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Abstract

The future High Luminosity Large Hadron Collider (HL-LHC) is a large upgrade
program of the LHC at CERN which will allow to run all experiments at higher
luminosity after 2025. The advantage of running experiments at higher luminosity
is an increment of the collected data at the cost of a stronger impact on the detector
systems lifespan, track reconstruction efficiency and data acquisition due to an
increased radiation damage and the high event pile-up. Especially for tracking
detectors close to the interaction point, like the LHCb VELO detector, those
problems will be a greater issue, with a potential radiation damage above 1 ∗ 1016

MeV neqcm−2 and a pile-up above 100 events per bunch crossing for ATLAS and
40 for LHCb.
The need for a new generation of tracking detectors capable of operating at
those conditions, with same or better track reconstruction performances, leads
to the development of new methods and technologies. For example, according to
preliminary simulations performed by the LHCb collaboration, using as reference
the upgrade-I model of the VELO and running the detector in high luminosity
environment, the best way to ensure high track reconstruction efficiency is using
particle tracking with high space resolution coupled with high resolution time
measurement below 200 ps. Radiation damage on the other hand forces the
development of new sensor technologies, like 3D sensors or diamond sensors which
present an intrinsic high radiation hardness compared to classic planar devices.
The INFN-CSN5 TIMESPOT project aims to develop a first prototype of a next
generation 4D tracking detector, featuring small pitch and timing optimised 3D
silicon and diamond sensors, a 28 nm CMOS technology based read-out chip and
real-time tracking algorithms.
This work presents the development and test of the timing optimised 3D silicon,
starting from the first computer aided design (CAD) sketch to the first test beam
results obtained using the first prototype.

Chapter 1 describes the scientific motivations of this work, introducing to
the main aspects of the HL-LHC and the challenge it sets to future tracking detec-
tors. The chapter also briefly describes the phase-I upgrade of the LHCb Vertex
Locator (VELO) detector and first proposals and ideas for the high luminosity
LHCb (phase-II) upgrade. Chapter finishes with the presentation and general



description of the INFN-TIMESPOT project.
Chapter 2 and 3 shows the physical principles of silicon sensors and introduces 3D
silicon sensor for timing purposes respectively.
Chapter 4 describes the design activity carried out to define a timing optimised 3D
silicon sensor. The chapter starts presenting the motivations that force to develop
a customised electrode geometry for a 3D silicon sensor in order to optimise it
for high resolution time measurement. It continues describing the design activity,
based on Technology CAD design, and the selection of the final geometry. The
selection was based on a first analysis of the electric field, considering especially
coverage, uniformity and the presence of low electric field areas. The development
of Ramo-maps allowed a more detailed selection, based on the current induction
over the entire sensor volume. The chapter ends with the presentation of the final
electrode design, a square pixel shaped pixel with 3 parallel trench-electrodes and
its fabrication, performed by Fondazione Bruno Kessler (FBK) in Trento.
Chapter 5 describes sensor operation in time domain, starting with TCAD simula-
tions and introducing a different approach using GEANT4 simulations to enhance
the detail of the energy deposits in TCAD. The chapter ends presenting the results
based on those simulations and introduces to chapter 6 with the results obtained
using TCoDe. Chapter 6 describes purpose and structure of the TIMESPOT COde
for DEtector simulation and its validation using TCAD as reference tool. Chapter
7 concludes this work presenting the first experimental measurements performed on
the sensor, bonded on different electronic readouts, using a 200 fs pulsed infra red
laser source and a successive test beam performed at the Paul Scherrer Institute
(PSI) ins Zurich.
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Chapter 1

Introduction

This chapter introduces the main context of application of this work: the Large
Hadron Collider (LHC) at CERN and its high luminosity upgrade scheduled for
2026. Current advanced state of the art tracking detectors at CERN, like the new
LHCb-VELO for upgrade-I, cannot cope with the harsh environmental conditions at
higher luminosities. Due to the restricted performances, a novel, more performing
tracking detector generation must be developed, with a special focus on radiation
hardness and better time and space resolution.
This chapter will briefly describe the LHC, the concepts of luminosity and pile-up
and introduces the general features of the HL-LHC and the challenges it sets to
future detectors. A special focus is dedicated to the LHCb-VELO, the most pre-
cise and closest to the interaction point tracking detector at the LHC. This chapter
will also show the performances and structure of the new VELO for the upgrade-I,
currently under construction, show the final tests before installation, and its limi-
tations for the high luminosity upgrade, demonstrating the need for a future high
performance tracking detector.
The chapter closes with the introduction of the INFN-TIMESPOT project, describ-
ing its main purpose, structure and how this PhD work fits into it.

1.1 The Large Hadron Collider

1.1.1 General structure

The LHC is the largest and most powerful circular particle accelerator currently
in operation. It is located underground in a circular, 27 km long and 4 m wide
tunnel at the European Organization for Nuclear Research (CERN) in Geneva,
which previously hosted the Large Electron-Positron collider (LEP).
The LHC is capable of accelerating bunches of protons or lead nuclei at velocities
close to the speed of light arranged into two different beams, one moving moving
clockwise and the other moving counter-clockwise. Every beam stores 2808 (600)
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Figure 1.1: CERN accelerator complex.

bunches, each of them filled with approximately 120 billion protons (70 million lead
ions). Collisions between opposing particle beams happen at the 4 main interaction
points, which host four main experiments. In order to achieve acceleration and
hold the bunches inside the beam line, the LHC is built up by almost 10000 super
conductive magnets, 1232 of which are dipole magnets of the beam line.
The LHC is operational since 2008 and, since then, its experiments have collected
approximately 300 fb−1 of data, making important experimental discoveries like the
Higgs boson [1], the CP violation in charm [2] or the penta-quark [3].

Particle acceleration process: The LHC is the final acceleration ring of a
more complex structure built up by different linear and circular accelerators used to
accelerate the protons or lead atoms at the final energy of few TeV. Depending on
the accelerated particles, the procedure involves a different number of accelerators
and ionisation stations before the beam is injected as a sequence of bunches into
the LHC. A general layout of the accelerator complex at CERN is shown in figure
1.1. Basically the particle acceleration starts from a gas bottle filled with pure 1H
isotope or from a melted lead pellet, depending on the chosen particles. Focusing
the attention on protons, the original hydrogen molecules are split into their atoms
and ionised. The remaining protons are accelerated through the linac-2, linear
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accelerator which gives the protons a final energy of 50 MeV before injecting the
bunch into the proton synchrotron booster (PSB), which accelerates the particles
at 1.4 GeV. Before entering in the LHC, the proton bunches passes through the
proton synchrotron (PS) and the super proton synchrotron, reaching an final energy
of 450 GeV before the bunches are filled in the LHC. The entire filling process takes
less than 5 min and their final acceleration at 6.5 TeV takes other 20 min. Lead
atoms follow a similar acceleration process which is a bit more complicated due to
the larger amount of electrons which must be removed before filling the lead nuclei
in the LHC with an energy of 1.38 TeV.

Experiments: LHC hosts 8 experiments, 4 large experiments and 4 smaller
experiments, each of them designed and built to observe specific interactions gener-
ated by the beam collisions.

• A Toroidal LHC ApparatuS (ATLAS) is one of two general purpose ex-
periments designed to look on new particles and physics.

• Compact Muon Solenoid (CMS) is the second general purpose experiment.

• Large Hadron Collider Beauty (LHCb) designed to observe rare B decay
processes and observation of CP-violation.

• A Large Ion Collider Experiment (ALICE) which is designed to observe
quark gluon plasma produced by lead-lead beam collisions.

1.1.2 Luminosity

Aside the collision energy, the second parameter which describes the performances
of a particle accelerator is its luminosity. The instantaneous (or peak) luminosity
produced by the accelerator is defined as the number of interactions in a specific
time interval dN

dt
:

L =
1

σ

dN

dt
(1.1)

Where σ is the cross section of the observed interaction and L is measured in
cm−2s−1. In the case of the LHC, the collisions are between crossing beam bunches
colliding at a frequency of 40 MHz.
The luminosity of an accelerator depends on different factors, starting from geomet-
rical dependencies like the collision angle and superposition of the colliding bunches,
the number of particles per bunch, their collision frequency and the bunch shape
[4].
The integrated luminosity Lint (L integrated in time) allows to quantify the amount
of observed events in a specific time interval, known also as sensitive time (the time
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in which the accelerator is operating, excluding all dead times like the time need to
refill the bunches).

Lint =

∫
Ldt (1.2)

Integrating the luminosity only over the time interval of a single bunch crossing, the
number of observed events is defined as pileup µ. The pileup per bunch crossing
depends from the number of bunches nb stored in the accelerator, the interaction
cross section σ, the luminosity L and the collision frequency fbx.

µ =
σL
nbfbx

(1.3)

During the first 10 years of operation, from 2009 to the end of 2018, the LHC col-
lected almost 400 fb−1 of integrated luminosity, 180 fb−1 for ATLAS and CMS
each and 9 fb−1 for LHCb. The instantaneous luminosity reached on those 3 ex-
periments was 2 ∗ 1034 cm−2s−1 for ATLAS and CMS only at the end of 2018 and
4 ∗ 1032 cm−2s−1 for LHCb, achieving a pileup of ∼40 (with peaks of 80) and ∼2 for
LHCb [5].

1.2 The High Luminosity upgrade

The High Luminosity Large Hadron Collider (HL-LHC) is a large upgrade program
at the LHC which consists in important modifications on the entire accelerator
facility at CERN in order to increase the maximum instantaneous luminosity at the
LHC to 2∗1035 cm−2s−1 starting from 2026 (Fig. 1.2). This will allow to collect
more than 250 fb−1 of integrated luminosity per year for experiments like ATLAS
or CMS, more than the integrated luminosity of run-I and II put together. Most
of the incoming upgrades will be installed during the long shut-down-3 from 2024
to 2026. The importance of running the LHC at higher luminosities compared to
the first 10 years of operation depends on the limitations of statistical gain reached
by the accelerator after the first 10 years. Holding this luminosity configuration for
more years does not increase considerably the statistics, therefore, an increment of
the collision event rate is the only viable solution [6].
The HL-LHC will undergo major hardware modifications. One of them is a complete
redesign of the bunch formation procedure at the PS, in order to generate brighter
bunches without increasing the number of protons in the bunch. This upgrade is
already ongoing during LS-2 and will provide a maximum instantaneous luminosity
of 2∗1034 cm−2s−1 from 2021 onwards. Also the magnet and accelerator systems
will receive some modifications, with the replacement of some of the superconducting
magnets close to the interaction regions and the installation of ”crab cavities”, which
will allow a real time control of the beam focus in order to keep constant luminosity
with decreasing number of protons in the bunch. This will lead to a reduction of
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Figure 1.2: Long term luminosity program of the LHC. The values of peak and
integrated luminosity are referred to operational values of ATLAS and CMS [6].

the peak luminosity from its maximum value of 2∗1035 cm−2s−1 to 5∗1034 cm−2s−1

for ATLAS and CMS, but with the advantage to hold it constant for most of the
collision time (Fig. 1.3).

This luminosity levelling procedure is already used in LHCb in order to hold a
constant pileup in time without the need to apply any correction on the analysis
due to a decreasing number of the observed events [8].

1.2.1 Critical aspects of the HL-LHC

Having higher luminosity raises the required performances of all detectors. Espe-
cially two critical issues influences hardware operation and data acquisition.
Operating at 5∗1034 cm−2s−1 or higher in ATLAS and CMS and 2∗1034 cm−2s−1 at
LHCb will produce a pileup of 180 [9] and 50 [5] respectively. The high pileup, if
not properly handled, will cause inefficiencies in the track reconstruction which may
cancel the benefits of a higher luminosity. A first demonstration of this problem was
observed by the CMS collaboration in 2012 during a special data run, where colli-
sions at a relative high pileup of 78 were produced [6] (Fig. 1.4), showing a strong
reduction of the reconstructed vertexes. Therefore, the luminosity increment in HL-
LHC forces all experiments to develop new technologies in order to avoid a lower
tracking efficiency. Solutions to avoid these problems are an increased segmentation
of the tracking detectors, achieved using a lower material budget, pixel sensors with
smaller size and the usage of time measurement with resolutions lower than 500 ps,
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Figure 1.3: Luminosity levelling (blue plot) foreseen for the HL-LHC compared to
un-levelled luminosity using the maximum peak luminosity of the HL-LHC (red
plot). Black plot shows the current LHC nominal luminosity. [7].

Figure 1.4: Special data run of CMS in 2012, producing beam collisions with a
pileup of 78 [6].
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as already implemented within the NA62 experiment in the GigaTracKer detector
[10]. ATLAS and CMS will also follow a similar approach and are already working
on the development of a 4D tracking system with a dedicated high resolution space
tracking detector close to the interaction point and a timing layer [13] [12].
A second factor is the radiation damage caused by the larger number of collisions
and their products. In the case of ATLAS and CMS the high luminosity will pro-
duce a collision rate of approximately 5 ∗ 109 collisions per second with an expected
maximum fluency of 2 ∗ 1016 MeV neqcm−2. In LHCb the situation is even worse,
due to the closer distance, its vertex detector will be exposed to a fluency of 1 ∗ 1017

MeV neqcm−2 on the points closest to be beamline [5]. The products of those col-
lisions, especially charged particles, will increase radiation damage on the sensors,
read-out electronics and other secondary systems present in the detector system.
Since most detectors will receive during a year the equivalent dose of the first ten
years of operation of LHC, new solutions in terms of radiation hardness or simpler
replacement must be developed.

1.3 High Luminosity at LHCb

The Large Hadron Collider Beauty detector is a flavour physics oriented experiment,
designed to detect decays of b- and c-hadrons for the study of CP violation and rare
decays. The detector is a single arm spectrometer and is able to observe bbar
production primarily in the forward direction [14].
The luminosity at LHCb is lower than the one of the ATLAS and CMS experiments
at the LHC, but this is necessary to perform the high precision measurements. In
fact, during run-I and run-II, LHCb operated at a luminosity of 4 ∗ 1032 cm−2s−1.
Before starting with the HL phase, the experiment will receive an intermediate
upgrade program, called phase-I, operating at a 5 times higher luminosity (2∗1033

cm−2s−1) for the runs III and IV. The pileup at this luminosity is expected to be
∼8 and some major hardware modifications are needed in order to keep or even
improve the performances. LHCb Upgrade-II will arrive 5 years later than ATLAS
and CMS, during run-V in 2031 and will operate at a luminosity ten times higher
than during run-IV (2∗1034 cm−2s−1) (Tab. 1.1). This implies an average pileup
of ∼50 [5] and the collection in a single year of the same amount of data as in all
previous years put together. With the increased luminosity, the LHCb collaboration
expects to obtain important information in CP violation, lepton universalities, and
possibly first evidence for New Physics (NP) beyond the Standard Model (SM), as
outlined in the letter of interest for the upgrade phase II [5] and the LHCb-phase-II
physics case [15].
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Experiment LHC run Period L [cm−2s−1] Lint [fb−1]
Phase-0 LHCb 1 ; 2 2010/12 ; 2015/18 4 ∗ 1032 8
Phase-I LHCb 3 ; 4 2021/23 ; 2026/29 2 ∗ 1033 50
Phase-II LHCb 5 .. 2031/33 ; 2035 .. 2 ∗ 1034 300

Table 1.1: Luminosity program for the LHCb experiment [5].

1.3.1 The VELO phase-I upgrade as a step forward towards
high luminosity

A critical issue is the tracking efficiency of the LHCb main vertex tracking detector,
the VELO. In its first version, now decommissioned, the detector was based on a
silicon strip sensor with semicircular configuration positioned 7 mm from the beam
line and distributed over 40 tracking modules along all the beam collision area. The
tracking detector had a readout of 1 MHz and was designed for a maximum radiation
fluency of 114 MeV neq cm

−2. This performances allowed track and vertex recon-
struction with more than 99 % efficiency, operating at the relatively low luminosities
of Run-I and Run-II.
For Run-III and IV the old VELO is being replaced by an upgraded version. The
new detector features a new high granularity planar pixel sensor produced by Hama-
matsu and bump bonded on a dedicated VELOPIX ASIC, a 40 MHz readout and a
CO2 based cooling system [16]. Another important feature is a shorter distance of 5
mm of the tracking modules from the beam line. The VELOPIX ASIC is basically
the operational core of the hybrid sensor modules and it is based on the TIMEPIX-3
ASIC and built with the same 130 nm technology. It can drive a 256 x 256 pixel
array with a pitch of 55µm, arranged in 2 x 4 pixel groups called super pixels.
Compared to the TIMEPIX3, the time to digital converter is removed, which means
that it does not provide time measurement, and its input is designed for a maximum
leakage current of 12 nA per pixel expected on the most exposed pixels close to the
beam line at the end of run-IV [17].

The structure of a hybrid sensor module is shown in picture 1.6. 3 VELOPIX
ASICs are bump bonded together on a single Hamamatsu planar sensor with a 256
x 768 pixels matrix. 4 of those hybrid sensors are mounted together on a single
tracking arm, 2 of them for each side.

During this PhD an activity was carried out by testing the Hybrid VELOPIX-
Sensor tiles before being installed in the tracking arms. The next paragraphs de-
scribes briefly the tests and results.

VELO Tiles test: The sensor hybrids, before being installed in the tracking
arms, must pass a last quality check which verifies their correct functioning and
measures their performances. This operation is needed in order to select the tiles
with the best performances in terms of low leakage current and noise for the regions
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Figure 1.5: Comparison between old (A) [18] and phase-I VELO design (B) [19].
Both 3D models show half of the detector, highlighting their sensor structure, strip
for the first generation VELO and high granularity pixel sensors for the second
generation VELO. Also their orientation is changed, passing from a semi circular
sensor module to an rectangular module (highlighted in red in (C).

Figure 1.6: Sensor hybrid for the VELO upgrade. (A) Structure of the VELOPIX
triplet, showing how the 3 VELOPIX ASICs are bonded to the sensor. (B) shows
a real sensor module of the preproduction run. (C) shows first triplets mounted on
ready VELO tracking arms (Source: @lhcbexperiment, Instagram.com)
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Figure 1.7: VELOPIX setup for current and register test (A) showing the SPIDR
board, high voltage bias supply and a complete filled Jig. (B) Jig with connected
vacuum tubes.

of the tracker with the highest fluency values.
The quality test was divided in 3 main parts, each of them with a dedicated test-
bench. The first part was focused on a current, noise and register test of the
VELOPIX ASIC, performed in parallel with a coarse leakage current measurement of
the pixel matrix. The second part was controlling the quality of the bump-bonding
procedure and the response of the VELOPIX analog front-end. The last part re-
peated the IV curve of the Hamamatsu sensor over the entire expected voltage range
in order to see if there are consistent changes in the IV-response compared to the IV
curves performed directly on the sensor wafer. The whole procedure was performed
in the clean room of the CERN silicon facility.

