm
model collected 8000 e of charge, while the 20 W·cm model collected only 2900 e.

The detail of the charge collection process in the first 1 ns is shown in Fig. 5.15c.
In the beginning, the charge collection speeds of the four models are similar. The 20
W·cm and the 1000 W·cm models collect 700 e in 0.25 ns. The 80 W·cm and the 200
W·cm models are slightly slower, and need 0.3 ns to collect 700 e of charge. Therefore,
the performance of the four sensors are similar in the first 0.3 ns, and afterwards, the
sensors with larger resistivity collect stronger signals.

To better understand the charge collection process, the MIP path has been split
into "drift" and "diffusion" parts, as shown in Fig. 5.14b and 5.14c. The "drift" part
refers to the particle track inside the depletion region, because the charge generated
along this part of the track travels to the collection electrode mostly by the drift
mechanism. The "diffusion" part refers to the section of the particle track outside
the depletion region, as the charge along this part of the track needs to diffuse into
the depletion region before they can be collected. Two simulations of the charge
collection process in the sensor in 100 ns have been made with the "drift" MIP path
and the "diffusion" MIP path.

The induced currents from the "drift" path simulation (hereafter as "drift" cur-
rent) and the "diffusion" path simulation (hereafter as "diffusion" current) in 5 ns are
shown in Fig. 5.16. The "drift" current was the main contributor to the initial rise
in the "full" current, and at that time, the contribution from "diffusion" was negligi-
bly low. Then the "drift" current quickly decreased and would be surpassed by the
"diffusion" current as time went by. In addition, the "drift" and "diffusion" current
have been summed up and compared to the current from the simulation with the
full MIP path (hereafter as "sum" current and "full" current). The "sum" current and
the "full" current agree to a sufficient level, but in a certain part in the current drop
period, the sum current is slightly lower than the full current, and the discrepancy
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becomes larger with larger bulk resistivity. A possible cause of this discrepancy is
that the "drift", "diffusion", and "full" MIP paths affect the electric field differently in
the simulation, so the sum of the two simulations with "drift" and "diffusion" paths
is slightly different from the simulation with the "full" MIP path. Nevertheless, the
discrepancy is small and only appear in a few nanoseconds. It is still safe to say that
the splitting of the MIP path is valid.

The collected charge from the "drift" ("drift" charge) and "diffusion" paths ("dif-
fusion" charge) in 100 ns for the four models is included in Fig. 5.17. Similarly, the
"drift" charge and the "diffusion" charge has been summed up ("sum" charge) and
compared to the "full" charge. The difference between the "sum" current and the
"full" current is carried to the collected charge, resulting in the "full" charge rising
faster than the "sum" charge for a few nanoseconds, which is especially noticeable
in models with higher bulk resistivity. The discrepancy then becomes smaller, and
after 50 ns, the "sum" charge and the "full" charge converges.

The "drift" charge is collected quickly. In all of the models, the majority of "drift"
charge is collected within 5 ns and all of the "drift" charge is collected within 20
ns. On the contrary, the "diffusion" charge is collected slowly and constantly. The
collected amount of "drift" charge increases with higher bulk resistivity. At 100 ns,
the 1000 W·cm model has collected 6600 e of "drift" charge, which is almost 6 times
more than the amount collected by the 20 W·cm model. On the other hand, as bulk
resistivity increases, the collected amount of "diffusion" charge decreases slowly. The
20 W·cm model has collected 1850 e of "diffusion" charge at 100 ns, while the 1000
W·cm model has collected 1400 e. As a result, the charge collection process in low
bulk resistivity models tends to be more dominated by diffusion, while the process
in models with high bulk resistivity is more dominated by drift. For example, in the
20 W·cm model, the "diffusion" charge becomes dominant after 35 ns, and accounts
for 2/3 of the collected charge at 100 ns, while in the 1000 W·cm model, the "drift"
charge accounts for about 7/8 of collected charge at 100 ns. As is mentioned in
Section 3.3.3, the "drift" charge is less influenced by radiation damage, and thus
models with higher bulk resistivity will be more resistant to radiation.

5.3 Simulation of Four-Pixel Matrix

In this section, the 2D single pixel models are extended to four-pixel matrices, to
study the charge sharing and edge effect between the pixels. To begin with, the
response of each pixel to an upright particle at the center of a given pixel in the
20 W·cm and 200 W·cm models has been simulated and compared. In addition,
the charge collection of each pixel for different particle incoming positions has been
studied.