Current and register test: For the current and register test a semi-
automatic probe-station Karl-Suss PA-200 was used. The probe-station featured
a customised support, the jig, to host a total of 10 tiles, a probe card with 128
needles in order to have a direct connection with all pads of the VELOPIX ASIC
(Fig. 1.7.A). The probecard was connected directly to a general purpose readout
board SPIDR [20], which sends the commands to the VELOPIX. The entire set-
up was runned by a software, written in Python, which controls the movements of
the probe-station and the communication of the SPIDR board with the VELOPIX
ASIC. The jig itself is positioned over the chuck of the probe-station and fixed with
the vacuum provided by the chuck in order to stand still during the entire procedure.
The jig itself is connected directly to a separate vacuum pump which applies a small
vacuum to the single positions in order to keep the single VELOPIX-sensor modules
still during the test.
After the loading and orientation, a first fast current test started. This test allowed
immediately to see if the needles of the probe-card correctly touched the VELOPIX
pads. The total test consisted in:
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Figure 1.8: Noise map of one of the first VELO hybrid sensors. (A) represents the
noise map over the entire pixel matrix and (B) their distribution

• A Current test to understand if the ASIC is operating at the desired voltage
and current of 1.2 V and if the Hamamatsu sensor is correctly working. For
this purpose the voltage generator which provides the bias voltage was set
with a maximum supply current of 1 µA. The leakage current expected for
the entire pixel matrix was less than 80 nA. With the set threshold it would
result easy to identify short circuited or damaged sensors and isolate them for
refurbishment.

• A successive register test of all the VELOPIX register. The system tested
all single pixel and super pixel register were tested.

• Measurement of the noise level.

All the data collected was used to define a noise map and distribution for every
single VELOPIX ASIC. The distribution was used for a quantitative and the map
for a more qualitative analysis of the sensor performances (Fig. 1.8).

Bonding The bonding test was performed on the same set-up but with small
modifications. The necessary response of the pixel is provided using a 90Sr source
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Figure 1.9: Set-up for bump bonding quality test (A). VELOPIX response after
15 minutes of β-ray exposure (B). The line in the middle of the spot is the high
voltage needle used to provide the bias voltage on the silicon sensor. (C) shows a
bump-bonding map of a single tile with a region of un-bonded pixels (black dots at
the higher left corner).

which emits high ionising β-rays. The source is directly positioned over one single
ASIC for approximately 15 minutes. During this time interval, the system, like a
photo camera with opened shutter, saves all the counts of every pixel. The exposition
time is considered enough to generate at least 100 counts/pixel and to stimulate all
the pixel matrix, reducing the probability practically to 0 that the β-ray beam lost
one pixel. This information is used to define a bonding map of the pixel which shows
the bonded (green dots) and un-bonded (black dots) pixel (Fig. 1.9).

IV-test The IV test is needed to control that the IV response of the planar
sensor is not strongly changed after being cut from the wafer. In order to perform
this test, a dedicated set-up was arranged that holds all tiles inside a vacuum. Bias
is provided by two needles, one touches the 0 V contact on the VELOPIX and the
second one touches the lower surface of the sensor. The voltage ramp goes from 0 V
to 1000 V in reverse bias. The final IV response is compared with the curve done on
the wafer before the sensor was cut and after the bump bonding procedure before
being shipped at CERN (Fig. 1.10).
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Figure 1.10: Comparison between IV response of the VELO sensors in reverse bias.
Grey plot is the wafer test performed by Hamamatsu, the orange dot plot and orange
line are the IV tests performed at CERN and Advacam respectively.

Results During this first control run, 173 out of the 650 VELOPIX triplets
were tested, all of them from the first production run. The quality test showed 15
malfunctioning triplets, meaning that the final production reached a yield of 90 %.
In particular, five were already damaged when they arrived at CERN, one of them
presented a non correctly-bonded VELOPIX. Four had an anomalous high leakage
current and broke later during IV-test. Other four passed the first two tests but
their IV response changed completely from the wafer test. The remaining two were
damaged unfortunately during the tests using a too high contact pressure of the
needles. From those 15 triplets, 10 were resent back for refurbishment.
Most of the remaining tiles showed very low noise and are ideal for regions with
the highest fluencies. Moreover noise-level measured over the remaining functioning
modules was only 10 % higher compared to the wafer test (Fig. 1.11) Before leaving
the activity directly to the LHCb-VELO group, consolidation work was performed
in order to guarantee a safe and fast testing of the tiles, minimising human error.
This work included a video tutorial of the test procedures and a check-list, which
must be followed step by step, confirming every passage before passing to the next.
Currently, the last triplets are under quality test and most of the first production
triplets are already mounted on the tracking arms of the VELO, which will be
installed in LHCb in 2020.



30 CHAPTER 1. INTRODUCTION

Figure 1.11: Comparison between noise level measured directly on the wafer and
later on the finished modules.

1.3.2 Limits of the phase-I VELO in high luminosity

The VELO-I will operate from 2021 and it is foreseen that its operation will
continue until the end of run-IV in 2029, at the beginning of the LS-4. This means
that the LHCb-VELO will operate in both pre-HL era and HL-era. During both
periods the luminosity at the interaction point will be hold constant at 2∗1033

cm−2s−1 with a pileup of about ∼8 events per bunch crossing.
After LS-4 it is foreseen that LHCb will operate at a 10 times higher peak lumi-
nosity, with an average pileup per bunch crossing of 50. The LHCb collaboration
already performed exploratory studies, using as reference the phase-I VELO in
order to understand the effects on vertex and track reconstruction. The simulations
were carried out at the expected luminosity of 2∗1034 cm−2s−1 and measuring the
track reconstruction efficiency and percentage of ghost tracks by changing some
parameters like the pixel size, removing completely the RF-foil or adding new
features like ps-fast timing.
The results of this study, presented in [5] show that the reconstruction of ghost
tracks will increase from 1.6 % to 40 %, and track reconstruction efficiency will
drop from the current 99 % to 96 % with an associate reduction of the resolution
of the impact parameter (Fig. 1.12).
Possible solutions to this issue are a reduction to 25 % of the surface of the single

pixel, passing from current 55 µm to a 27.5 µm pitch, or a complete removal of the
RF-foil. The RF-foil is the external shield of the VELO which holds separate the
LHC vacuum from the VELO vacuum. The RF-foil has the largest contribution in
material budget and only its removal would be enough to allow the current VELO
to operate at HL with a ghost rate equal to the one predicted in phase-I (Fig. 1.13).
A second alternative is adding timing measurements in the track reconstruction,
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Figure 1.12: Behaviour of the VELO-phase-I detector in high luminosity environ-
ment (red plot) compared to the current design luminosity (black plots) [5]: (a)
ghost rate vs. pseudorapidity. (b) tracking efficiency vs. pseudorapidity. (c) IP
resolution vs. 1/pT

Figure 1.13: Behaviour of the VELO-phase-I detector in high luminosity environ-
ment without RF-foil and 55 µm pixel pitch (red plot) compared with a similar
design having the RF-foil and a 25 % smaller pixel size (black plot). [5]
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Figure 1.14: PV mismatch at high luminosty in a VELO-phase-I detector with
added time measurement. The mismatch is computed as a function of the used time
resolution, showing how below 200 ps mismatch goes below 1 % [5].

as already ATLAS and CMS are doing. In LHCb the use of 4D tracking close
to the interaction point could provide high performance in track reconstruction,
reducing the mismatch at 1 % if the time resolution on the single hit is at least
200 ps (already achieved by the NA62 experiment [10]) (Fig. 1.14). A second
aspect is the high radiation environment the 52 VELO modules will be exposed to.
It is estimated that the dose will be close to the 1017 MeV neq cm−2, higher than
ATLAS and CMS, due to the vicinity of the tracking modules to the beam.

1.4 The TIMESPOT project

The previous sections highlighted the fact that high pileup and high radiation degra-
dation will play an important role in the high luminosity LHC. For tracking detec-
tors positioned close to the interaction point the conditions are so extreme that new
R&D activity must be pursued in order to define solutions and technologies capable
of resist and operate with high efficiency. Three factors will play an important role:

• Vertex- and track-reconstruction with extreme high granularity sensors and
introduction of time measurements of the observed events. Time resolution
should be lower than 200 ps and space resolution lower than 50µm;

• Strong reduction of the material budget along all detector. In particular a
complete removal of the beam containment structures would have a significant
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enhancement of the space resolution. Reduction of the sensor thickness is also
a possibility but must be optimised in order to still have enough thickness to
collect enough energy from the passing particle;

• High radiation resistance for sensors and electronics in order to operate at
fluencies of 1017 MeV neq cm

−2 for few years. Also the possibility of fast
replaceable elements should be considered.

Moreover, the data output must be increased in order to preserve all information
related to the hit map and associated timing information, which is estimated to
be few Tbit/s. All these requirements push the need for a new generation of 4D
tracking detectors which integrates the newest advances in particle tracking and
data transfer.
One of the first experiments which aims to develop a first prototype of advanced 4D
high luminosity high performance tracking detector is the Time and Space real time
Operating Tracker or briefly TIMESPOT. TIMESPOT is a 3 year long, INFN-CSN-
5 funded experiment, which involves 10 INFN sections localised over all Italy. It
merges the experience of scientists working on larger high energy physics experiments
such as LHCb, ATLAS, CMS, CT-PPS, 3Dose, NA62 and UFSD. TIMESPOT will
include in the final prototype state of the art technology, starting from extreme
radiation and timing optimised 3D silicon and diamond sensors. The sensor will be
bonded on a dedicated CMOS ASIC which will be produced with 28 nm scale. Fast
readout boards will guarantee data transfer and real-time track-reconstruction. For
this purpose, TIMESPOT is divided in 6 work packages (WP) each of them focused
with one aspect of the final tracking technology.

WP-1: Work package 1 is focused on the design, simulation, fabrication of a tim-
ing optimised 3D silicon sensor. 3D silicon sensors are a relatively new and promising
sensor technology, capable of fast timing and with high radiation resistance, thanks
to decoupled inter-electrode spacing from the sensor thickness [21]. WP-1 explores
an optimised electrode geometry by following the suggestions of Sherwood Parker of
an parallel electrode configuration [22]. Also other geometries will be included in the
study, like hexagonal shaped pixel design. The Fondazione Bruno Kessler (FBK)
[11] is responsible for the production of the sensor device which will be produced
with a single side fabrication process [23].

WP-2: Work package 2 is focused on the design, simulation, fabrication of a
timing optimised 3D diamond sensor. Diamond as sensor medium presents some
important advantages like an almost 3 times higher charge mobility, almost zero
leakage current and the highest intrinsic radiation hardness of all materials. There-
fore, diamond sensors can collect charges even in less than 50 ps. On the other hand,
the larger band-gap of diamond implies a lower number of electron hole pairs than
in silicon, which means that the electronics must provide additional amplification in
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order to have a sufficiently high signal.
The fabrication of diamond sensor is affected by critical issues. At first, a diamond
wafer must be grown using deposition techniques like chemical vapour deposition
(CVD) [25]. This technology is not yet optimised for production of large volumes.
Moreover mono-crystal growth is hard to achieve for larger surfaces. A second prob-
lem is the formation of the electrodes, which must be graphitised in the diamond
lattice with a laser. This burning process, which transform the carbon from dia-
mond to graphite, produces electrodes with a high resistance. TIMESPOT will also
attempt to improve the electrode fabrication process.

WP-3: Both diamond and silicon 3D sensors will be mounted on a customised
ASICs like the VELOPIX sensor modules. Those ASICs will be produced in a 28
nm scale CMOS already used in the ATLAS FTK [26] and the ScalTech28 CSN-5
project [27]. The technology takes less space and is better suited for high granularity
pixel matrices with small pixel pitch. Radiation hardness is expected to be higher
due to the smaller energy deposits the ionising radiation can leave in the medium.
The ASIC will implement an analog front-end with a optimised low noise and fast
amplifier and shaper. For time measurement a Constant Fraction Discriminator
(CFD) is suggested as the optimum solution. Time measurement is left to a time to
digital converter which will be implemented on each pixel or, in will cover groups of
4 or 8 pixel, similar to the super pixel architecture of the TIMEPIX-3 or VELOPIX
ASIC.

WP-4 to WP-6: WP-4 and WP-5 are focused on the development of high
speed and high data transfer boards and real time reconstruction of the particle
tracks, using high speed FPGAs. WP6 is focused on the final system integration of
all technologies developed in the previous work packages in a first prototype of an
tracking detector.

1.4.1 Contribution of this work in TIMESPOT

This work is part of the work package 1 activity and will describe in the next chapters
the design, simulation, fabrication and test of an timing optimised 3D silicon sensor.
For this purpose new exploration methods were defined and new simulation tools
designed in order to achieve the required result.



Chapter 2

Introduction to silicon sensors

This chapter introduces the physics of silicon based solid state sensors and simplest
application, the pn-junction.
A special focus is dedicated on charge drift and diffusion, electric field formation and
signal formation in silicon sensors, which are the fundamental physical phenomena
used in this work to analyse the timing performances of the silicon sensor. Also the
Ramo theorem is introduced and one of its analytical solutions displayed.
The chapter concludes with a brief overview about radiation damage and some of
the current solid state sensors.

2.1 Conduction in solids

The electrical properties of solid materials depend strongly on their energy level
structure. Compared to single atoms, where the electrons occupy a discrete number
of energy levels, in solids the most external electrons of the atoms, which are weakly
bound, are de-localised and fill continuous energy bands, separated each other by
forbidden gaps.
The band structure of a solid is made by the valence, the conduction and some pro-
hibited bands. At 0 K temperature, a solid material has all its electrons located in
the valence band, while the first conduction band results empty. Depending on the
energetic distance between valence and conduction band, called band gap, a solid
presents specific physical properties and can be distinguished in insulators, semicon-
ductors and conductors. In conductors, valence and conduction band are overlapped
and electrons can move freely over all the solid. In insulators instead the band gap
is far larger then the average thermal energy of the electrons (N

2
kBT << Ebg, with

N the number of degrees of freedom of the electron in the lattice, kB the Boltzmann
constant and T the temperature). Therefore, it is practically impossible that insu-
lators can conduct current in normal environmental conditions. In semiconductors
the band gap has an similar energy to the thermal energy of the electrons. At tem-
peratures higher then 0 K electrons have enough energy and pass from the valence
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to the conduction band, leaving a vacancy in the silicon lattice. The semiconductor
at this point is capable of conducting a small current. The left vacancy attracts
other electrons from close bonds, moving the vacancy from one atom to the next.
This vacancy, which behaves like a positive charged particle, is called ”hole”.
Most common semiconductor elements are Silicon (Si) and Germanium (Ge). Also
Carbon (C) has semiconductor properties if used in its allotropic diamond form. All
three semiconductors have a cubic central structure, with a band gap of 0.66 eV in
Ge, 1.14 eV in Si [28] and 5.5 eV in C [29].
From now on the attention on this chapter will be focused exclusively on Silicon
devices.

2.1.1 Physical properties of silicon

Silicon has an electron structure of [Ne]3s23p2, with 3s23p2 being the valence elec-
trons. In a silicon crystal, every single valence electron forms a covalent bond with
an electron from another close silicon atom, generating a face-centred diamond cubic
lattice[29]. As mentioned previously, Silicon is a semiconductor, which means that it
acts like a insulator at 0 K and like a weak conductor at higher temperatures. The
higher the temperature, the higher the probability that more electrons can move
from the valence to the conduction band. The probability of electrons to move to
the conduction band is described by the Fermi-Dirac distribution [30] [31] (Fig. 2.1):

f(E, T ) =
1

1 + e
E−Ef
kBT

(2.1)

Where E is the energy of the particle, Ef the maximum energy of the electron which
occupies the highest energetic state at 0 K, called Fermi energy, kB the Boltzmann
constant and T the temperature.

2.1.2 Charge motion in silicon

Once electrons switch from the valence to the conduction band, they become mobile
carriers. In silicon their motion is mainly dominated by two phenomena: diffusion
and drift. Diffusion happens constantly in silicon and depends from the temperature.
Drift instead only happens only if an external electric field is applied in the silicon
bulk.

Diffusion Diffusion is a temperature dependent phenomenon and has a random
nature. In specific conditions, diffusion depends also from the carrier concentration
gradient in the silicon lattice. For example, electrons and holes will diffuse from
regions with higher carrier concentration to region with lower carrier concentration.
Considering electrons and holes in silicon, each of them with an energy of N

2
kBT ,

with N the number of degree of freedom, their motion is simply a random scattering
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Figure 2.1: Fermi-Dirac probability in function of the electron energy. Every single
plot is related to a different system temperature. Higher the temperature and higher
the probability that a certain number of electrons switch to higher energy states.

process against other atoms and electrons of the silicon lattice. Considering the mean
free path l between two collisions and the time of free flight τl, the average diffusion
velocity can be expressed as the ratio of those quantities

vdiff =
l

τl
. (2.2)

At thermal equilibrium and with an uniform concentration of carriers, diffusion is a
completely random motion (Fig. 2.2.A): The distribution of the free flight distances
due to diffusion have a Gaussian distribution with variance of:

σ =
√

2De,hτl (2.3)

Where De,h is the diffusion coefficient and can be obtained from the kinetic energy
of the carrier

1

2
kBT =

m∗e,hv
2
T

2
, (2.4)

Where m∗ is the so called effective mass of the carrier, which is the mass that
physically the carrier seems to have when a force is applied on it [29].
The diffusion coefficient has the following definition:

De,h = lvT =
m∗e,hv2T
qe,h

× qe,hτl
m∗e,h

= µe,h
kBT

qe,h
(2.5)

Where µe,h is the charge mobility which is an index of how fast a charge can move
in the silicon lattice [29].
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Figure 2.2: General pattern of charge motion in silicon. (A) only diffusion if there
is no external electric field. (B) Drift under the effect of an electric field.

The charge mobility plays an important role through this entire work, starting from
the simulation of the sensor operation in saturation velocity until its use in transient
simulations.