5.3.1 Simulated Structure

The structure is generated by flipping the single pixel model twice so to achieve a
symmetrical structure. Just like in the single pixel model, two aluminum electrodes
are added near the left and right edge of the p-well, n-well, and guard rings of each
pixel, and two additional electrodes to the backside to tune the bulk potential. One
thing to note is that two neighboring pixels share one guard ring and guard-ring
electrode. Two models of bulk resistivity values of 20 W·cm and 200 W·cm have
been simulated and compared. The layout of the simulated structure is shown in
Fig. 5.18. The pixels are labelled pixel 1, 2, 3, and 4 from left to right. Periodic
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(a)

(b) (c)

FIGURE 5.15: a: Induced current on the charge collection electrodes in models of different
bulk resistivity. b: Charge collected in 100 ns by the signal collection electrodes in models of

different bulk resistivity. c Charge collected in the first 1 ns.

(a) (b)

(c) (d)

FIGURE 5.16: Induced current on the charge collection electrodes from simulations with
"drift" path, "diffusion" path, and full MIP path of models of bulk resistivity of a 20 W·cm,
b 80 W·cm, c 200 W·cm, and d 1000 W·cm. The blue curve is the sum of the "drift" and the
"diffusion" current. It is compared to the green curve, the "full" current from the simulation

with full MIP track.
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(a) (b)

(c) (d)

FIGURE 5.17: Collected charge by the charge collection electrodes from simulations with
"drift" path, "diffusion" path, and full MIP path in models of bulk resistivity of a 20 W·cm,
b 80 W·cm, c 200 W·cm, and d 1000 W·cm. The blue curve is the sum of the "drift" and the
"diffusion" charge, and the green curve is the collected charge from the simulation with full

MIP track.

boundary conditions were used at edge of the models to best replicate the multi-
pixel structure.

5.3.2 Simulation of Device Operation

Electrical Properties

Similar to the single pixel simulation, the behavior of the four-pixel matrix under a
bias voltage of -60 V on the p guard ring and the bulk, a voltage on 1.8 V on the n-
type wells, and a voltage of 1.0 V on the p well, have been simulated. All guard rings
and the bulk are connected to the same high voltage source, while the p well and n-
type wells in each pixel are connected to separate voltage sources. A comparison of
the electrostatic potential, the depletion region, and the electric field is shown in Fig.
5.19 and Fig. 5.20. Again, an electrostatic potential of -60.5 V is achieved at the p
guard rings and the bulk, a potential of 0.5 V at the p well, and a potential of 2.3 V at
the n-type wells. Besides, as is expected, in the 20 W·cm matrix, the depletion zone
is narrow and disconnected at the edge, and the electric field inside the depletion
zone is strong. The 200 W·cm matrix has a deeper and continuous depletion zone,
but the electric field is only half as strong as the one in the 20 W·cm matrix. In both
models, the depletion zone is deeper and the electric field in the zone is stronger
in the center of the pixels than at the edge, which indicates that, for both models,
the collected charge from a particle hitting the edge of the pixels is smaller than that
from a particle that hits the center of a pixel, and this effect should be stronger for
models with lower resistivity.
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(a)

(b)

FIGURE 5.18: Simulated structure of a matrix of 4 ATLASPix Simple pixels with bulk resis-
tivity of 20 W·cm (a) and 200 W·cm (b).

(a)

(b)

FIGURE 5.19: Electrostatic potential in 4-pixel models with bulk resistivities of 20 W·cm (a)
and 200 W·cm (b). The white lines denote the border of the depletion zone.

(a)

(b)

FIGURE 5.20: Electric field in 4-pixel models with bulk resistivities of 20 W·cm (a) and 200
W·cm (b). The white lines denote the border of the depletion zone.
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(a)

(b)

(c)

FIGURE 5.21: Generated charge in the 20 W·cm model along: a full upright particle track at
the center of pixel 2, b the "drift" path, and c the "diffusion" path.

Response to Minimum Ionizing Particle

To study the charge sharing between pixels, the charge collection process in the ma-
trix after a particle hits the center of pixel 2 has been simulated. The induced cur-
rent and the collected charge of each pixel in the matrix have been simulated and
analyzed. Besides, simulations with the full MIP path, the "drift" path, and the "dif-
fusion" path have been made, to investigate the contribution of different MIP paths
separately.