Drift Drift is the motion of the charges in reaction to an electric field in the solid.
In order to find the relation between the drift velocity vd and the electric field, a
simplified electrical circuit with an silicon element, long l, is considered. Considering
a single carrier with charge Q passing the entire element in a time of tr, the resulting
current is equal to

I =
Q

tr
=
Qvd
l
. (2.6)

The dependency on the drift velocity ~vd and the electric field ~E is simply obtained
using classical physics. The total force applied on a moving charge in the silicon by
an electric field is:

~F = q ~E − m~vd
τl

, (2.7)

Where the first term is the force applied by the electric field and the second term
describes the dynamic effect of charge scattering through the silicon lattice [29]. τl
is still, as previously shown for the diffusion (Eq. 2.2), the average collision time.
Assuming that the charge is already accelerated at maximum drift velocity and the
effects of scattering equal the electric force, the drift velocity depends on the electric
field as

~vd =

(
qτl
m

)
~E = µ~E, (2.8)

as previously shown in equation 2.5, µ is the charge mobility [29].
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Figure 2.3: Velocity saturation in silicon.

Velocity saturation For relatively small electric fields, the charge mobility
is constant and drift velocity increases linear with the electric field. For stronger
electric fields (1 kV/cm is normally used as reference [32]), scattering becomes more
dominant and drift velocity starts to saturate (Fig. 2.3). This phenomena is called
velocity saturation [32]. Velocity saturation can be included by modelling charge
mobility according to the behaviour of the semiconductor band structure [33]. One of
the simplest models is represented by equation 2.9 and is calculated experimentally
for intrinsic silicon

µ( ~E) =
µ0

1 + µ0| ~E|
vsat

, (2.9)

Where vsat is 1.07 × 107cm/s for electrons and 8.3 × 106cm/s for holes, according
to [33].

2.1.3 Doping

Pure, or intrinsic, silicon does not have the correct electrical properties to be used
for any electrical application. In order to change its electrical characteristics, the
silicon is mixed with low concentrations of other elements. This procedure, called
doping, allows to add, in small percentages, other elements which add an additional
number of free carriers in the silicon lattice. Based on the element used, the doped
silicon is called n-type or p-type. n-type doping consists in mixing pentavalent atoms
which makes part of the 15th group of the periodic table, like arsenic, antimony or
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Figure 2.4: n-type (A) and p-type (B) doping compared. The additional electron
and hole are highlighted by the red circle.

phosphorus. The effect of those atoms in the silicon is that 4 of its 5 valence electron
forms covalent bonds with the closest silicon atoms. The fifth valence electron stays
free to move in the lattice. Due to this effect, doping elements that increase the
number of free moving electrons in the material are called donors and the doping
is called n-type, to highlight the fact that the negative electrons are the majority
mobile carriers. p-type doping instead includes elements from the 13th group of
the periodic table like aluminium, boron or gallium. Those elements have only 3
valence electron, which means that they can form only 3 out of 4 possible covalent
bonds with the silicon lattice. The last non formed bond leaves a vacancy that
can be occupied by other electrons diffusing from other bonds close to the vacancy.
The moving vacancy with the behaviour of a positive charged particle, is called
hole. Due to the fact that the generated vacancies attract external electrons, the
p-dopants are called acceptors and the doping type is called p-type, considering that
the positive charged holes are the majority carriers in the silicon (Fig. 2.4) [32]. In
both cases, the increment of free carriers leads to an increment of the conductivity of
the silicon, which is also facilitate from the formation of additional energy levels close
to the energy bands which reduces bandgap, facilitating transition from valence to
conduction band. Another aspect of doping is the reduciton of the minority carriers
in a specifical doped silicon. For example, in n-type doped silicon, some of the
electrons occupy some of the holes presents in the silicon, reducing the number of
free moving holes, according to the law of mass action [32].
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Figure 2.5: General description of a pn-junction. (A) doping profile of a pn-junction.
(B) diffusion of the majority carriers. (C) pn-junction in thermal equilibrium and
potential distribution over the junction.

2.2 The pn-junction

If a silicon crystal is doped in different areas with a p-type and n-type doping and
these areas touch, the surface in between forms a ”pn-junction” (Fig. 2.5.A). At
the beginning the junction is globally neutral with two volumes containing mostly
holes or electrons as majority carriers. Due to the different gradient of carrier con-
centration around the junction, electrons and holes diffuse, as described previously
in section 2.1.2, from regions with higher concentration to regions with lower carrier
concentration. This means that electrons will diffuse from the n-doped region to
the p-doped region and holes the other way around (Fig. 2.5.B). Reaching the p-
type region, electrons will recombine with the local holes, leaving a globally negative
charged volume without mobile carriers. Holes on the other hand, when reaching the
n-type region, will recombine with the electrons leaving a negative charged area also
free from mobile carriers. This phenomenon will continue until the charge around
the junction is sufficiently large to generate a potential barrier strong enough to
stop the charge diffusion. The potential difference along the diode forms the so
called built-in potential Vbi [32] (Fig. 2.5.C). In this status the pn-junction is in
thermal equilibrium. The built-in voltage depends mainly from the temperature of
the silicon, its intrinsic carrier concentration ni (1.45× 1010cm−3 at 300 K) and the
concentration of donors and acceptors per cm3 (Nd and Na respectively) [32]

Vbi =
kBT

e
log(

NaNb

ni

2

), (2.10)

Applying an external potential on the junction reduces or enhances the effect of the
built-in voltage, obtaining different electrical behaviour of the junction.
If a higher potential is applied on the p-doped area than the n-doped, the potential
barrier is lowered and a current flows through the silicon. This configuration is called
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forward bias and the pn-junction conducts a current. Instead, if a greater potential
potential is applied on the n-doped area than the p-doped, the potential barrier is
increased and this lowers even more the charge flux and increases the depleted area.
This configuration is called reverse bias.
The most common application for a pn-junction is the diode, a device capable of
passing current only if forward biased and blocking the passage in reverse bias. The
electrical response of a solid state diode is described by the Shockley equation [34].

I(V ) = I0(e
eV

kBT − 1), (2.11)

Where I0 is the reverse saturation current. The Shockley equation describes most
of the operational range of a diode but for large inverse bias voltages it does not
work properly. In fact, at higher reverse voltages the electric field inside the diode
is so large that it not only depletes the entire diode but increases so much the
kinetic energy of the carriers that they start to ionise other silicon atoms, producing
secondary free moving and ionising electrons. This avalanche effect, if not properly
handled, causes damage to the diode by thermal effects due to the large current.
This phenomena is called breakdown and the voltage at which this phenomena starts
is called the ”breakdown voltage” 2.6.

2.3 Silicon diode as particle sensor

The most common application of a pn-junction in high energy physics is as reverse
biased diode. In this configuration, the reverse bias voltage allows to keep the diode
volume empty of mobile carriers. This depleted volume, called also sensitive or
active volume, works like an ionisation chamber. If an ionising particle crosses the
active volume, it ionises the silicon along its path, generating electron hole pairs,
which drift to their respective collector electrodes, inducing a current which can be
detected by dedicated electronic.

2.3.1 General characteristics

Depletion and capacitance If in thermal equilibrium, the pn-junction has al-
ready a small depleted volume around the junction with a width of

w =

√
2ε(Vbi)

Ne
(2.12)

Where N is the dopant concentration, ε is the dielectric constant and Vbi is the
build in potential. If a reverse bias potential V is applied on the diode, the width
of the depleted volume increase since Vbi becomes Vbi + V . If the depleted volume
does not reach directly the electrodes, leaving a not completely depleted volume,
the sensor is partially depleted. This partially depleted volume, free from mobile
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Figure 2.6: IV curve of a diode. In forward bias voltage, a large positive current flows
through the pn-junction. In reverse only a small current, the dark current, flows
through the diode. For larger reverse bias voltages, avalanche effects can happen.
The diode is in breakdown.
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Figure 2.7: (A) Sensor capacitance vs bias voltage and C−2 vs voltage (B). Plot (B)
is a perfect estimation to determine the minimum voltage needed to fully deplete
the silicon junction.

carriers and having a charge distribution at its extremities, behaves like a capacitor.
For a traditional planar junction, the capacitance depends from the surface of its
electrodes A and their distance w.

C = ε
A

w
= A

√
eNε

2(Vbi + V )
, (2.13)

As it will be shown in the next chapters, the capacitance of the sensor is a
major source of noise and jitter and must be reduced in order to increase the
time resolution of the system. In a planar sensor, as shown in equation 2.13, the
capacitance can be reduced by using smaller electrodes or increasing the sensor
thickness w. The first approach benefits especially sensors used in tracking because
its better space resolution, considering that, for square electrodes with pitch p
and binary readout, the spatial resolution is equal to p/

√
12. On the other hand,

the second approach has some issues, like a large bias voltage or the long charge
collection times needed to fully absorb all electron-hole pairs generated by an
ionising particle. For this case, an optimisation of the sensor size related to its
specific application must be performed. Measuring the capacitance of the sensor
as a function of the voltage can determine the voltage at which the entire volume
is depleted. Using equation 2.13 plot of the quantity C−2 as a function of the
bias voltage is displayed in figure 2.7. It can be seen that once full depletion is
reached, no more volume can be depleted and the maximum capacitance is achieved.

Dark current Even after reaching full depletion, a silicon diode still presents a
small reverse current (Eq. 2.11). This current has only thermal origin and does not
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depend from external radiation and it is usually called dark current. In the Shockley
equation it is represented as I0 and it depends mainly from the band-gap energy
and the temperature of the lattice

I0 ∝ T 2 exp

(
Eg

2kBT

)
. (2.14)

Electric field For the most common silicon sensor architecture, plane electrodes
face each other at a distance d, which is also the wafer thickness. For low bias
voltages, the silicon junction is partially depleted and the electric field is applied
only on the depleted volume of the sensor. Assuming that the electric field is applied
along the x-direction, its amplitude is:

|E(x)| = eN

ε
(w − x) =

√
2NeV

ε
×
(

1− x

w

)
= Emax

(
1− x

w

)
, (2.15)

Where Emax is the highest value of the electric field, obtained close to the electrode
with the lower bias voltage. Full depletion happens if w = d. The corresponding
potential is Vd = Ned2

2ε
. For voltages higher than full depletion, the electric field

amplitude is a sum of 2 terms, one constant term, depending only on the inter-
electrode distance and the applied voltage, and the small ramp due to the potential
difference between the electrodes

|E(x)| = 2Vd
d

(
1− x

d

)
+
V − Vd
d

, (2.16)

For very high bias voltages equation 2.16 can be approximated to V
d

.

2.3.2 Particle-matter interaction

Signal formation in a silicon sensor depends strongly on the kind of interaction be-
tween the incoming radiation (particles or photons) and the atoms of the active
medium. Most interactions are electro-magnetic in nature and since they happen
between the incoming radiation and the valence electrons. Depending on the dis-
tance between the incoming particle and the electron, the energy transfer can be
sufficient to raise the electrons to a higher energy state or rip them completely off,
generating a free moving electron and a positive ion. The first process, called excita-
tion, can be detected by observing the emitting photon generated when the electron
falls back into its initial orbital. The second process, called ionisation, depends from
the nature of the ionising particle and can be divided into direct and indirect ion-
isation. Direct ionisation is caused mostly by charged particles, indirect ionisation
instead is caused by secondary particles which were generated after a direct interac-
tion of the primary (or projectile) particle with the atoms, transferring them enough
energy to rip of one or few electrons or even entire charged nucleus fragments, in
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Figure 2.8: Electric field in a planar sensor. (A) partial depletion. (B) Full depletion
and over depletion.

case of collisions between their nuclei. In some cases electrons are not only ripped
off from their atoms but receive also enough energy to ionise other atoms of their
own. These electrons, with energy far below the 1 MeV threshold, are responsible
for large Landau fluctuation in the energy released by the primary particle and are
called delta-rays.

2.3.3 Energy transfer of charged particles

Considering a charged particle crossing the active medium of a sensor, the stopping
power S is defined as:

S = −dE
dx

(2.17)

Energy loss due to charged particles The stopping power for a particle with
charge z crossing at a velocity v a material with average atomic number Z, mass
number A and density ρ is described by the Bethe-Bloch formula [35]:

− dE

dx
=

4πe4z2

m0v2
NZ

[
ln

(
2m0v

2

I

)
− ln

(
1− v2

c2

)
− v2

c2

]
, (2.18)

Where Z and N are the average atomic number and numerical density of the tra-
versed material, ze and m0 are the total charge and mass of the projectile particle
. According to [37], the Bethe-Bloch equation can be extended by adding further
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terms which includes the effects of polarisation of the medium. Analysing equa-
tion 2.18 for all velocity ranges it is clear that for non-relativistic velocities, energy
transfer varies with 1/v2 and energy transfer increases with lower velocity. On the
other hand, at higher velocities and especially when the particle approaches the
speed of light, energy deposition becomes smaller until it saturates at a minimum
value, which is similar for most of the charged particles at ultra-relativistic speeds.
Particle with this small energy transfer are called minimum ionising particles or
MIPs. Electrons normally reach those values at lower energies, ca. thousand times
less than protons due to the lower mass. This decreasing energy transfer at high
velocities can be qualitatively described by comparing the time an ionising particle
interacts with the electrons of the atom. For slower particles, the interaction time
is longer and also the energy transfer is larger. For faster particles the interaction
time is smaller and so the energy transferred with it [35].

2.3.4 Signal formation in silicon sensors

Signal formation in silicon sensors follows the same principles of most of the solid
state sensors. An ionising particle crosses the active volume of the sensor, releasing
along its path an total energy E. The transferred energy generates an average charge
Q which is related to the energy

Q =
E

Ei
e, (2.19)

Where Ei is the mean energy needed to generate a single electron-hole pair, which
in silicon is equal to 3.6 eV [36], and e the electron charge.
If the sensor is fully depleted, the electric field forces the electron-hole pairs to move
to their respective collecting electrodes. During the motion, every charge induces
a current on both electrodes which, if high enough, is read by a dedicated front-
end. The evolution in time of this current is well described by the Shockley-Ramo
theorem [39] [40], which is presented in the following paragraph.

Shockley-Ramo theorem: The way a moving charge induces current on a
specific electrode is described by the Shockley−Ramo theorem (SRT). Considering
a particle sensor built up by N grounded electrodes (V = 0) in which a single mobile
charge q is injected inside the active medium. Surrounding the charge with a small
equipotential sphere, the electric field between the conductors must satisfy

∇2V = 0. (2.20)

On the other hand, applying the Gauss law, the small charge generates an electro-
static field by its own equal to: ∫

surf

ϑV

ϑn
ds = 4πq (2.21)
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At this point, the charge is removed and on one specific electrode an unitary potential
(V1 = 1 V) is applied (the readout electrode), so that ∇2V1 = 0. The electric field
formed with those boundary conditions has a potential Vq1 at the same position
where previously the charge was in place. In this conditions, according to the Green
theorem [38] ∫

vol

[V1∇2V − V∇2V1]dv =

∫
surf

[V1
ϑV

ϑn
− V ϑV1

ϑn
]ds (2.22)

Due to the boundary conditions (on ∇2V and ∇2V1), the left side of equation 2.22
is zero and the right part reduces to the first term (V1 = 1 and V = 0)).
Meanwhile, on the surface around the charge the difference of both conditions gives
that

− V1q
∫
ϑV

ϑn
ds+ Vq

∫
ϑV1
ϑn

ds = 0. (2.23)

The second part of this integral is zero because in that condition, the moving charge
was removed, therefore there is no electric field along the surface. Combining at
this point what is left from the right part of equation 2.22 and 2.23, the total sum
of those contributions is

− V1q
∫
ϑV

ϑn
ds+ Vq

∫
ϑV1
ϑn

ds = 4πQA + 4πqV1q = 0. (2.24)

Focusing the attention on the right part of equation 2.24, the equation reduces to

QA = −qV1q. (2.25)

At this point it is very simple to obtain the induced current on the electrode A, by
applying the derivative in time:

IA =
dQA

dt
= −q

dV1q
dt

= −q
dV1q
dx

dx

dt
= −qEwfxvx (2.26)

Equation 2.26 can be extended to all 3 dimensions, to assume the following form

IA = −q~v · ~Ewf , (2.27)

where ~Ewf is the weighting field of the electrode system and ~v is the velocity of
the moving charge. Equation 2.27 represents the basic concept of the Shockley-
Ramo theorem: the current induced by a moving charged on a specific electrode
depends only on its velocity and the behaviour of the weighting field generated by
the electrode.
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Figure 2.9: Weighting field (left) vs electric field (right) of the same electrode system.
Simulation performed using Sentaurus Synopsys TCAD.

The weighting field: One fundamental concept of the SRT is the weighting
field. The weighting field is basically a vector field which describes how strong a
moving charge is coupled to a specific electrode inside an sensor system. The basic
conditions needed to calculate the weighting field for a specific sensor built by N
electrodes are

• that all electrodes, except the readout electrode, must at 0 bias;

• the readout electrode must be set to unitary potential;

• no free moving charge must exist along the sensor system.

Based on those boundary conditions, the weighting field can be computed like an
electric field by simply integrating over the entire volume the Poisson equation taking
into account the necessary boundary conditions. Sometimes the weighting field
is wrongly interpreted as a normalised electric field. Indeed, the only similarity
between the two is that both depend on the electrode geometry. The electric field
of the sensor is obtained by applying the operational bias voltage over all voltages,
the weighting field instead is generated following the boundary conditions previously
presented. Only in 2-electrode systems a weighting field has the same direction as
an electric field, for multiple electrode systems instead the shape changes strongly
as shown in figure 2.9. For specific electrode configurations the SRT allows also
an analytical solution, that is the parallel electrode configuration and the double
spherical sensor. Considering the scope of this work, only information of the parallel
plate configuration is presented. For the other solutions it is recommended to have
a look at [39]

Analytical solution for a parallel plate geometry: The parallel plate con-
figuration is the most common electrode configuration for silicon particle sensors.
The configuration consists of two parallel electrodes facing each other at a distance
d. The electric field for bias voltages much larger than the full depletion voltage is
equal to:

~E =
Vb
d
n̂ (2.28)
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Where n̂ is the direction of the electric field. The weighting field is applied using
the same criteria as shown previously.

~Ewf =
1

d
n̂wf (2.29)

Where n̂wf is the direction of the weighting field. In this case, electric and weighting
field have the same shape over the entire active volume due to the two-electrode
structure. The electric field in equation 2.28 determines the drift velocity of both
carriers

~vd = µ~E = µ
Vb
d
n̂, (2.30)

Replacing equation 2.28 and 2.29 in 2.27 the current induced on a electrode of a
sensor with parallel plate configuration is equal to

i = q ~vd · ~Ewf = qµ
Vb
d2
n̂ · ˆnwf . (2.31)

Since weighting field and electric field for a 2-electrode system share the same direc-
tion and shape, n̂ · ˆnwf = 1, which brings to the conclusion that the induced current
is equal to

i = qµ
Vb
d2

(2.32)

At this point the only part left is to analyse the signal evolution in time for this
configuration. There are 2 solutions:

Electron-hole pair generated close to one electrode: In this case the
total drift time corresponds simply to the time the only mobile carrier left needs to
cross the entire active sensor volume to reach its collector electrode:

tc =
d

vd
=

d

µVb
d

=
d2

µVb
(2.33)

In this case the charges which have the longest collection time are the holes, due
to their lower mobility. A second important factor is the inter-electrode distance,
which strongly influences charge collection time. Halving inter-electrode distance
means to reduce charge collection time by a factor 4, which can be very important
if the sensor is needed for time measurements.
The total collected charge Q is (ignoring charge trapping):

Q = itc = qµ
Vb
d2

d2

µVb
= q (2.34)

So, all the ionised charge is collected at the end of the drift process. In figure 2.10
the respective current signals for electrons and holes are displayed.
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Figure 2.10: Signal formation for electron-hole pairs generated close to the elec-
trodes. Current signal amplitude and collection time is higher and shorter respec-
tively for electrons than for holes.

Electron-hole pair at a distance x from the electrode: If the electron-
hole pair is generated at a distance x from the diode electrode, collection time will
be different for each carrier.

tce = x
vde

= x

µ
Vb
d

= dx
µeVb

tch = d−x
vdh

= d−x
µ

Vb
d

= (d−x)d
µhVb

(2.35)

The charge induced by electrons and holes on the electrode isQe = itce = ex
d

Qh = itch = e

(
1− x

d

)
(2.36)

Summing both equations in 2.36, the total charge is still e. The characteristic shape
of a current signal generated by an electron-hole pair created at a distance x from
one electrode assumes a stair-like shape as shown in figure 2.11. Starting with a
signal which amplitude is equal to the sum of the electron and hole contribution, it
slowly decreases to one contribution after one of the carriers is absorbed. Without
repeating all formulas, using directly the more detailed formula for the electric field
shown in equation 2.16, which describes most of the electric fields in planar silicon
sensors, equation 2.35 changes slightly and the induced current is no more constant
but depends also from the position of the charge inside the active region. This
modifies a bit the signal shape, adding an additional tilt in the current signal, which
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Figure 2.11: Signal formation for electron-hole pairs generated at a distance x from
one electrode. (A) instants after their generation. (B) first carrier is absorbed,
leaving the second one. (C) second carrier is absorbed.

becomes negligible for very high bias voltages (Fig. 2.12). Depending on how strong
the electric field is, effects on velocity saturation changes more the slope along the
current signal, according to equation 2.9. Both signal shapes shown in figure 2.11
and 2.12 are important for further studies in the next chapters and will be referred
to in different occasions.

2.4 Radiation damage

Solid state sensors are not immune to ionising radiation. Every particle with enough
energy is capable of damaging the material, altering its physical and electrical prop-
erties. In LHC experiments, where the radiation levels close to the interaction points
are extremely high, solid state sensors and readout electronics must be specifically
designed to withstand for long time those radiation dose, without changing their
performances.
There are to types of radiation damages with different effects:

Bulk damage One damage mechanism consists in displacing one or more atoms
from their fixed positions in the silicon lattice. This kind of damage is more related
to the entire silicon bulk and in most silicon sensors is the main damaging effect.
The average energy to move a single silicon atom from its position is 25 eV [41].
Once the atom is moved from its position to different location out of the lattice
structure, a Frenkel pair is formed [42] which acts like a trapping or recombination
center. For relatively low energies, displacement damage will generate defects in
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Figure 2.12: Signal formation for electron-hole pairs generated at a distance x from
one electrode including electric field variation through the medium. (A) instants
after their generation. (B) first carrier is absorbed, leaving the second one. (C)
second carrier is absorbed.

the silicon lattice involving one of few atoms. For energies above the 35 keV for
neutrons and 8 MeV for electrons, displacement damage will cause more extended
and clustered defects [41], involving thousands of atoms [43].
Displacement clusters or points have important effects on the performance of the
sensor. One of them is the formation of mid-gap states which alter the energy
bands of the silicon, acting as recombination and generation centres, that increase
the leakage current and the noise. A second effect is the gradual type inversion of
n-type doped silicon, which gradually changes in behaviour like p-type doping.
Bulk damage depends strongly on the particle type and charge. For example, the
energy needed to generate a Frenkel pair is about 260 keV for electrons and 175 keV
for neutrons [44]. In order to have a better understanding of the effects of different
particles, the non-ionizing energy loss (or NIEL) scaling is used. NIEL consists in
scaling the effects on bulk damage caused by a specific particle to the damage release
by a 1 MeV energetic neutron. The conversion is done using the following expression

φneq = kφ, (2.37)

Where φ is the fluency of the particle beam and k is the hardness factor which
depends on the material and sensor technology.
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Surface damage: Surface damage depends on ionisation effects on insulator
materials, like silicon oxide (SiO2). Ionisation energy in silicon oxide is 18 eV and,
like silicon, electron-hole pairs are formed. Electrons have a good mobility in SiO2

(µe = 20 cm2V −1s−1) and drift to the closest collector electrode. Holes instead,
have a bad mobility (µh = 2 ∗ 10−5 cm2V −1s−1) and the probability of getting
trapped in the insulator layer is high. The same mechanism occurs for the few
holes left which reach the oxide-silicon interface, which are most probably trapped
by interface traps generated by lattice mismatch along the interfaces. This high
concentration of charged spots through the interface causes two main effects, a
larger conductivity along the insulator-silicon interface and a parasitic electric field
[32]. Also an increase of the capacitive coupling between neighbour pixel is a direct
consequence of surface damage.

2.4.1 Radiation damage effects on sensor performance

Reverse bias current Reverse bias current increases with radiation exposure due
to the generation of mid-gap states which reduces the band-gap and allows thermal
carriers to switch easier from the valence to the conduction band

I = I0 + αΦAd, (2.38)

where α is the damage coefficient related to a specific particle, Φ is the fluency
and Ad the volume between the electrodes. The leakage current is a critical factor
for timing, considering that it will increase the noise (and with it the jitter) of the
sensor.

Doping inversion Displacement damage causes the formation of acceptor like
states in the silicon lattice which modify the effective doping concentration Neff .
For n-doped volumes this modification has important effects. The gradual increase
of acceptor like states reduces the effective doping concentration in the bulk, until the
silicon reaches an equivalenti zero dopant concentration. For even higher fluencies,
it is possible that the concentration increases even further changing the behavior of
the bulk from donor to acceptor. This process is called type inversion and a first
systematic study of the type inversion was done by Wunstorf [45] (Fig. 2.13.Due
to the change in effective doping concentration, the depletion voltage of a particle
sensor increases and becomes larger with increasing concentration.

V =
e

eε
|Eeff |d2 (2.39)

It is important to notice in equation 2.39 that V depends on the square of the
sensor thickness/inter-electrode distance. Thinner sensors or sensors with closer
inter-electrode distance can be a good solution to reduce this effect.
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Figure 2.13: Type inversion in p-doped silicon in function of the fluence [45].

2.4.2 Radiation damage effects on signal formation

As shown previously, radiation damages the silicon and alters the electrical prop-
erties of the sensor. Excluding the increment of leakage current, the main effect of
radiation damage is the formation of charge traps. Charge traps are already present
in the silicon lattice even before being irradiated, this is due to fluctuations during
the crystal growth phase and, later, during the sensor fabrication.
A charge trap is nothing else than a point in the silicon lattice which presents a local
potential which allows to trap a mobile carrier. Depending on the nature of the trap,
the average temperature of the carrier and the applied electric field a trapped charge
can be released again. Considering a charge Q0, generated instants after the passage
of an ionising particle, trapping will slowly cause a reduction of this quantity with
exponential decay.

Q(t) = Q0 exp(− t
τ

) (2.40)

[32], where τ is the average lifetime of every single carrier, which depends on the
number of traps and mobile carriers left in the silicon.

2.4.3 Radiation damage mitigation techniques

It is possible to reduce the effects of radiation damage by properly modelling the
geometrical features and material properties. The easiest approach is by reducing
charge collection time which would lower the probability of trapping. This approach
in planar sensors presents some limitations due to the reduction of deposited charge
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Figure 2.14: Different surface damage mitigation techniques. (a) p-stop, (b) p-spray
and (c) moderated p-spray [48].

in the silicon in thinner sensor layers which is difficult to measure.
About surface and bulk damage there are different approaches that can reduce dras-
tically radiation damage.
The first approach is the use of p-type high resistive sensor wafers instead of n-type
doped layer, avoiding type inversion. A second approach is to add secondary im-
purities in the silicon like oxygen or carbon in the silicon. The oxygen atoms help
reducing the variation of effective doping concentration caused by radiation [46].
The positive charge trapped in the oxide-silicon interface along the sensor surface
can be reduced by using thin p-doped layers or structures like p-spray, p-stop or
moderated p-spray [47] (Fig. 2.14).

2.5 Overview of particle sensors

This section shows a general overview of current state of the art sensors used in high
energy physics:

2.5.1 Planar sensors

Most of the existing silicon sensors are based on planar technology, which means
that the electrodes are built on the surface of the high resistive, 200-300 µm thick,
silicon wafer. The electrode structure is generally formed by one large bias electrode
at the bottom of the silicon wafer and a high granularity implant matrix on the other
surface. Depending on the doping type of the wafer and the readout electrode, four
main sensor configurations can be realised:

• p+ readout electrode on a p− or n− doped bulk. Those configurations are
called p-in-p and p-in-n respectively.

• n+ readout electrode on a p− or n− doped bulk. Those configurations are
called n-in-p and n-in-n respectively.
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Figure 2.15: Typical structure of a planar n-in-p sensor.

Depending on the position of the pn-junction, the electrode is called diode-electrode
when the n-type (p-type) electrode is implanted by a p-type (n-type) bulk or ohmic-
electrode when the n-type (p-type) electrode is implanted in a same doping type bulk
with different doping concentration (Fig. 2.15). As shown previously, due to type
inversion during high radiation damage, p-type bulk doping is preferred especially
for harsh radiation environments.
An example of a classical planar sensor with high granularity pixel matrix developed
for tracking purposes is the LHCb-Vertex Locator (VELO) for the phase I upgrade
[19]. Each planar sensor is a rectangular pixel matrix built of by 256 times 768 pixel
with a square pixel shape 55x55 µm2 large.

2.5.2 Avalanche sensors

As described in section 1.2, increasing the reverse bias voltage over a certain
threshold gives the electrons enough energy to ionise other atoms of the silicon
medium, causing an avalanche of carriers which, if not properly handled, causes
sensor break-down. Avalanche sensors use this process to increase signal to noise
ratio for different applications, like photon counting of for spectroscopy. Some
examples are avalanche photo diodes (APDs) [49] or Silicon Photo Multipliers
(SiPM) [50].

LGAD A special focus in this section is dedicated on Low Gain Avalanche Detec-
tors (LGAD). The LGAD uses the same working principle as APDs, based on the
impact ionisation at high electric fields but with a modified doping profile [71] and
first prototypes were fabricated in CNM-IMB [52] in 2014. In principle, a LGAD
is a planar, n-in-p, silicon sensor with the addition of a p+ doping layer between
the n+-doped cathode and the silicon bulk (Fig. 2.16). By applying an reverse
bias voltage, the electric field which forms between the electrodes, reaches its max-
imum in the area between the p+ doped layer and the cathodes, allowing charge
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Figure 2.16: General structure of a LGAD sensor.

multiplication. The electrons generated by the avalanche process are immediately
collected by the cathode, the holes instead drift to the lower resistive electrode. The
result is a strong signal current which depends mostly by the drifting holes. This
feature makes LGADs ideal sensors for high resolution time measurement far below
100 ps, as proposed in [53] and demonstrated in different works like [54]. Especially
LGADs with small sensor thickness have a large time resolution. Despite this good
performances, the LGAD technology suffers some critical issues. One is strongly
related to radiation damage at high fluencies on the n-doped cathode. In fact, at
high radiation fluencies, the radiation damage causes a slow degradation of the gain
layer due to boron removal. A second problem is related to the sensor thickness.
Reducing sensor thickness increases sensor capacitance and, as demonstrated in the
next chapters, will reduce signal to noise ration and time resolution.

2.5.3 3D sensors

A possibility to obtain strong current signals, without using impact ionisation and
still holding charge collection time below 1 ns achieving good time resolution is with
the 3D-sensor technology. 3D silicon sensors are the main subject of this work and
the next chapter is fully dedicated on all aspects of this sensor technology.



Chapter 3

3D sensors for fast timing
applications

The incoming environmental changes at the HL-LHC opens news challenges on
sensor technology. The increased high event pile-up associated with the increased
fluency will inevitable require a sensor capable of resisting the harsh radioactive
environment and at the same time provide fast timing at tens of ps. Classical
planar sensors, as currently used in most tracking detectors, like the LHCb VELO
[18], its 2019 upgrade [16] or most of the inner tracking systems like the ATLAS IBL
[56] and CMS, are insufficient to operate in high luminosity conditions as shown in
chapter 1. Two factors play an important role to define the next tracking detector
generation to use in future HL-LHC:

• High radiation tolerance up to 1016 1 MeV neqcm−2 in regions close to the
interaction point.

• Fast charge collection, possible lower than 1 ns.

Classic planar sensor cannot achieve fast charge collection due to their large thick-
ness. Even if operating in velocity saturation, an electron would take ∼1 ns for
travelling 100µm of silicon, holes even longer. A solution to reduce charge col-
lection time is to fabricate thinner planar sensors but, reducing sensor thickness,
reduces the collectable energy, with negative effects on the signal to noise ratio. A
possible solution is to use charge amplification like in LGAD sensors which allows to
generate signals with high signal to noise ratio with small energy deposits. Current
state of the art LGAD sensors have a sensor thickness below 50µm and achieve tens
of ps of time resolution[54]. Despite this promising fast charge performance, LGADs
suffer high radiation degradation especially on their gain layer due to acceptor re-
moval, which reduces inevitable the gain and time resolution.
A possible candidate which is potentially capable of satisfying the high radiation
hardness with the high time performance is the 3D silicon sensor technology.
This chapter will describe the general aspects of the 3D sensor technology and
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presents some applications. Half of the chapter is dedicated to timing applications
of 3D silicon sensors, main scope of this work, and introduces to timing theory in
silicon sensor based detector systems.

3.1 3D sensors

The 3D silicon sensor is a relatively new solid state sensor technology and was first
proposed by S.I. Parker, C.J. Kenney and J. Segal in 1997 [21]. Main technolog-
ical characteristic of 3Ds is the decoupled inter-electrode distance from the wafer
thickness, achieved by fabricating the electrodes in vertical structures deep inside
the silicon bulk using micro-machining techniques. This characteristic has positive
repercussions on the sensor performances, especially on:

• Fast charge collection: Decoupled electrode spacing allows to use thick sen-
sor wafers and still achieving fast charge collection by reducing the electrode
spacing at few tens of micrometers. Charge drift is horizontal instead of ver-
tical and large charge deposits up to ∼8000 e/h pairs every 100 µm of sensor
thickness can be collected, depending on the electrode spacing, in less than 1
ns (∼100 ps every 10 µm drift path for electrons in velocity saturation) (Fig.
3.1).

• High radiation hardness: Fast charge collection reduces the probabillity of
charge trapping and increases charge collection efficiency even at high fluency
rates. This property was already demonstrated theoretically and experimen-
tally in [57], [58], [59], [60] and [62].

• Smaller bias voltage: Sensors with smaller inter-electrode distances need a
lower bias voltage to deplete the entire sensor volume (even less then 10 V are
possible, depending on the electrode spacing). This characteristic has positive
repercussions on the power consumption of the detector system.

3.1.1 Structure and fabrication

A 3D sensor can be distinguished by the technological fabrication process and its
electrode structure.
The fabrication of the electrodes is based on micro-machining techniques like the
anisotropic Deep Reactive Ion Etching (DRIE). DRIE allows to build complex struc-
tures, like holes, deep in the silicon with large depth-to-width ratios even higher than
40:1 in the latest production runs [63] and excavate in silicon with velocities higher
than 3µm/min by holding the non-uniformities at levels below 5 %. Standard pro-
cedure for DRIE is the Bosch-Process [64] [65], which consists of an alternation of
two fabrication processes based on an etching process with a successive passivation
of the realised structures in order to not damage them in the successive etching step
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Figure 3.1: (A) Planar vs. (B) 3D sensor with same sensor thickness. Reducing
inter-electrode spacing allows to reduce charge collection time

[66] (Fig. 3.2). Electrode structures built in 3D sensors have commonly a columnar
shape. Recent advances in fabrication processes allows also to built high density
trenched structures with wall width lower than 5 µm [63].
Columns were the first electrode structure proposed [21], fabricated and applied in
an experiment [56]. Compared to trenches their structure is easier to build because
the etching along the sides of the columns is isotropic due to their circular shape.
Trenches on the other hand have different etching rates around the rectangular sec-
tion due to the different exposed surface but presents more advantages in terms of
uniform sensor response, as it will be shown in chapter 4.

Fabrication processes 3D sensor fabrication processes changed during the last 20
years and different approaches were proposed and tested. A 3D fabrication process
can be divided up into 3 main categories.

• Semi-3D: Semi-3D technology consists in building only one kind of electrode
in 3D structures, while the second one is realised in classic planar thechnology.
FBK used this approach (FBK-STC) with two main variations concerning the
p+ doped electrodes: one passing through the entire wafer thickness and the
second one with partially passing electrodes [67].

• Full-3D single-side: Single-side approach was firstly introduced by Stanford
University using Silicon On Oxide wafers[68]. A successive improvement of
the technology was introduced by FBK for the LHC phase-II upgrade[69].
In this approach, the sensor wafer is wafer-bonded on a second low resistive
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Figure 3.2: General description of deep reactive ion etching based on the Bosch pro-
cess. (A) Photo resist applied on the silicon. (B) First etching step. (C) Passivation
of the obtained structure. (D) Successive etching step. Procedures (C) and (D) are
repeated N-times until the structure is completely build (E).