The particle is again simulated with the Heavy Ion Model. It travels vertically
through the matrix, and has a spatial width of 0.05 µm and a temporal width of
5 ⇥ 10�4 ns. Similarly, the particle creates about 80 electron-hole pairs per µm3. The
initial distribution of the generated charge along the full particle track, the "drift"
path, and the "diffusion" path in the 20 W·cm matrix is included in Fig. 5.21.

The induced currents on each pixel in the 20 W·cm and the 200 W·cm matrices
are shown in Fig. 5.22a and 5.22b. The shape of the current pulse in pixel 2 is similar
to that in the single pixel simulation. It quickly rises to a peak of 6.2-6.5⇥10�7 A
at 0.2 ns, and then decreases to a minimum around 2⇥10�8 A. The current in the
200 W·cm model decreases noticeably more slowly than the current in the 20 W·cm
model. Meanwhile, small negative currents are formed on pixel 1 and pixel 3. The
negative currents reach a peak of about -1⇥10�7 A at 0.1 ns, and start to decrease
afterwards. They become positive after a while. The positive pulses are lower and
wider compared to their negative predecessors, and reduce to 0 as the current on
pixel 2 reduces to the minimum. Both the negative and the positive pulses are no-
ticeably wider in the 200 W·cm model than in the 20 W·cm model. As for pixel 4,
a very small negative current is formed in the beginning, and it reduces to zero in
0.5-1 ns. This current induced in the neighboring pixels is caused by an effect called
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(a) (b)

(c) (d)

FIGURE 5.22: a and b: Current on collection electrodes on each pixel after particle hits the
center of pixel 2 in the 20 W·cm (a) and 200 W·cm (b) matrices. c and d: Charge collected by

the pixels in the 20 W·cm (c) and 200 W·cm (d) matrices.

charge sharing.
The collected charge by the pixels in the 20 W·cm and the 200 W·cm matrices is

shown in Fig. 5.22c and Fig. 5.22d. At 100 ns, pixel 2 in the 20 W·cm matrix has
collected about 2900 e of charge, while pixel 1 and pixel 3 have collected a small
amount of charge (100 e) each due to charge sharing. Pixel 4 has collected almost no
charge. The total amount of charge collected by the 20 W·cm matrix is 3200 e. As for
the 200 W·cm matrix, the pixel 2 has collected 5300 e of charge in 100 ns. In the first
5 ns, the amount of charge collected by pixel 1 and pixel 3 is negative. Pixel 1 and
pixel 3 start to collect positive charge after 5 ns. After 10 ns, their collected charge
reaches a plateau of 100 e. Again, pixel 4 has collected no charge. The total amount
of charge collected by the 200 W·cm matrix is 5500 e.

The contributions to collected charge from drift and diffusion have been simu-
lated and studied. Similarly, the electrons generated along the particle track have
been split into "drift" and "diffusion" parts based on whether or not they were gen-
erated inside the depletion zone (see Fig. 5.21b and 5.21c), and the charge collection
process for both the "drift" and the "diffusion" path has been simulated. The results
are summarized in Fig. 5.23.

Fig. 5.23a and 5.23b are the plots of the "drift" and "diffusion" charge collected
in 100 ns by the collection electrodes on each pixel in the 20 W·cm matrix, and Fig.
5.23c and 5.23d are the plots for the 200 W·cm matrix. One can see that the charge
sharing effect is only present in the "drift" charge. For the 20 W·cm matrix, in the
"drift" simulation, pixel 2 has collected 950 e in 100 ns, while pixel 1 and pixel 3
has collected 100 e due to the charge sharing effect. As for the "diffusion" charge,
pixel 2 has collected about 1850 e in 100 ns, and the other pixels did not collect any
"diffusion" charge. In the 200 W·cm matrix, pixel 2 has collected 3300 e of "drift"
charge in 100 ns. Pixel 1 and pixel 3 have collected negative charge at first, but have
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(a) (b)

(c) (d)

(e) (f)

FIGURE 5.23: a and b: "Drift" (a) and "diffusion" (b) charge collected by each pixel in the
20 W·cm matrix. c and d: "Drift" (c) and "diffusion" (d) charge collected by pixels in the 200
W·cm matrix. e and f: Comparison of the sum of "drift" and "diffusion" charge (blue curve)
with the "full" charge (green curve) from the simulation with full MIP path in the 20 W·cm

(e) and the 200 W·cm (f) matrices.

each collected 100 e of "drift" charge in the end. The total amount of "drift" charge
is 3500 e. Similarly, all "diffusion" charge has been collected by pixel 2, and the
diffusion process did not cause the charge sharing effect on the neighboring pixels.
In Fig. 5.23e and 5.23f, the "drift" and "diffusion" charge have been summed up and
compared to the collected charge in the simulation with the full MIP path. Due to
the reason discussed in section 5.2.2, the "sum" charge is slightly lower than the "full"
charge. At 100 ns, the discrepancy in both 20 W·cm and 200 W·cm models is smaller
than 2%, indicating that the simulation results with split MIP paths are valid.

To study the edge effect on charge collection, a series of simulations of upright
particles entering at a certain point between the center of pixel 2 and the center of
pixel 3 have been made. Fig. 5.24 illustrates the possible positions of the particles.
Fig. 5.25 shows the collected charge for particles entering from different locations in
the 20 W·cm and 200 W·cm models. For a given pixel, the biggest amount of charge
is collected when the particle goes through its n-type wells. As the particle leaves
its charge collection well and moves further away, the amount of collected charge
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(a)

(b)

FIGURE 5.24: Possible particle incoming points between the center of pixel 2 and pixel 3 in
the 20 W·cm (a) and 200 W·cm (a) matrices. For each bulk resistivity, a total of ten particles

were simulated.

(a) (b)

FIGURE 5.25: Charge collected by each pixel in the matrix for different incoming
particle positions for: a upright particle in 20 W·cm model, and b upright particle

in 200 W·cm model.

starts to decrease. The decrease is fastest when the particle is in the the edge area
between two pixels. Finally, the collected charge drops to zero when the particle is
two pixels away. As for the total amount of collected charge, one can see that more
charge is collected when a particle hits the center of a pixel than when a particle hits
the edge between two pixels. This phenomenon is called the edge effect. In the 20
W·cm model, when the particle hits the center of a pixel, the matrix collects 3200 e in
100 ns, and when the particle hits the edge between two pixels, the collected charge
decreases by 25% to 2400 e. As for the 200 W·cm model, the matrix collects about
5500 e in 100 ns if the particle is in the central part of a pixel, and collects 4400 e in
100 ns if the particle is at the edge. The drop in collected charge caused by the edge
effect is 20 %. As expected, the influence of the edge effect is stronger on sensors
with low bulk resistivity.

5.4 Summary

To begin with, 3D and 2D TCAD simulation models of a single ATLASPix 1 pixel
of bulk resistivity values of 20, 80, 200, and 1000 W·cm have been presented. For
each resistivity, the distribution of the electrostatic potential and the electric field in
the 3D and 2D models is similar, and thus the 2D model represents a good and fast
approximation. Besides, because the 2D simulation takes much less time to finish,
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finer meshing can be used to obtain results of higher resolution. The models with
higher bulk resistivity have larger depletion zones than low resistivity models, but
the absolute value of the electric field inside the depletion zone is also weaker. In
the center of the pixel, the depletion zone is deeper and the electric field is stronger
than at the edge of the pixel, which means that if a particle hits the edge of the pixel,
less charge will be collected than if it hits the center of the pixel.

The response to a ionizing particle crossing the sensor perpendicularly and the
charge collection process in the 2D models of the four values of bulk resistivity have
been presented. The sensor collects charge quickly during the first few nanoseconds,
and then charge collection slows down to a constant speed. The model with larger
resistivity has longer charge collection time and in turn collects more charge. In
100 ns, the 1000 W·cm model has collected more than twice the amount of charge
collected by the 20 W·cm model. Separate simulations with particle paths inside and
outside the depletion zone show that the charge created along the path inside the
depletion zone is collected quickly in 20 ns, and the charge along the path outside
the depletion zone forms a slow but constantly growing signal. The larger the bulk
resistivity, the greater is the proportion of the fast signal.

In addition, 2D simulation models of four-pixel matrices of bulk resistivity of 20
W·cm and 200 W·cm have been presented. For a vertical particle at the center of pixel
2, a signal similar to the one in the single pixel case is formed on pixel 2. However,
in the first few nanoseconds, negative signals are formed on pixel 1 and pixel 3. The
negative signals then decrease and become positive. In 100 ns, pixel 1 and pixel 3
have collected about 100 e of charge. This is called the charge sharing effect, and the
effect lasts longer in the 200 W·cm matrix. Separate simulations of the "drift" and
"diffusion" signals show that the charge sharing effect comes from the "drift" charge.