Figure 3.3: General 3D sensor electrode configuration. (A): Trench electrode con-
figuration. (B) Column electrode configuration.
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support wafer which is used during fabrication to enhance mechanical stability.
p+ doped (resistive) electrodes are etched in a first phase through the entire
sensor wafer, reaching the support wafer. This allows to establish electrical
contact to the support wafer which will be used to provide from the back side
the bias voltage. n+ doped diode electrodes instead are etched only partially
through the sensor wafer and stops at short distance from the support wafer
(around 20µm) in order to prevent sensor breakdown (Fig. 3.4.B). At the
end of the fabrication process most of the support wafer is removed, leaving a
small layer of it, which is metallised and used to provide the bias voltage. FKB
also demonstrated the validity of this approach using a Silicon On Insulator
(SOI) support wafers, achieving to etch through the silicon oxide layer [70].
Using a SOI wafer instead of a common low resistive support wafer allows to
limit electrical contact only on the areas where the columns passes through
the silicon oxide, reducing leakage. On the other hand this technology is more
difficult to handle during the etching process of the silicon oxide, which is less
reactive than the silicon.
Single side fabrication allows also the realisation of active edges [68], which
are trench structures able to limit the dead volumes around the edges of the
sensor array and handle the leakage current along the borders of the sensors
matrix, acting like the guard ring in a planar sensor.

• Full-3D double side: Double-side approach was developed independently
by CNM [71] and FBK [73]. This approach cannot rely on the use of support
wafers and needs thicker sensor wafers. In double side 3D fabrication each
electrode is etched from a different surface of the wafer (Fig. 3.4.A). This
technology does not allow the realisation of active edges due to the double
side fabrication of the sensor wafer. An alternative to active edges in double
side 3D sensors are slim edges [73] which are basically areas with resistive
electrodes which surround the frame of the sensor matrix. They act similar to
guard rings or active trenches but need a larger area in average.

3.1.2 Applications

3D sensors can be used in different applications, from dosimetry to particle tracking
or for medical applications. Same sensor arrays can be organised electrically, de-
pending on the application, by properly arranging the electrical connections of the
electrodes into strip, pad or pixel detectors.

HEP applications High radiation hardness and fast charge collection makes 3D
silicon sensors ideal candidates for particle tracking in regions with high radiation
fluencies. The first large scale application of 3D sensors in a tracking detector was
made by the ATLAS collaboration, including them in the Insertable B-Layer (IBL)
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Figure 3.4: FBK full-3D fabrication processes: (A) Double side approach. (B) Single
side approach. [69].

[56], which design started with the ATLAS 3D collaboration in 2009. The designed
sensors, based on a double side approach, were produced by two different foundries,
CNM [71] and FBK [73], and their layout was arranged for the FE-I4 front-end chip
design [56] which is directly bump bonded on the sensor. 3D sensors in the IBL
makes 25 % of the used sensors. Their position in the single tracking modules (Fig.
3.5) is at the extremities, where two staves are positioned. The middle part of the
stave is covered by 12 modules built with planar sensors.
With the official EoI of the High Luminosity upgrade, a second reason motivates the
need for 3D silicon sensor in high energy particle experiments: timing. As shown
previously in chapter 1, the high event pile-up requires high granularity pixel sensors
which are also able to be fast enough to measure the time of the single events during
a bunch crossing. The TIMESPOT initiative is a direct answer to this critical issue
and is currently developing a timing-optimised 3D silicon sensor with dedicated
electronics in order to understand the feasibility of this technology.

Neutron detection Neutron detection has important applications in medical
imaging or in the detection of radioactive materials. Silicon sensors are not di-
rectly able to detect neutrons due to their neutral charge and need to be coupled
with a converter material to be sensitive for them. The idea of using 3D sensor
technology instead of planar technology was already tested previously by Uher et.
al [76]. The study has shown the advantages of 3D sensor in neutron detection,
presenting a tracking efficiency of 33 percent of 3D-neutron sensors compared to
4.9 percent of a simple planar design and 6.3 percent of an enhanced planar design
with small 3D structures using pyramidal dips. A more recent and interesting ap-
plication of 3D sensors for neutron detection is the HYbrid DEtectors for neutrons
(HYDE) project, carried out by the University of Trento in collaboration with the
FKB and INFN-LNL [77]. The developed neutron detector is based on a 3D sili-
con sensor coupled with a polysiloxane rubber converter which provides the neutron
conversion into other detectable products. The 3D sensor used for this application
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Figure 3.5: ATLAS Insertable B-Layer layout and tracking modules [74]. (A) Stave
layout. (B) Layout of the IBL. (C) Single stave layout.

is based on a semi-3D design developed and fabricated by FBK with 200 µm large
and n+ doped cavities, which are filled with the converter material, and normal
p+ doped planar electrodes on the other side. The sensor has been produced and
tested with neutron fluxes of more than 106 n/(cm2s) and also without converter
material, showing promising results. For future application a full 3D sensor is under
development in order to apply time of flight necessary to discriminate gamma from
neutron radiation [77].

3.2 3D and timing

This section describes general aspects of time resolution tracking detectors, with a
special focus on 3D sensors.

3.2.1 Total time resolution of a particle detector system

According to [78], the total time resolution of a detector system is the contribution
of 3 factors:

σ2
tot = σ2

tw + σ2
j + σ2

TDC . (3.1)

Where σ2
tw is the error contribution due to time-walk, σ2

j is the error contribution
due to noise/jitter and σ2

TDC is the resolution of the TDC.



66 CHAPTER 3. 3D SENSORS FOR FAST TIMING APPLICATIONS

Figure 3.6: (A): Example of a time walk distribution: All 3 signals share same shape
but signals with high amplitude cross the threshold in less time than signals with
small amplitude. (B): Linear approximation of the rising edge of one single signal,
showing the crossing time tc, signal amplitude A, the rise time tr and the threshold
Vth

Time-walk The concept of time-walk is strongly related to the amount of energy
a particle releases in the sensor and the trigger mechanism of the discriminator in
the readout electronics. In order to reduce false trigger due to noise, a threshold Vth
is applied high enough to safely trigger on the rising edge of the signal.
Assuming for simplicity an analog front-end which produces output signals with in-
variant shape, a linear rising edge with rise time tr and amplitude A. Also assuming
that those signals are sent to a discriminator with static threshold Vth. Then, as
shown in figure 3.6, the time tc necessary for every signal to cross the threshold is
equal to:

tc =
trVth
A

(3.2)

Signal amplitude is proportional to the deposited energy in the silicon sensor and,
therefore, larger deposits will generate signals with higher amplitude and higher am-
plitude means faster rising edge. Depending on fluctuations in the energy deposits
and noise, signal amplitude changes from signal to signal and with it the tc. Espe-
cially in the case of energy deposits generated by MIPs, the generated amplitude
distribution follows a Landau distribution as shown in [79]. Following this study, it
was measured experimentally that the width of the Landau distribution increases
with decreasing sensor thickness. This factor is certainly due to the energy deposit
generated by secondary particle emission, like delta rays, which results more domi-
nant if compared to the primary MIP. The distribution in energy deposits observed
by the sensor directly contributes to the distribution in crossing time, whose root
mean square defines the time walk distribution

σ2
tw = RMS[tc] = RMS[

trVth
A

]. (3.3)
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Figure 3.7: (A): General architecture of a constant fraction discriminator. (B):
Working principle of a CFD.

If Vth is set as constant, time walk can only be reduced by reducing Vth, but this
approach has limits related to the noise level of the detector system, which need to
be taken into account.
It is possible to reduce time walk by changing the trigger technique which will be
described in the next section.

Time-walk mitigation techniques: CFD Single threshold or leading edge
discriminators are not the best solution for fast time measurement because, as shown
previously, they cannot reduce the time walk due to fluctuations in the released
energy deposits. It is possible to use other, more interactive techniques which are
able to minimise the time walk contribution, increasing time resolution. One solution
is using a Constant Fraction Discriminator (CFD). A CFD circuit works as follows:
The signal with amplitude A entering the CFD is doubled and sent to two different
lines. The first line delays the signal by a time td. The second line applies an
attenuation of the signal by a factor of f and measures the signal amplitude, which
is now fA. Both signals reach a comparator, which uses the value of the attenuated
amplitude fA as threshold as trigger for the delayed one.

Vth = fA (3.4)

Considering the delay time td needed for the signal to reach the comparator and
the time tc to cross the threshold, using equation 3.4 in equation 3.2, the time at
which the comparator fires is:

tcCFD = tc + td =
trVth
A

+ td =
trAf

A
+ td = ftr + td. (3.5)

Considering that td is still a constant parameter but tr depends from the signal
amplitude, using equation 3.4 in equation 3.2, the uncertainty introduced by a CFD
depends only from the signal rise time and the attenuation factor.

σ2
tw = RMS[tc] = RMS[ftr + td] = RMS[ftr] (3.6)
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Jitter Signal noise introduces fluctuations in time that can strongly influence the
trigger time of the discriminator. The uncertainty in time introduced by noise is
called jitter and depends from the noise level σn and how the signal changes in time
(Fig. 3.8)

σj =
σn
dV
dt

. (3.7)

Assuming that the leading edge of a signal can be approximated in a constant slope,
which means that dV

dt
= A

tr
, equation 3.7 becomes:

σj ≈
σntr
A

, (3.8)

Figure 3.8: Signal jitter related to signal noise.

where tr is and A is signal rise time and amplitude respectively. In order to
reduce σj, an optimisation of the rise time of the amplifier chain must be done.
Considering an amplifier chain with n stages, the total rise time tra of the signal is
the sum in quadrature of the the individual rise times [32]:

tra =
√
t21 + t22 + ...+ t2n. (3.9)
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Choosing a this point a sensor with a total charge collection time tct and connecting
it with the amplifier chain, then, if the rise time of the amplifier chain is far greater
than the collection time, the electronic noise will be dominated by the amplifier rise
time rather then the collection time [32]:

N ∝
√

1

tra
(3.10)

At the same time the slope of the total signal is dominated by the amplifier rise
time:

dV

dt
∝ 1

tra
, (3.11)

And the jitter becomes:

σt ≈
σttr
A

=
1

V0
σttr ∝

√
trc
V0

√
trc
tra

+
tra
trc
, (3.12)

V0 depends mainly from the collected charge Q0 and the capacitance of the sensor
Cs, showing that equation 3.12 becomes:

σt ∝
√
trcCS
Q0

√
trc
tra

+
tra
trc
. (3.13)

Relation 3.13 describes how a reduction of the system jitter is achieved by properly
set the rise time of the amplifier chain equal to the charge collection time. A second
factor which influences strongly jitter is the sensor capacitance. The higher the
sensor capacitance and the higher the jitter contribution. This means that jitter
can be reduced acting on two different parameters, front-end rise time and sensor
capacitance.

Time to digital converters Contribution in the total time resolution introduced
by the TCD is given by the least significant bit (LSB)

σTDC =
LSB√

12
. (3.14)

Total time resolution Using equation 3.14, 3.6 and 3.7 in equation 3.1, the total
time resolution of a usual detector system is equal to:

σ2
tot =

LSB√
12

+
σn
dV
dt

+RMS[
trVth
A

]. (3.15)

Focusing the attention only on the contribution of the sensor, its main contribution
is related to the system time walk and jitter. Especially time walk can be minimised
by using dedicated discrimination techniques like CFD but Jitter will still be present.
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3.2.2 Timing error sources in 3D silicon sensors

3D silicon sensors, as shown previously, present some special characteristics which
make them theoretically the ideal candidate for fast timing measurement in harsh
radiation environment. The potentialities and critical issues of timing applications
with 3Ds are described for the first time in detail in [22]. The work explores most
of the factors which can influence negatively time resolution on detector based on
3D silicon sensors.

Electrode geometry In a planar sensor with applied over bias voltage, the elec-
tric field inside the active volume is mostly uniform and corresponds to V

d
as shown

in chapter 2. The electric field uniformity is not an intrinsic characteristic of 3D
sensor because, as it will be demonstrated in chapter 4, not every electrode configu-
ration allows to generate a strong and uniform electric field inside the active volume
of the sensor.
Electric field dis-uniformity is a critical aspect for timing because it affects signal
rise time, shape and charge collection time depending on where and how the ionising
particle crosses the active volume. Special cases are regions between electrodes at
same potential where the electric field drops to zero, slowing down drift velocity,
affecting negatively charge collection time and current signal amplitude. Longer
charge collection time means a higher probability that charges can be trapped dur-
ing drift, especially if the sensor is already exposed to radiation, reducing charge
collection efficiency.
A way to reduce this critical issue is achieved by reducing electrode spacing, which
allows stronger electric fields with lower bias voltage and a more efficient charge
collection. Also, using an dedicated electrode geometry reduces the presence of low
electric field regions. The best solution to achieve an uniform sensor response is to
apply directly a parallel wall electrode (or trench) geometry, as proposed for the first
time by [22]. This geometry would allow fast and uniform charge collection with
minimum current signal variations over all the active volume.

Landau fluctuations and delta-rays Landau fluctuations are variations of the
deposited energy with respect to the most probable value. Main cause of Landau
fluctuations in silicon sensors are delta-rays, which are electrons generate by ioni-
sation with enough energy to produce further ionisation in the medium. According
to [22], the number n of delta rays generated per 1 µm path of the primary ionising
particle depends inversely to their kinetic energy as:

n =
3.15keV

T1
(3.16)

with T1 the average kinetic energy of the delta ray. Delta rays with small energy
are more probable but at the same time their ionising path is very small and their
ionisation ends at distances lower then 500 nm from their generation position. On
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Figure 3.9: Representation of current signal evolution in a planar (A) vs a 3D
sensor (B) in presence of a delta ray with higher energy. Random absorption of the
electrons and holes in planar sensors makes it difficult to have an uniform sensor
response and, therefore, good timing performances. In 3Ds absorption is almost
done simultaneously on both deposits, achieving a smoother signal response.

the other hand, delta rays with larger energy are less probable but can generate
ionisation paths of few micrometers in length. In planar sensors, energy deposits
generated by delta rays have negative effects on timing because their random position
in space causes random absorption in time, affecting signal shape. Compared to
planar sensors, 3Ds are more immune against delta rays due to their geometry. In
fact, if the electrodes are directed parallel to the incoming ionising particles, charge
collection of primary and secondary particle deposits happens mostly simultaneously,
obtaining a smoother signal response [22] (Fig. 3.9). Delta rays play an important
role during this entire work and their influence on signal formation is included in
most transient simulations used to explore sensor response. For this reason a special,
GEANT4 based Monte Carlo, was designed to include the energy deposits generate
with GEANT4.

Diffusion Charge motion is dominated by drift and diffusion as shown in chapter
2. Considering the dispersion of the electron-hole pairs along the ionising path at the
beginning of their formation as neglible, the energy deposit can be approximated as
a straight line distribution. During drift, the charge cloud expands due to diffusion
and increases in diameter with a Gaussian distribution of the charge density [22].
Considering the time needed for the electrons and holes to be absorbed, tdrift = s

µe,hE
,
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Figure 3.10: (A) Charge cloud expansion in time due to diffusion. (B) Simplified
representation of the charge distribution after a specific drift time and how total
charge collection is distributed in time.

their distribution in space is increased by a factor of :

σ =
√

2Dt =

√
2D

s

µe,hE
(3.17)

Where s is the drift distance and µe,hE is the drift speed. The spread in arrival time
is therefore dominated by charge diffusion and is equal to:

σ =
√

2Dt =

√
2D

s

(µe,hE)3
(3.18)

Which also means that the time needed to collect 99.5 % of all charges is approx-
imated 6σ. This is an important factor and becomes dominant in silicon sensors
with large drift distances. In 3D sensors with small electrode spacing, the effect of
diffusion should be negligible compared to other effects, except if low field regions
are present over their drift path.

3.2.3 First experimental results

A first study based on simulation and experiment performed in the framework of the
CERN-RD50 collaboration and published by Kramberger in 2019 [80] used a simple
3D sensor design with pillar electrodes and a sensor pitch of 50 µm. Time resolution
of the device was measured using a set-up built with a LGAD, a dedicated front-end
and cooling system. The particle source used was a strontium-90 source which emits
electrons per beta decay with a maximum energy of 2.3 MeV. The results obtained
on this device for vertical tracks has shown a resolution of 45 ps. Considering that
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the geometry of the device is not timing optimised, it is supposed that the resolution
can improve even better on devices with a dedicated geometry.

3.3 Approach to develop a timing optimised 3D

sensor

Based on the data and suggestions made in [22], the development of a timing opti-
mised 3D silicon sensor for TIMESPOT is being focused on different aspects of the
future device:

Sensor geometry Sensor geometry plays a more important role in 3Ds then in
planar sensors. An accurate study of the electrode configuration must be done in
order to achieve a final design with a mostly uniform and fast sensor response, re-
ducing or completely removing low electric field regions. A second aspect concerns
the volume occupied by the electrodes themselves. The entire volume, at same po-
tential, does not have an internal electric field and is basically insensitive to ionising
radiation. Its reduction is therefore an important aspect and can be carried out
with a geometrical study but, most important, with a downscaling of the structures,
which is a more technological aspect and depends from the fabrication process. The
design study also includes a minimisation of the sensor capacitance, which is crucial
to reduce jitter and so time resolution.

Sensor operation Sensor operation simulation is considered the final virtual eval-
uation of the designed model and allows to make first estimations of the expected
performances and helps also the better develop the front-end electronics. In order to
obtain a most accurate and realistic sensor response possible, most of the expected
effects must be added in the tools used to simulate its operation. Starting from the
energy deposits and the front-end transfer function.

Sensor test First prototypes will be tested and the obtained results compared
with simulation. Possible discrepancies can be used in order to correct some physical
aspects of the sensor behaviour which can then be used for successive studies and
sensor developments.
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Chapter 4

Sensor development and
production

This chapter presents the design of a timing optimised 3D silicon sensor. The
design study involved different pixel shapes and electrode geometries, some of them
were selected for first prototype production. The chapter will first introduce the
problems related to a timing optimised 3D silicon sensor, describe some of the
explored solutions and presenting the Ramo map approach, developed to explore
quantitatively signal amplitude and qualitatively the potential time performance
of the sensors. The chapter ends with a brief description of the first technological
tests and prototype production made by FBK in Trento, Italy [11].