Last but not the least, a series of vertical particles entering from the center of
pixel 2 and the center of pixel 3 have been simulated to study the edge effect. As
expected, when a particle hits the edge between two pixels, less charge is collected
than when it hits the central area. In the 20 W·cm matrix, when a particle hits the
edge, the collected charge in 100 ns decreases by 25%, while in the 200 W·cm matrix,
the collected charge decreases by 20%. Thus the influence of the edge effect is weaker
for sensor matrix of larger bulk resistivity.
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Chapter 6

Summary and Outlook

This thesis presents two simulation studies that play an important role in the R&D of
the ATLASPix, a monolithic candidate pixel sensor for the ATLAS ITK in the Phase
II upgrade.

To begin with, simulation models emulating the FE-I4 beam telescope, with in-
clined and upright telescope planes, have been constructed with the generic pixel
sensor simulation package AllPix2. The simulation models have been validated with
the testbeam data taken at the H8 beamline of the CERN SPS accelerator. The simu-
lated data have been reconstructed with the package Proteus, and the reconstruction
accuracy of the inclined and the upright models has been evaluated and compared.
The simulation results confirmed that the inclination of the telescope planes led to a
position reconstruction with a better resolution, and thus with a more precise mea-
surement of the prototype sensor properties.

In addition, TCAD simulation has been conducted with the software provided
by Synopsis for the ATLASPix Simple matrix, one of the first large-scale fully mono-
lithic prototype pixel matrices of the ATLASPix design. Full 3D models and sim-
plified 2D models of the vertical cross section through the center of the sensor have
been constructed for a single ATLASPix Simple pixel with bulk resistivity values of
20, 80, 200, 1000 W·cm. The devices operation under a given set of external voltages
have been simulated, and the results regarding the depletion region and the distri-
bution of electric field inside the devices have been obtained. The 2D cut through
the center of each 3D model has been obtained and compared with the 2D model of
the same bulk resistivity. It has been found that they agree well, indicating that the
simplified 2D model is a valid resource-friendly approximation of the full model.
As expected, a strong electric field exists inside the depletion zone, while there is
no electric field in the undepleted bulk regions. This simulation has shown that for
higher bulk resistivity, the depletion zone is deeper, while the strength of the electric
field becomes weaker. For example, the depletion zone in the 1000 W·cm model is
more than 4 times greater than that in the 20 W·cm model, but the peak value of the
electric field in the 1000 W·cm is only 1/3 of the peak value in the 20 W·cm model.
The charge generation and collection processes in the single pixel models have been
simulated for particle at the center of the pixels. The collected charge in all of the
four models increases rapidly at first, and then gradually slows down to a small
and constant speed. For a threshold of 700 e, a signal appears in 0.25 ns in the 20
W·cm and the 1000 W·cm models, and in 0.3 ns in the 80 W·cm and 1000 W·cm mod-
els. The difference is small, and it is safe to conclude that all models collect signals
fast enough. After 0.3 ns, the models with higher bulk resistivity collect noticeably
stronger signal than their lower resistivity counterparts. After 100 ns, the charge col-
lected by the 1000 W·cm model is almost three times larger than the charge collected
by the 20 W·cm model. The contributions from the charge inside the depletion zone,
which drifts to the collection electrode, and that from the charge in the undepleted
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regions, which needs to diffuse into the depletion zone before they can drift to the
electrode, have been studied separately. It has been found that the initial fast signal
is due to the "drift" charge, which is fully collected in 20 ns. The slow increase af-
terwards is due to the "diffusion" charge. The amount of the "drift" signal increases
drastically with higher bulk resistivity, while the "diffusion" signal only decreases
slightly. As a result, more ohmic models collect stronger signals.

Moreover, 2D models of four-pixel matrices with bulk resistivity values of 20
W·cm and 200 W·cm have been constructed to study the influence of the adjacent
pixels. The device operation under the same boundary conditions has been sim-
ulated and the results agree well with those from the single pixel simulation. The
charge collection process after a particle hits perpendicularly the center of pixel 2 has
been simulated for both models. The process in 100 ns of pixel 2 is the same as the
case of the single pixel, while additional signals are induced on its two neighboring
pixels due to charge sharing. On these two pixels, a negative current is induced at
first and then succeeded by a weaker and longer-lasting positive current. The charge
sharing pulse disappears more quickly in the 20 W·cm model than in the 200 W·cm
model. The amplitudes of the pulses in the two models are the same, and in both of
them a charge of about 50 e has been collected at last. The separate study of the drift
and the diffusion charges indicates that the charge sharing effect is caused by the
drift charge. A series of particles entering at different positions between the center
of pixel 2 and the center of pixel 3 have been simulated to study the edge effect on
charge collection. According to the simulation results, less charge is collected while
the particle hits the edge of the pixel than when it hits the center. The edge effect
is more obvious in the 20 W·cm model, with 25% less collected charge at the edge
in 100 ns. In the 200 ohm model, this effect is mitigated, and the difference in the
collected charge in 100 ns between the center and the edge is 20 %. Therefore, it is
possible to reduce the influence of the edge effect by increasing the bulk resistivity
of the sensors.