4.1 Description of the problem

Considering the specifications presented in chapter 1 for a particle tracking detec-
tor which must operate close to the interaction point in the future high luminosity
LHC, a valid sensor technology with high radiation hardness and fast charge collec-
tion times must be chosen. The best alternative seems to be the 3D-silicon sensor
technology presented in the previous chapter and already used in the ATLAS IBL
tracker [56].
Despite its optimum radiation hardness due to the short drift distances which al-
low to reduce charge collection time in few hundreds of ps, its timing performance
presents some critical issues and only few studies were performed in the last years
[22] showing encouraging performances for specific sensor geometries.
A fundamental aspect of a 3D sensor is the electric field generated by its geom-
etry. In comparison, a planar sensor, as shown in chapter 2, generates a almost
uniform electric field in over bias. The problem with standard planar sensors is that
their sensor thickness and, therefore, the distance between their electrodes, must be
hold thick enough in order to collect enough energy from crossing particles. State
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Figure 4.1: Left plot: Comparison of the Electric Field generated inside the sensi-
tive volume of a 3D-like sensor and a planar one with same wafer thickness (Right
models).

of the art planar sensors have normally more than 200 µm thickness, which limits
charge collection in few nanoseconds if the sensor is operated in velocity saturation.
Also velocity saturation is difficult to achieve in planar sensors because higher bias
voltages need to be applied in order to reach electric field amplitudes of 10 kV/cm
necessary to achieve saturation. 3D sensors does not have this problem on the other
hand because they can be built on relative thick sensor wafers but with junction
and resistive electrode positioned relatively close. An example is shown in figure
4.1.B, which represents the preliminary simulation made with Synopsys Sentaurus
TCAD of a 150µm thick sensor wafer. One model was modelled as a planar sensor
and the second one as a 3D sensor with an inter-electrode distance of 25 µm. The
simulation consisted in measuring the electric field amplitude with increasing reverse
bias voltage. The result shown in plot 4.1.A and demonstrates how the electric field
rises faster in 3D with shorter inter-electrode distance, reaching velocity saturation
in less than 20 V.

Despite this great advantage, the electric field generated by a column-electrode-
based geometry presents strong dis-uniformities. An example is shown in figure 4.2
which represents an electric field map of a section of a hexagonal pixel with colum-
nar electrodes. Despite the short inter-electrode distance of only 55 µm, the electric
field is almost zero between electrodes at same potential, and reaches it highest
amplitude close to the central junction electrode. This large variation in electric
field amplitude has strong repercussions in charge collection time and, therefore, in
signal shape and charge collection efficiency affecting negatively time resolution. A
second critical region is the volume occupied by the electrodes themselves, which
are build inside the sensitive volume of the sensor. Those volumes, full of mobile
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Figure 4.2: 2D model showing a section of a hexagonal 3D sensor. The red circle
shows a non-sensitive area introduced by the electrode. The yellow circle shows a
low electric field area. For high resolution time measurements, a reduction of those
areas is from primary importance.

carriers and with no electric field inside, are not sensitive to ionising radiation and
must be kept as small as possible.
The weighting field shape is also depending on the electrode geometry. This makes

necessary to develop a timing optimised sensor by studying the electric and weight-
ing field in function of the electrode geometry.

4.2 Specifications and design approach

Specifications For the TIMESPOT tracking detector a timing optimised 3D sil-
icon sensor is required which has a TIMEPIX-3 ASIC compatible pixel matrix, like
the VELOPIX [17], with a pixel pitch of 55 µm for square shaped sensors or 55 µm
diameter for hexagonal shaped pixel. The pixel matrix will be fabricated by FBK
using its single side technology. The fabrication uses a high resistive, p- doped and
150 µm thick sensor wafer which is wafer-bonded on a high conductive and p++
doped support wafer [24]. The FKB single side approach allows to excavate the
holes for the resistive trenches through the entire sensor wafer, reaching the sup-
port wafer. The junction electrodes instead cannot pass through the entire layer,
because it would cause sensor breakdown at relatively low bias voltage due to the
short distance, and stops at 130µm depth, 20µm from the bottom. A closer distance
of the junction electrode to the support wafer would increase breakdown voltage,
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Figure 4.3: Sensor dimensions following specifications. (A): Main pixel shapes sim-
ulated. (B) Trench width and column width. (C) 3D animation of the square pixel
showing the thickness of the sensor wafer. Blue volume is related to the attached
support wafer.

on the other hand, a shorter junction trench would affect charge collection time
for deposits released in the bottom of the sensor. The best solution is to keep the
deepest point of the junction trench at a distance from the bottom wafer equal as
the inter-electrode spacing.
Electrodes can be produced as columns or trenches. Considering that FBK is able
to fabricate them with a diameter of few micrometers this study considered a more
conservative width of 5 µm (Fig. 4.3).

Design Approach To design and analyse different sensor geometries, the Sentau-
rus Technology Computer Aided Design tool (TCAD) was chosen [33]. TCAD allows
to define solid state devices starting from their fabrication process and analysing
their electrical characteristics in stationary and transient conditions. The tool itself
is divided in different sub-tools, each of them with a specific function. For this ge-
ometry study a direct design approach was adopted, using the Sentaurus Structure
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Editor (SDE) for sensor modelling and the Sentaurus Device (SDevice) for stationary
simulation. TCAD is a very powerful tool and allows to simulate sensor behaviour
with an theoretically unlimited level of detail, which depends on the applied mesh
grid. The smaller the used mesh size and the higher the detail and precision of the
simulation. On the other hand, a very dense mesh grid has an elevated cost in simu-
lation time, due to the large number of points that need to be computed during the
simulation. For example, 3D models built up by more than one million points, sim-
ulation time can easily exceed more than 3 days in quasi stationary simulations or
even 2 weeks for 500 ps long transient simulations. Designing all possible electrode
geometries using only a 3D modelling-based design approach would cost too many
time and result too inefficient on a simple working time point of view. In order to
speed up this study, a multiple step approach based on a progressive enhancement
of the level of detail was used.
The design approach is divided into into two main design and simulation steps.
During the first design and simulation step, a 2D model design approach was used.
The 2D models used represent the section of a single pixel geometry. This approach
loses all information of the electric/weighting field along the Z-axis but preserves
the most important information of the sensor, its electrode geometry. Due to the
symmetry of 3D sensors, charge motion is dominated mostly over the XY plane and
not along Z, where the electric field component is negligible compared to the X and
Y components. The sensor sections are simulated using a quasi stationary voltage
ramp, which applies a reverse bias starting from 0 V and stopping at -100 V, which is
used as reference voltage to compare the sensors among them. The final evaluation
of the designed electrode geometries is done by observing the electric field of the
pixel inside the pixel matrix and calculating the potential current induced on the
junction electrode by an instantaneous generated electron-hole pair. This approach,
based on the Ramo theorem, is called Ramo map and it will be shown in the next
sections.
The pixel geometries considered as most suitable for fast timing applications are
then remodelled in a 3D model and re-simulated again before fabrication, in order
to have first estimations of their electrical characteristics.

4.3 Explored Geometries

A total of 20 different pixel geometries were designed and simulated, using different
combinations of square and hexagonal pixel shapes with trench or column electrodes.
Some of the geometries were simulated using different electrode spacing or trench
lengths in order to understand how the electric field changes with them [81].
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Figure 4.4: Doping map showing the main hexagonal geometries studied. (A) So-
lution with columnar electrodes. (B) Open trench configuration. (C) Closed trench
configuration. (D) Hybrid solution with different trench width.

4.3.1 Hexagonal pixel geometries

Column electrodes design: This sensor was already produced by FBK but
only used for radiation damage tests [82] and uses only columnar shaped electrodes
(Fig. 4.4.A). The volume occupied by the columns is the lowest among all explored
hexagonal pixel (less than 5 % of the total pixel volume), increasing sensitive vol-
ume of the entire pixel. For timing applications this design looks less optimised
considering the large electric field variations, with values close to 0 V/cm between
resistive electrodes and 15 kV/cm close to the junction electrode (Fig. 4.5.A).

Closed Hexagon geometry: Similar to the previous geometry, this sensor was
already designed and fabricated but this time by BNL in 2014 [83]. This design
presents a columnar junction electrode and a single hexagonal trench around the
pixel perimeter is used as resistive electrode (Fig. 4.4.B). This approach allows
to insulate the electric field and weighting field of the pixel from neighbour pixel.
Electric field presents a higher amplitude and low electric field regions are far inferior
compared to the complete column-based pixel. This greater performance is achieve
by losing more active volume which is occupied by the resistive trench (around 10
% of the entire volume) (Fig. 4.5.B).
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Figure 4.5: Simulated electric field of the main hexagonal geometries studied. (A)
Solution with columnar electrodes. (B) Open trench configuration. (C) Closed
trench configuration. (D) Hybrid solution with different trench width.

Semi-Closed Hexagon geometry: This geometry aims to find a compromise be-
tween the column electrode geometry and the closed hexagonal geometry by simply
building a discontinuous ohmic electrode build up by 6 trench elements (Fig. 4.4.C).
This solution confines the low electric field regions between the ohmic trenches (Fig.
4.5.C), but does not seems to be a valid option for fast timing. Different trench
lengths were designed and simulated for this study, spacing from 5µm to 20µm of
distance.
A similar approach which used 6 discontinuous trenches drilled along the perimeter
of the hexagon, excluding the angles of the pixel, is presented in section 4.3.3.

Closed Hexagon geometry with variable trench width: This design is a
superposition of the two previous presented electrode configurations (Fig. 4.4.B and
C) and more intended as a Gedankenexperiment (Fig. 4.4.D). The larger trench
structures at the corner of the hexagon are built with the intention to reduce the
low electric field present at the corners of the closed hexagon, thanks to the angled
structures which adds additional high electric field areas close to the low electric
field areas (Fig. 4.5.D). This approach costs more sensitive volume due to the larger
corner trenches and the effects on the electric field coverage were less than expected.
On a technological point of view it is not sure if this device can be really fabricated.
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Figure 4.6: Parallel trench geometry. (A) Doping map showing the explored trench
lengths. (B) Electric Field Map.

4.3.2 Square shaped geometries

This section will mostly show the explored solutions included in the first prototype
production run and is focused on a more detailed description of the parallel trench
geometry which was already considered and proposed as most suitable geometry for
fast timing application and already fabricated by Stanford University.

Parallel trench geometry: The parallel trench geometry is one of the simplest
explored electrode geometries. Already proposed as design by Sherwood Parker
[22] and produced by Stanford [84], this geometry presents some smaller differences
related to its application in a TIMEPIX compatible matrix. The geometry has a 3
electrode structure divided into 2 resistive electrodes and one junction electrode in
the middle of the sensor (Fig. 4.6.A). Both resistive trenches are built continuously
over all the pixel matrix and provide bias for multiple pixel. In order to achieve
space sensitivity, the junction electrode is built in segments. 16 different models
with different junction electrode length, spacing from 5µm to 15 µm, were designed
and simulated. The best compromise was considered all the solutions with junction
electrode length spacing from 50 µm to 40µm. In fact the generated electric field
resulted mostly uniform over all the sensitive area of the pixel, with some smaller
low electric field areas between junction electrodes and some stronger electric field
peak along the interface of the extremities of the tips (Fig. 4.7.B ).
Analysis of the weighting field showed that it decreases strongly outside the pixel

area. Only particles crossing close to the pixel at few micrometers have potential
the possibility to generate strong enough signals due to the high weighting field
(fig. 4.7). The weighting field between junction electrodes presents an even more
interesting behaviour, by inverting its amplitude from positive (close to the junction
electrode of the pixel) to negative (close to the junction electrode of the neighbour
pixel), which basically means that it induces only on the other pixel. Besides this
interesting property, it is not considered that it can have really any applications in
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Figure 4.7: Weighting Field of the central pixel inside a 3x3 pixel matrix. Most of
the weighting field is confined inside of the pixel area and decreases fast in the areas
of the neighbour pixels.
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Figure 4.8: Square pixel geometries with trench electrodes designed and simulated.
(A) Doping concentration maps. (B) Electric field maps.

high energy physics due to the variation of the particle track. A better explanation
of this behaviour is later shown in section 4.4, using the Ramo Map approach.

Closed and semi-closed square geometry: This configuration is built up by
a central diode column electrode, surrounded by a frame made by a combination of
4 trench electrodes (Fig. 4.8.A). This geometry has a similar electrode to sensitive
volume ratio of 10 % as the closed hexagon. The electric field generated by the
geometry drops to zero along the corners of the bias frame, increasing the sensitive
area of the pixel but results relatively strong for the rest of the active area (Fig.
4.8.B).

Column electrode-based geometries: Two different square pixel geometries
built up by using only columnar electrodes are tested: One with the same 9 column
configuration as proposed by Parker in its first paper [21], and the second a more
simplified version using 5 columns, following an similar geometry as already used in
the ATLAS IBL [56] (Fig. 4.9.A) with the only difference that the cell is squared
instead of rectangular.
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Figure 4.9: Square pixel geometries built with only columnar electrodes. (A) Doping
concentration maps. (B) Electric field maps.

In both geometries the generated electric field presents large low field areas and the
electric field varies strongly from the center to the external regions (Fig. 4.9.B).
The 9 column version presents a stronger field but lacks around the corners, the 5
column version instead covers a bit better the active area.

4.3.3 Evaluation of closed and semi-closed pixel geometries

As previously shown, there are two geometries which used a resistive trench which
surrounds the entire frame of the sensor. Those geometries have the advantage to
generate a strong electric field with small low field areas along the corners. At
the same time this geometric approach allows to generate a weighting field with the
same shape of the electric field and electrically decoupled from electrodes from other
pixels.
On a technological point of view, the extended trench structures introduces mechani-
cal instability which can be partially restored by filling the trenches with poly-silicon.
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This instability is probably higher if the pixel geometry is applied for a large pixel
matrix. So the idea is if, instead of using a continuous frame around the pixel, a seg-
mented frame would allow to gain mechanical stability without losing performance
in the generated electric and weighting field.

Figure 4.10: Electric field behavior at the corner of semi-closed and closed hexagon
pixel geometries. For Trench lengths of over 18 µm the electric field shape and
amplitude does not change significantly. Over 20 µm trench length the corner stays
undepleted, as shown by the white delimitation line.

The approach used the closed square and hexagonal pixel and explored 10 dif-
ferent trench lengths. In figure 4.10 and 4.11 it is shown how the electric field does
not change significantly at the corner of the hexagonal and squared pixel structure
for trenches longer than 18 µm for hexagons and 40 µm for square pixel. The effects
produced by those trenches is that the corner regions has basically a 0 electric field
and results un-depleted at 100 V bias, properties which already have the pixels with
closed frame. The only difference is that the corner regions are still made by silicon
of the sensor wafer with an intact lattice structure. A discontinuous frame approach
is most probably more suited for fabrication than the complete closed frame.

4.4 Ramo Maps

The Ramo map approach was developed in order to have a first general overview of
the timing performances of the sensor in terms of its intrinsic time-walk distribution,
which influences the time resolution of all detector system as shown in chapter 3. For
the time-walk distribution of a sensor is influenced mainly by Landau fluctuations
of the energy deposit released by the crossing MIPs and potential varying electric
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Figure 4.11: Same analysis of the electric field applied on a square pixel. The corner
region stays undepleted for trench lengths over 40 µm.

or weighting field. Landau fluctuations basically cannot be eliminated so the only
source of large time-walk is the sensor geometry which defines the electric field shape
and, therefore the shape of the induced current signal. For this reason the so called
Ramo-map approach was developed.
Ramo-map approach is based on the following design and simulation procedure:
The chosen pixel geometry is reproduced on a 2D model of a simplified pixel matrix.
The pixel which will be analysed (or pixel of interest, PoI) is positioned in the
middle and surrounded by other pixel which are used to reproduce the boundary
condition inside a pixel matrix (Fig. 4.12). Two different TCAD simulations are
then executed. One considers the operating bias voltages of the pixel matrix, in
this case -100 V for the resistive electrodes and 0 V for the junction electrodes. The
second simulation is executed with an bias voltage of 1 V on the junction electrode
of the PoI and 0 V on every other else, exactly the boundary conditions required
for the Ramo theorem, shown in chapter 2. The bias voltage of -100 V is a more
personal motivated choice and motivated by the fact to be sure that most of the
pixel is operating in velocity saturation, which in 3D sensors is commonly obtained
at bias voltages below 100 V.
A post-simulation analysis then takes from the first simulation the maps of electric

field and charge mobility (for both carrier type) and from the second simulation the
weighting field map. The information contained in the 4 maps is then implemented



88 CHAPTER 4. SENSOR DEVELOPMENT AND PRODUCTION

Figure 4.12: Design approach and boundary conditions to generate a Ramo-Map.
The schematic uses a columnar electrode based sensor to better understand the
approach. (A): Model and simulation boundary for the Electric Field simulation.
(B): Model and simulation boundary for the Weighting field simulation.

using the Ramo theorem (Fig. 4.13).

I(x, y) = qe− ∗ ( ~vd−e ∗ ~Ew) + qh+ ∗ ( ~vd+h
∗ ~Ew) (4.1)

The generated induced current distribution over the XY plan is called Ramo Map,
in honour of Simon Ramo, and represents the amount of current induced instan-
taneously on a specific electrode by an electrode-hole pair generated in a specific
position and moving instantaneously at drift velocity.
This approach does not consider the acceleration that electrons and holes suffer
during the first ps after their generation. The reason is that, for an ideal uniform
electric- and weighting field it would simply add a uniform offset without changing
the shape of the Ramo-map.
With the Ramo-Map approach it is also possible to estimate the current signal shape.
For this purpose, it is necessary to separate the Ramo-Map in its hole and electron
contribution. Starting from any possible point on the map and following the electric
field lines, adding for every point of the line the hole and electron contribution.
The charge collection time can be estimated by calculating the time needed by the
charged to drift to their electrodes at saturated velocity (Fig. 4.14).
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Figure 4.13: Generation of a Ramo-Map. The dot product of the Weighting field
and charge drift velocities (A) generates the final Ramo-Map (B)

.

Figure 4.14: Reproduction of the shape of a current signal generated by the drift of
a single electron-hole pair by simply reading their motion on a Ramo map.