The results obtained in this study can be used as the input in many interesting
future researches. For example, the 3D simulated results of the electric field can be
imported into the charge propagation simulation module of AllPix2, to build a real-
istic simulation of the signal formation process in the ATLASPix 1 with AllPix2. By
combining this DUT simulation with the simulation model of the FE-I4, a full simula-
tion of the testbeam experiment of the ATLASPix 1 can be obtained. This simulation
can help to understand the data from the testbeam experiments of the ATLASPix 1.
Apart from the edge effect, the plot of the relationship between the collected charge
and particle position shown in Fig. 5.25 also demonstrates the deposited charge in
the adjacent pixels if a particle hits a certain place. It can be used to estimate the
distribution of cluster size in the x direction on the ATLASPix 1 for upright particles,
and can be compared to testbeam data. Besides upright particles, the TCAD model
can be adapted to inclined particles, to study the effect of the angles of the incoming
particles on the edge effect and the cluster size distribution. It will also be interesting
to simulate a pixel matrix in the y direction to look into the distribution of cluster
size in this direction. Last but not least, these verified TCAD models can be easily
adapted to emulate the other two slightly variant matrices, the ATLASPix IsoSimple
and the ATLASPix M2, to compare their performances with the ATLAS Simple and
to study the influence of their structural differences. They can also be modified to
simulate future devices that are not available in hardware yet.
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plane z offset [µm]

1 -200000
2 -100002
3 2.43451
4 454985
5 555019
6 625000

DUT 300000

(A)

plane a b g

1 �167.5� 0� 0�
2 180� 12.5� �90�
3 �167.5� 0� 0�
4 �12.5� 0� 180�
5 0� �12.5� 90�
6 �12.5� 0� 180�

DUT 180� 0� 180�

plane a b g

1 �180� 0� 0�
2 180� 0� �90�
3 �180� 0� 0�
4 0� 0� 180�
5 0� 0� 90�
6 0� 0� 180�

DUT 180� 0� 180�

(B)

particle type p+

particle energy 180 MeV
transverse beam size 3 mm

direction (9.9⇥10�5; 9.3⇥10�6 1)
divergence (1.8⇥10�4; 1.1⇥10�4) mrad

(C)

threshold 3000 e
ADC slope 2100 e/unit
ADC offset 0.5 e

(D)

TABLE A.1: Parameters for the simulation of the FE-I4 telescope. The parameters
were extracted from the reconstruction of the data sample. a: Offsets of telescope
planes and the DUT plane along beam axis. Naming convention of the planes is
that the most upstream telescope plane is plane 1, and the most downstream plane
is plane 6, and the plane where the DUT is integrated is called DUT plane. b: Euler
angles of telescope planes and the DUT plane in inclined (left table) and upright
(right table) simulation models. c: Parameters describing the beam that deposits

charge in the planes. d: Parameters for the simulated digitizer.
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well type deep n-well n-well p-well
doping concentration [cm�3] 1 ⇥ 1016 1 ⇥ 1018 1 ⇥ 1018

doping type phosphorus phosphorus boron
length (x) [µm] 112 106 30
width (y) [µm] 20 15 12

thickness (z) [µm] 6 2 1

well type p-guard ring dense well at electrode
doping concentration [cm�3] 1 ⇥ 1016 1 ⇥ 1019

doping type boron same as the well
length (x) [µm] around periphery 0.5
width (y) [µm] 5 0.5

thickness (z) [µm] 1 0.9

bulk resistivity [W·cm] 20 80 200 1000
doping concentration [cm�3] 6.729⇥1014 1.668⇥1014 6.651⇥1013 1.328⇥1013

TABLE B.1: Parameters including the size, doping concentration, and doping type
of the bulk and the implant wells used in TCAD structure simulation.

physics models sub models

mobility DopingDependence
Enormal

HighFieldSaturation

recombination SRH DopingDependence

effective intrinsic density BandGapNarrowing Slotboom

TABLE B.2: Physics models used in the TCAD device simulation. The models are
provided by the SDevice tool from the Synopsis company.
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