The Ramo-Map approach was applied on 6 different electrode geometries: The
parallel trench, the closed hexagon, the closed square pixel and all fully columnar
electrode-based geometries. The Ramo map approach allowed to see important
differences between pixel with trenches and columns. For pixel built with trenches,
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Figure 4.15: All generated Ramo-Maps for the final sensor geometry selection.
Trenched electrode-based geometries present a less variable and higher current in-
duction over all the sensitive area.

charge induction is on average higher and more uniform than for pixels with column
electrode. The parallel trench geometry demonstrated the most uniform and highest
current induction among all explored solutions, becoming the primary choice for
prototype production (Fig. 4.15). Focusing the attention on the parallel trench
pixel configuration, the Ramo map allows to identify 3 interesting properties of
the sensor. At first, the sensor response is characterized by the highest current
induction among all explored geometries. A second factor is the behaviour of the
current induction in the region between two diode electrodes. Considering only
the electric field, this region would be classified as timing inefficient due to its low
electric field. But, considering also the effect of the Weighting field, the Ramo-
map reaches its highest value suggesting that current induction is at its maximum
and could benefit time performance. In the same critical area, current induction (as
mentioned previously) suffers an inversion across the region between two pixels. This
effect has the advantage that, in the region between two different diode trenches,
it is possible to distinguish perfectly in which pixel the ionising particle crosses the
region. A second Ramo map, with a 3D representation in space of the induced
current and extended on the other two lateral pixel, shows how current induction
for the PoI drops almost to zero in less than 5 µm (Fig. 4.16).
The final geometry exploration ended with the selection of 5 geometries. One of
them as the main pixel geometry and the other 4 as test pixels:

• The parallel trench geometry with different diode electrode spacing from 39µm
to 49 µm.
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Figure 4.16: Extended Ramo-Map of the parallel Trench Geometry. The 3D repre-
sentation helps to better describe the induced current over all the active area. The
red frame highlights the pixel of interest.

• Both square pixel with 9 and 5 column structure and one hexagonal shaped
pixel with 7 electrode structure.

• One hexagonal and one square pixel with semi-closed electrode structure.

Layouts of the selected geometries are shown in section 4.6.

4.5 3D sensor modeling

After the selection of the main geometry, further simulation studies are needed to
understand the performances of the sensor and estimate its electrical properties.
Those studies need a 3D modelling approach. The designed models respect the
technological specifications of the FBK single side fabrication [23] with a 150µm
thick high resistive and p-doped sensor wafer, wafer-bonded on a high conductive
p-doped support wafer which is represented by a thin p++ doped layer. Resistive
electrodes passes through the entire thickness of the sensor wafer and junction elec-
trodes stops at 20 µm from the support wafer [23]. Depending on the study, different
3D models were designed (Fig. 4.17):

• A 55x55x151 µm3 model containing 2 half pixels for sensor response simulation
(Fig. 4.17.A).
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Figure 4.17: Different 3D models of the parallel trench geometry 3D sensor. (A)
Double half pixel model. (A.1) Section along X direction and (A.2) section along Z
direction. (B) Complete pixel model. (C) 3x1 Pixel array.

• 55x55x151 µm3 model of a complete single parallel trench pixel for sensor
response simulation (Fig. 4.17.B).

• A 55x55x151 µm3 model of a complete single parallel trench pixel with all
electrical contacts for capacitance measurement.

• A 27.5x27.5x151 µm3 model representing one quarter of the sensor for faster
3D transient simulations on TCAD.

• A 165x55x151 µm3 model containing 3 pixels for eventually other studies (Fig.
4.17.C).
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4.5.1 Capacitance simulation

The use of a complete 3D model allows to make a better estimation of the sensor
capacitance. The capacitance is estimated using Sentaurus TCAD small AC analysis
[33]. This procedure consists on solving the frequency dependent admittance matrix
Y between two specific circuit nodes of an explored electronic circuit. Given a
specific excitation frequency ν, the equivalent small signal model can be solve, using
equation 4.2.

~δI = Y ∗ ~δV (4.2)

Where ~δI is and ~δV are complex current and voltage excitation vectors at the
selected nodes. A is the system conductance and C capacitance matrix [88]:

Y = A+ i2πC (4.3)

Small signal analysis in TCAD is coupled with quasi stationary simulations. The
simulation applies a voltage ramp, starting from 0 V. For every voltage step, an AC
analysis simulates the electrical properties of the simulated system by applying a
small periodic signal at a specific frequency (1 MHz for default). The system then
solves the equivalent small signal model equation and capacitance matrix.

Results: For the parallel trench pixel with an inter-pixel spacing of 15 µm showed
for bias voltages over 20 V the capacitance goes below the 120 fF threshold (Fig.
4.18.A).

Figure 4.18: (A) Total capacitance of a single parallel trench pixel with 15 µm
distance between junction electrodes. Full depletion is achieved at ∼10 V and satu-
ration velocity at ∼30 V. The total capacitance reaches 50 fF for 100 V reverse bias
voltage. (B) Interpixel and backplane capacitance at different distances between
junction electrodes [77].
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A second capacitance simulation series performed by Mendicino et al. on a 3D
model which includes two half pixel was used to simulate the backplane and inter-
pixel contribution to the total capacitance at different distances [77]. Backplane and
inter-pixel capacitance at different distances between junction electrodes is shown
in figure 4.18.B. Backplane capacitance is basically unaffected by the different spac-
ing of the junction electrodes and decreases linear with increasing reverse voltage,
going below 50 fF for reverse bias voltages higher than 40 V. Inter-pixel capacitance
instead increases with decreasing spacing, showing that from 12µm to 6 µm the ca-
pacitance doubles in value.
The total pixel capacitance for the parallel trench pixel is estimated to be between
100 fF and 160 fF at 100 V reverse bias voltage depending on the inter-electrode
distance between junction electrodes.

4.6 Prototype sensor production

The main sensor geometry, together with the secondary geometries, is fabricated
using FBK 3D single-side technology (3DSS) [70] [85]. 3DSS was previously used for
column electrodes and the only experience made by FBK using trenched electrodes
are the fabrication of active edges [86].
Preliminary technological tests on the 3DSS were carried out in order to optimise
its fabrication steps to the trench electrodes. A special focus was on the deep
ion reactive etching (DRIE) and photoresist bake, trying different variations and
permutations of them using for example atmospheric and vacuum baking and trying
different types of photoresist layers with different thickness. The best combination
which allowed a good etching process with regular trenches consists in a 6 µm thick
photoresist layer together with a vacuum bake (Fig. 4.19). Poly-crystal silicon
deposition (Fig. 4.20) and contact pads for bump bonding were also tested and
evaluate.

First prototype production run After the fine tuning of the fabrication steps,
a first prototype production batch was started at FBK. 11 super structures per wafer
were fabricated, each of them containing the main pixel sensor, compatible with the
TIMEPIX/VELOPIX ASIC, and a smaller area filled with different test structures.
Most of them are based on the main design but differs in inter electrode distances,
distances between junction electrodes and how those electrodes are bounded elec-
trically together (strips, single pixel or junctions). Also 4 different geometries were
also implemented, including the hexagonal and squared pixel with surrounded frame
and all column electrode based designs.

Sensor production ended in July 2019 and first test structures were immediately
tested by FBK for IV and CV response. Timing tests on the test structure are
described in chapter 7.
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Figure 4.19: Comparison between 3 different test structures built using different
combinations of photoresist and bake. Higher deformation of the external trenches
was observed for thicker photoresist layers associate to hard bake. Source: FBK

Figure 4.20: Lateral view of the trenches obtained by cutting the test structure.
(A): Test structures built during the fine tuning of the technology. (B) Test fills
with N++-doped polysilicon on junction trenches. The red squares highlights the
polysilicon deposit [77].
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Figure 4.21: Superstructure containing the TIMESPIX sensor matrix and 3D test
structures [77].
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Figure 4.22: Test structures containing different configurations of the parallel trench
pixel. Some structures include single pixel, strip pixel configuration and smaller pixel
matrix [77].

Figure 4.23: Test structures including different pixel geometries in strip configura-
tion [77].
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Chapter 5

Sensor operation simulation

5.1 Motivation

The design of a silicon sensor cannot rely only on the analysis of its stationary
physical quantities like the electric and weighting field or the charge mobility. An
important part of the simulation activity is carried out by transient simulations
which are needed to predict and observe the response of the sensor when crossed by
an ionizing particle. Focusing the attention on the TIMESPOT timing optimized
3D silicon sensor, transient simulations are important to study the time resolution
contribution of the sensor in the complete detector system.
As mentioned in chapter 2, the two main contributions in time resolution of a silicon
sensor are the jitter, which depends proportionally to the sensor capacitance as
explained in [78], and the time walk. Jitter contribution can be estimated easily and
the best way to reduce this contribution is to increase the signal/noise ratio which
corresponds to reduce the sensor capacitance. Time walk instead is more difficult
to estimate and needs a completely different approach. The best way to predict
the time walk of a sensor is to use a large number of simulated current signals and
analyse the time walk distribution. Having different energy deposits with different
track locations, orientations, energy deposit fluctuations and, eventually, secondary
particle emission ensures a large variety of output signals and a detailed description
of the time walk distribution of the sensor.
To simulate the time walk distribution of the sensor is needed:

• 1) A complete model of the pixel or a portion of the pixel matrix. The latter
approach would allow to understand how particles crossing outside the pixel
of interest can affect its signal response.

• 2) The number of simulated signals must be as high as possible. The Larger
the number of simulated signals, the higher the precision to estimate the time
walk distribution. To achieve this result, a special focus on the simulation
time must be considered to achieve a large statistic in reasonable computing
time.
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• 3) High randomisation and detailed description of the energy deposits. Holding
a large variation of the generated events allows to include every possible current
signal. Also, the energy deposit must take into account possible fluctuations
like delta ray production.

• 4) A transfer function must be defined to transform the current signal into a
voltage signal. It is only after the conversion from current to voltage signal
that time walk distribution can be calculated.

This chapter presents all the steps done to study the sensor response and gives a
first estimation of the intrinsic time resolution of the TIMESPOT sensor, starting
from ordinary TCAD transient simulations, improved with GEANT4 support and
finishing with the use of the TCoDe simulation tool, specifically developed for this
purpose. The chapter also shows all difficulties encountered to perform this study
and the applied solutions, showing how the only use of the TCAD for transient
simulations in HEP applications does not provide an efficient solution, forcing the
search for alternative tools.

5.2 Sentaurus TCAD transient simulations

Signal simulation on TCAD requires specific models to emulate the effects of energy
deposition and ionization caused by ionizing particles in silicon medium. For a good
signal simulation, it is necessary to know the energy of the particle, the way the
particle penetrates the silicon medium and its energy transfer to the silicon and the
number of electron-hole pairs generated by the released energy.
The minimum specification needed for a sentaurus TCAD transient simulation are
the sensor construction in a 2D or 3D model using the sentaurus structure editor
(SDE) [87] and the sentaurus device tool which performs the transient simulations
on the previously designed object [88]. A common sdevice simulation is managed
by programming its command file (*CMD). Every command file is divided into 5
main sections:

• The input/output sections which defines the input and output files.

• The electrode section which defines the electrodes of the device and their bias
voltage at the beginning of the simulation.

• The physics section which defines all physical models needed to run the sim-
ulation.

• The math section which defines the mathematical computing technique.

• The solve section which defines the type of simulation (transient/quasi sta-
tionary/AC/etc.)
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Figure 5.1: 1 Sentaurus Heavy Ion model. Left: Code used for signal simulation,
displaying all variables. Right: Schematic view of the Heavy ion model. Source:
[88]

5.2.1 Sentaurus Device Heavy Ion Model

Sentaurus TCAD is capable of simulating the effects produced by ionising radia-
tion in the silicon medium with 3 different models, the AlphaParticle model, the
HeavyIon (HI) model and the gamma exposure. Their implementation in a sde-
vice simulation must be performed by activating their program code in the sdevice
comand file physics section. The AlphaParticle model is designed specifically to de-
scribe energy deposition by alpha particles and is less recommended to simulate the
effects of high energy particles. The Gamma Radiation model is used only to study
the damage caused by long gamma exposure of semiconductor devices, by specifying
the total dose received over a specific exposure time [88]. The only radiation-matter
interaction model capable of emulating the effects of high energy particles is the
heavy ion model.
Basically, the heavy ion model emulates the effects of ionization in silicon by heavy
ions by simply injecting along a specified path a specific charge density. The model
itself does not require any information about the heavy ion itself. Only start time
of the ionization, start position, length and orientation of the track, linear energy
transfer (LET) and width of the deposit with respect of the path are required (fig.
5.1). This makes possible to modify the parameters of the heavy ion model to set
the effects of ionization caused by high energy particles in silicon. In the case of
ultra-relativistic charged particles, the ionization of the silicon medium is at its min-
imum and equal to 388 eV/µm [89]. The generation of the heavy ion injected charge
density along a path with length l, at the time t and with a deposit width of w, is
computed using formula 5.1:

G(l, w, t) = GLET (l)R(w, l)T (t) (5.1)

GLET (l) is the energy transfer function in 3D objects, which is defined by equation
5.2 [88]:

GLET (l) = a1 + a2l + a3e
a4l + k/2πw2 ∗ (c1(c2 + c3l)

c4 + LET (l)) (5.2)
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By default, all parameters, except k, which is equal to 1, are set to 0 (fig. 5.2). The
linear energy transfer parameter LET (l) must be set on the sdevice heavy ion code,
as shown in figure 5.1, and it describes the amount of charge (in pC) deposited per
µm of path.

Figure 5.2: Sentaurus device default parameters for the Heavy Ion model. It is
possible to change them by changing the parameter file which defines the default
TCAD phyiscs [88]

The function R(w, l) describes the spatial distribution of the charge deposit
around the heavy ion path. The charge density is modeled at a distance w around
the track with a Gaussian shape (equation 5.3):

R(w, l) = exp(−(
w

wthi(l)
)2) (5.3)

With wthi(l) the characteristic distance settable on the sdevice heavy ion code. The
last function, T (t), describes the time dependence of the charge generation. The
function is dominated by a Gaussian distribution, weighted by an error function
(equation 5.4):

T (t) =

2 ∗ exp(−(
t− t0√
2 ∗ shi

)2)

√
2π ∗ shi ∗ (1 + erf(

t0√
2π ∗ shi

))
(5.4)

With shi the characteristic time constant of the generation rate. For a more detailed
view of the heavy ion model, it is recommended to read the sdevice manual [88].
Modelling the time dependent contribution with a Gaussian function influences
highly the organisation of the transient simulation. The generation function, cen-
tred at t0, starts to inject charge even before t0 due to its Gaussian behaviour. To
avoid charge loss during the simulation, it is recommended not to set the heavy
ion directly at the beginning of the transient simulation but some time later. An
example is shown in figure 5.3 for a heavy ion simulation with shi equal to 2 ps and
start time at 100 ps. A first transient simulation with relatively large time steps
goes from 0 ps to 90 ps. A second transient simulation starts immediately after the
90 ps mark with a 10 fs initial step. Maximum and minimum time step must be
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hold lower than 1 ps to describe with enough precision the charge injection in the
device. Using time steps with an almost identical length of shi will cause charge loss
due to the low time resolution used to describe the process.

Figure 5.3: Senstaurus TCAD transient simulation. Left: Code organisation. Right:
Simulated signal. The green line is used to highlight both transient simulations
implemented in the code.

5.3 Critical aspects of pure TCAD sensor opera-

tion simulation

Using sentaurus TCAD to simulate sensor operation is the first logical step if the
tool was used previously to design the sensor. Using TCAD Transient simulations
organized to study the time performance of sensors developed to operate with a time
resolution of few ps shows some limits related to the software itself.

Critical issues of the Heavy Ion model for HEP applications The heavy
ion model, especially if used with default parameters, is not the best solution to
simulate device operation of fast timing sensors. The problem depends on the time
function of the generation rate (equation 5.4). As previously described, using a
Gaussian function which is centred at a specific ionisation time means that half of
the generated charge is obtained even before the particle crosses physically the sili-
con medium, which is wrong on a physical point of view. On a computing point of
view this approach is correct, considering that TCAD computes continuous physical
quantities and needs to model charge injection in a continuous way too. Also, TCAD
was developed for completely other purposes which do not consider physical phe-
nomena in 10 fs 10 ps ps range. A second aspect on the time dependent generation
function is related to its characteristic constant Shi, which by default is set to 2 ps.
This parameter in its default value, which is also used for the alpha particle model,
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is an estimation of the time behaviour due to the thermalization of the charges
after some instants from their generation and is only valid for alpha particles and
heavy ions with energies of 1-10 MeVs with velocities lower than 0.14 c [90]. For
fast timing sensors operating in velocity saturation and crossed by ultra-relativistic
charged particles with velocities over 0.99 c, the Heavy Ion model does not have an
experimental validation and has to be applied with carefulness.
A possible reinterpretation of the shi parameter for HEP applications could be the
description of charge acceleration during the first instants after ionization, but a
short calculus demonstrates how even this phenomenon has negligible impact on
silicon sensors. Considering that for a free moving electron in silicon the kinetic
energy is equal to 1/2kT for every degree of freedom, a fast calculus shows that its
average thermal velocity is already of the order of 107 cm/s at 300 K, which has the
same order of magnitude as their drift velocities in velocity saturation conditions.
This means that free electrons and holes, generated by ionization, do not suffer an
acceleration intended as speed increment but their motion is only oriented in the
direction to the electric field force lines. The only observable rise time in a current
signal is related to the time the energy deposit is formed during the passage of the
ionizing particle.
An example is given by the passage of an ultra-relativistic charged particle through
150 µm thick silicon. Considering energy transfer from the particle to the medium as
almost instantaneous, the time needed to ionize silicon along the path is equivalent
to the time needed to pass the entire layer: 500 fs.
The space distribution of the sentaurus Heavyion charge deposit presents also some
critical aspects. In detail, single heavy ion model with default parameters just gen-
erates a cylindrical energy deposit with uniform charge density overall the length
l and a width w. For a first rough estimation of the signal response this approach
is enough because it describes the deposit generated by the main ionizing particles,
but it does not consider random fluctuations of the deposits or even secondary par-
ticle generation along the path. It is possible to generate more complicated energy
deposits by using more than one heavy ion model during the same transient sim-
ulation, with a maximum of 64 heavy ions at a time, but the fluctuations need to
be computed randomly. A special focus on energy fluctuations and delta rays can
be easily done by assisting energy deposition in silicon using Monte Carlo tools like
GEANT4. This approach is explained in section 6.

Mesh strategy for transient simulations An accurate TCAD simulation de-
pends strongly from the applied mesh grid. A wrong applied mesh grid, especially
if the mesh size is too large, introduces numerical error [91]. TCAD simulations are
basically computational fluid dynamics (CFD) simulations, and one of most crucial
parts is the definition of an appropriate mesh grid needed to compute with enough
precision the evolution in time of the charge drift and diffusion. One main error
source introduced by a wrong applied mesh strategy is false diffusion, which causes
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an artificial dispersion of the charge cloud in time.
A series of test simulations were performed to develop an optimized mesh strategy
for 3D silicon sensor and the obtained efforts and results are shown in section 5.5.

Simulation time Simulation time plays a very important role. The lower the
time needed to simulate a single sensor response, the higher the statistics that can
be collected in a specific time interval. TCAD is capable of simulating with high
accuracy sensor operation at the cost of using a large amount of computing resources
and time. It is possible to speed up sensor simulation by using customized tools,
conserving most of the physics computed by TCAD, replacing only the physical
processes which are time consuming. For this reason, the TIMESPOT Code for
Detector simulation (TCoDe) was specifically developed and its results displayed at
the end of this chapter. A more detailed description of TCoDe and its validation
are presented in chapter 5.

5.4 TCAD simulations with GEANT4 deposit

As mentioned in the previous section, TCAD uses a simplified description of the
energy deposits generated by the ionization of high energy particles. Energy deposit
fluctuations and deposits generated by secondary particles like delta-rays are not
considered. A solution to include more realistic deposits consists to add particle-
silicon interaction information using the Geometry and Tracking 4 (GEANT4) tool
[92].
The idea behind this approach consists in rebuilding in GEANT4 a pixel model
of the same shape and size of the pixel and to add a particle source which shoots
ultra-relativistic particles against the silicon model. The released energy and par-
ticle track inside the silicon model are then saved and converted into an equivalent
sentaurus heavy ion model which is added in the sdevice command file. This ap-
proach guarantees a more detailed description of the energy deposition in silicon
compared to the exclusive TCAD approach.

GEANT4 Sensor model The GEANT4 sensor model used for this approach is
a replica the TCAD model and shares the same position and orientation in space.
The model presents a simplification compared to the original TCAD model which is
related to the doping concentration along the interface regions which is completely
absent. Only the sensitive area and the electrodes are considered. The single pixel
model can be replicated on multiple pixel matrices and even detector stations for
other applications (fig. 5.4).

GEANT4 physics and particle source The GEANT4 physics list is based
mostly on the Electromagnetic standard option 2 (G4EMstandardopt2) [93]. This
EM option is specifically designed for LHCb environments and therefore ideal to
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Figure 5.4: 3 Possible pixel configurations in the GEANT4 simulation: (A) GEANT4
replica of the silicon pixel. (B) Configuration in a 3-pixel matrix. (C) Sensor array
configuration built with over 780000 independent pixels.
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Figure 5.5: 4 Energy absorption in thin silicon layers. Comparison between experi-
mental data form [79] (A) and GEANT4 simulation (B).

emulate the environment present inside the LHCb detector. A slightly modifica-
tion of this model was applied concerning the formation of delta rays in silicon by
adding the GEANT4-MicroElec extension. The MicroElec extension, developed by
CEA [94], models the effects of energy deposition produced by low energy electrons,
protons or heavy ions in silicon with the purpose to study those effects on integrated
circuits. In this case the MicroElec model helps to describe more in detail the energy
deposition in silicon.
As particle source, the GEANT4 general particle source (GPS) was selected. This
allows to select a larger particle variety and to set more parameters related to their
interactions. Following the study of energy deposits from minimum ionizing par-
ticles in thin silicon sensors from Passeri et. al [79], a positive charged pion (π+)
with average energy of 12 GeV was selected. This choice also allows to make a full
validation of the GEANT4 physics using the data acquired by the experiment (see
Fig. 5.5). The most difficult part of the particle source is related to its orientation
in space. Two different options were considered and tested. The first option is a
complete randomization of the position of the source which is positioned around the
sensor with the possibility to shoot particles from every position. This approach has
the advantage to follow the main requirement needed to estimate the time walk con-
tribution of the sensor. The second approach follows a more realistic approach and
consists to organize the GPS like in a real collision point at LHC, with a variation
of 5 µm in X and Y direction and a maximum angle of 300 mrad.

Conversion from GEANT4 to sentaurus TCAD Conversion of the energy
deposit from GEANT4 to the sentaurus heavy ion model is completely automatic
and was implemented in GEANT4 with a customized class. The data transfer class
developed for this special purpose is activated every time a particle releases energy
inside the sensitive volume. All the information about the energy deposit (orienta-
tion, position, time and energy deposited) is recalled by the stepping action class.
The stepping action class outputs all information related to one single track. All
possible data is then saved and converted into an equivalent Heavy Ion code. At the
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Figure 5.6: TCAD transient simulation assisted with GEANT4 energy deposit sim-
ulation.

Figure 5.7: (A) Single GEANT4 simulation showing the passage of a pion (blue
track) and the generation of a 131 keV delta ray (red track). (B) Its reproduction
in TCAD displayed along a cut of the sensor.

end of the simulation, GEANT4 outputs a complete sdevice command file (*.cmd)
which is then added in the Sentaurus TCAD project (fig. 5.6). The only important
conversion performed in the data transfer class is the conversion of the energy de-
posit of the track from the GEANT4 to the TCAD nomenclature. GEANT4 displays
the total energy deposit per track in keV, TCAD in pC/µm. In order to perform
this conversion, it is necessary to take into account the average energy needed in
silicon to generate an electron hole pair, which is 3.6 eV, and the track length l.
The final conversion algorithm implemented in the GEANT4 data transfer class is
(5.5):

EdepTCAD
=

EdepG4

3.6 ∗ 10−3keV ∗ l
(5.5)

With EdepG4
the GEANT4 energy deposit and l the track length. Figure 5.7 shows a

single GEANT4 simulation with single delta ray production which presents a longer
ionization path and its TCAD conversion. Simulation results are displayed in the
final paragraph of this chapter.
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5.5 Mesh strategy for 3D model transient simu-

lation

False diffusion is a kind of error which can appear in Computational Fluid Dynamics
(CFD) simulations. False diffusion occurs when the applied mesh grid structure is
not aligned with moving flow or the mesh size is not fine enough to compute with
enough precision the moving physical quantities (depending on the application it
can be a mass density wave or a charge cloud moving in space like in this case).
From De Vahl Davis et al [91] it is known that the influence of false diffusion in a 2D
device simulation depends directly from the mesh size (∆x and ∆y) and the angle
Φ between the velocity vector V and the x-direction (equation 5.6):

Γfalse =
ρV∆x∆ysin(2Φ)

4(∆y ∗ cos3(Φ) + ∆x ∗ cos3(Φ))
(5.6)

From equation 5.6 it results that a mesh refinement with smaller mesh size reduces
the effects of false diffusion. Therefore, the key for an accurate TCAD simulation
is a fine mesh structure. The simplest approach could be to define a finer global
mesh over the entire model, but, using a finer mesh grid is very inefficient on a
computing point of view and increases the necessary computing time needed to
run the simulation. For example, for a 1 µm3 large cube with a 100 nm mesh
grid, the number of total points is 1000. If the mesh size is reduced to 50 nm,
the number of mesh points increases by a factor of 8 and also computing time will
increase with similar proportion depending on the available hardware. In order to
find a compromise between simulation accuracy and simulation time, a series of test
simulations were performed with the main purpose to define an optimized mesh
strategy for 3D silicon sensor simulation.
The main idea behind of those tests is that a fine mesh grid needs to be applied only
in regions where something dynamically happens during a transient, like the passage
of a charge density cloud. All other regions which presents stationary physical
properties over the entire transient can be described by the larger mesh grid. This
should allow to increase precision where it is needed without stretching considerably
simulation time. Considering that, as shown in chapter 2, the Ramo theorem has an
analytic solution for a planar electrode configuration, the model used for these tests
is a simplified 2D model of a PN-junction with a planar electrode structure (fig.
5.8). Energy deposit is applied exactly in the middle of the model with direction
parallel to the electrodes. 3 different tests were performed:

First test series During the first test trial, an energy deposit of 800 electron-hole
pairs was injected exactly in the middle of the model. Charge drift was observed for
a 400 ps long transient. Figure 4 shows how with increasing space resolution TCAD
was able to better define the output current signal (fig. 5.9). For a mesh structure
equal or higher than 3 µm length, the heavy ion model failed to inject the charge
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Figure 5.8: All mesh grids used on the sensor test structures, spacing from sub-
micron to micrometer scale mesh grid.

in the sensor and no output signal was observed. For models with maximum mesh
size lower than 100 nm the current signal changed completely form and assumed
a stairs-like form, as predicted using the analytic solution of the Ramo theorem
(comparison in fig. 5.10) shown in chapter 2, equation 3.36.

Second test series The second test series was focused on defining a fine mesh
grid around the applied energy deposit and changing only the global mesh grid
around the first one (fig. 5.11). This test helps to understand distortion effects on
the signal caused by moving charges crossing mesh grids with different size. Figure
5.12 shows all simulated signals. It is possible to see how for global mesh sizes of
100 nm the current signal presents a peak 10 ps after the leading edge. When the
global grid size is lower or equal to 100 nm, this peak is not present. The reason
of those peaks is related to the acceleration the charges suffers when passing from
a fine mesh area to a coarse mesh area. The gradient in mesh size causes a large
false diffusion which also increases charge velocity. The effect has repercussion on
signal formation which is visible with this characteristic peak. Other characteristic
is that charge absorption happens almost 30 ps before the charge clouds reach the
electrodes, which is also a demonstration of false diffusion.

Third test series The third test performed had a more qualitative aspect and is
needed to show qualitatively the effects of false diffusion in different meshed systems.
For this purpose, the model received a fine mesh of 100 nm on its left side and a
larger 1 µm mesh grid on the right side. The results displayed on figure 5.13 shows
how the right half of the energy deposits suffers false diffusion due to the larger
mesh size, compared to the left half, which spreads slower in time.
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Figure 5.9: Current signals simulated using models with different mesh dimensions.
The lower the mesh dimension and the higher the signal accuracy.

Figure 5.10: Signal comparison between Ramo theorem prediction and TCAD sim-
ulation with high resolution meshing. The Ramo prediction does not take into
account charge diffusion.
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Figure 5.11: Second test model used. The area where the charge is applied presents
a finer mesh grid.

Figure 5.12: Plots showing the effects on signal formation due to the passage of
different mesh grids.
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Figure 5.13: Evolution of a charge cloud in a different meshed model (red: holes,
blue: electrons). First model shows the applied mesh grid. The other 3 models show
the evolution of the cloud during the 100 ps long transient simulation

Mesh strategy applied on TIMESPOT sensor All 3 tests have clearly demon-
strated that a fine mesh grid along the drift path need to be applied to perform very
accurate TCAD transient simulation. The maximum mesh size applicable that does
not show relevant signal deformation due to false diffusion is 100 nm. Moreover,
the fine mesh grid must be applied uniformly over the entire drift path and contain
the entire charge cloud. If the charge cloud is able to leave the fine meshed area, a
signal distortion will be the effect.
To obtain a confirmation of the developed mesh strategy, a 2D model representing a
XY section of the TIMESPOT sensor was chosen as test model. The parallel trench
geometry of the sensor can be approximated by a planar sensor like the previous
test device, which means that a point like charge deposit applied between diode
and resistive electrode will induce a signal with a similar shape as predicted by the
analytic solution of the Ramo theorem.
For the simulation, an energy deposit of the equivalent of 100 electron hole pairs
was injected between the electrodes at the coordinate of (13.75 µm, 13.75µm). The
applied mesh grid which is needed to describe charge drift and diffusion goes from
the resistive to the diode electrode and has a width of 2µm. The width was chosen,
considering the expansion of the charge cloud due to charge diffusion according to
equation 2 of [22]. The final fine meshed area is shown in figure 5.14 and works
practically as a high definition path for the electron and hole clouds. The new mesh
strategy was compared with the old approach based on the local description of the
energy deposit and tested during the second test series. Both simulations were com-
pared not only in signal formation but also observing the evolution of the charge
cloud in time. As shown in figure 5.15, the new mesh strategy allows a detailed
description of the charge cloud during the entire transient. Instead, the old mesh
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Figure 5.14: Mesh strategy applied on a 2D model of the XY section of the
TIMESPOT sensor. Only the drift path of the e/h pairs presents a fine mesh
structure in order to compute with high accuracy charge drift and diffusion.
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strategy causes immediately false diffusion effects in the moment the charge leaves
the fine mesh area. This effect has also repercussions on the signal formation.

Figure 5.15: (A): Applied Mesh strategies. (B): Evolution of the charge cloud during
the first 50 ps. It is possible to observe how false diffusion is dominant alter the
cloud leaves the fine meshed area.

Figure 5.16: Comparison of new and old mesh strategy. False diffusion changes
completely the signal shape due to the accelerated expansion of the charge cloud.

As displayed on figure 5.16, for the signal obtained with the new mesh strategy, a
Ramo solution like shape has been obtained. For the old strategy instead, the signal
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presents two peaks. The first peak, immediately after charge injection, is caused
by the electron cloud which at first leaves the finer meshed area. The second peak
is caused by the holes, which leaves ps after the electrons the finer meshed area,
increase their speed like the electrons before, inducing a larger amount of current
on the electrode.

5.6 Results

This subsection shows all obtained results using all different simulation approaches.

5.6.1 TCAD 2D model simulation

2D model simulation was organized using 2 different models. One model represent-
ing a XY section of the pixel and a second model representing half YZ section of
the pixel. The first model was prevalently used to understand the effects of current
induction caused by energy deposits between the electrodes and to estimate charge
collection time. Also, a comparison with the Ramo map was done for further vali-
dating the Ramo map approach. The second model was used as an approximation
of sensor simulation using 3D models.

XY section Transient simulations performed over these 2D models consisted in
injecting the equivalent charge amount of 80 electron-hole pairs in a single point.
The positions of those charge deposits were organized in an array of 11x7 points,
distributed over one quarter of the entire sensor model, considering that, for sensor
symmetry, it is useless to cover the entire model with energy deposits (fig. 5.17).
Particular attention was dedicated on observing how the signal shape changes with
respect to the x position, to understand how the region between diode electrodes
affects signal formation. The following 6 plots shows how the signal changes by
varying the X coordinate, holding Y constant (fig. 5.18,5.19,5.20,5.21,5.22 and 5.23).
All plots present the same signal evolution. For events close to the end of the diode
electrode, a characteristic peak is observable which is at its maximum for deposits
generate at X = 1 µm and starts to be less significant when the deposit is injected
in the area where diode and resistive electrodes face each other. This peak can be
described by analysing the weighting field and Ramo map of the sensor and depends
mostly on the drift of the electrons. Electrons generated for X < 7 µm crosses at the
beginning an area with a lower weighting field and then, when close to the diode
electrode, the weighting field suddenly increases, inducing this characteristic current
peak (fig. 5.24).In regions where the electrodes face directly each other, this high
increment of the weighting field is less pronounced, and the current signal assumes
a more stairs-like shape. The same analysis can be done by tracing the drift path of
the electrons over the Ramo map. Concerning the contribution of current induction
of the holes, no significant signal changes by changing the X coordinate are observed.
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Figure 5.17: Applied simulation strategy. Every yellow dot represents one charge
deposit injected in the model.

This is due to the weighting field which stays more constant close to the resistive
electrode.

Figure 5.18: Signals generated with charge deposits around Y = 5µm.
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Figure 5.19: Signals generated with charge deposits around Y = 9.

Figure 5.20: Signals generated with charge deposits around Y = 13.
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Figure 5.21: Signals generated with charge deposits around Y = 18.

Figure 5.22: Signals generated with charge deposits around Y = 21.
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Figure 5.23: Signals generated with charge deposits around Y = 24.

Figure 5.24: Weighting field of the TIMESPOT sensor and approximated drift path
for charges generated between two diode electrodes.
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Figure 5.25: Analysis of the sensor response between two diode electrodes. The
figure shows the applied charge deposits.

A second set of transient simulations were performed in the region between two
diode trenches to fully validate the Ramo map approach and study signal shape
in this critical area where the electric field results low and at the same time the
weighting field results very high. For this reason, 6 charge deposits were applied:
Four close to one electrode and two of them positioned exactly between the two
electrodes (fig. 5.25). The obtained plots are resumed in figure 5.26, 5.27, 5.28
and 5.29 and show how the same charge deposit have different induction effects on
both pixels. Current signals observed on the right pixel present a positive amplitude
which is 3 times higher than the average amplitude observed from the previous plots,
as expected from the Ramo map of the parallel trench geometry showed in chapter
4 (fig. 4.16). If the current signal is observed on the left pixel, the effect is exactly
the opposite, showing a minimum with an almost symmetric shape. This evidence
consolidates even more the validity of the Ramo map approach.

All those initial parts of the signal are mostly electron contributions and vanish
in less than 30 ps after the rising edge. After electron absorption, only drifting
holes are left which cross the entire inter-electrode distance. Their contribution
to the induced signal is low and positive, independent of the used electrode, still
according to the Ramo map.
A special case happens when the charge is injected exactly between both electrodes.
In this situation the charge cloud splits into two equal parts. One drifts to the left
electrode and the other to the right electrode. Having two identical charge clouds
that cross areas with an opposite weighting field causes that the current induction
do by electrons cancel each other. The only components which is observed is the
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Figure 5.26: Current signals for charge deposits applied along Y=0 observed from
Pixel number 1.

Figure 5.27: Current signals generated from charge deposits applied along Y=0 but
observed from Pixel number 2.
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Figure 5.28: Current signals for charge deposits applied along Y=0 observed from
Pixel number 1.

Figure 5.29: Current signals generated from charge deposits applied along Y=1 but
observed from Pixel number 2.
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Region: X Direction: Y Direction: Z Direction:
First 10 µm 17 % 65 % 18 %

From 10 µm to 120 µm 17 % 82.5 % 0.5 %
From 120 µm to 150 µm 5 % 41 % 54 %

Average 10 % 55 % 33 %

Table 5.1: Electron and Hole dynamic over the entire TIMESPOT sensor.

hole contribution.

YZ section simulation The second 2D model used to simulate sensor response
is a YZ section of the TIMESPOT pixel. This approach was initially intended as
an alternative to the complete 3D model device simulation, because the computing
resources available to simulate charge drift and diffusion over an entire 3D model
are limited. In fact, the current computing resources allow only to operate transient
simulations for devices built up with a mesh grid of less than 2 million points.
Every model with a number of mesh points beyond 2 million need more RAM
than available. The choice to design this model is based on the analysis of the
charge dynamics over the entire sensitive volume. The analysis is mainly based on
the electric field, which defines the drift velocity. Applying an uniform mesh grid
over the entire model, the analysis calculated the percentage of each electric field
component related to the electric field amplitude. The result of this analysis showed
that over the entire silicon pixel, 10 % of the motion is along the X direction, 55 %
along Y and 35 % along Z. More in detail, the analysis showed that, for the region
where the electrode faces each other, motion along the Z direction is negligible (<
1%) (table 5.1). Below 120 µm, the Z component suddenly makes more than 50 % of
the entire dynamics. Based on these facts, the designed YZ model is a good choice
to simulate the sensor response in a symmetric position in the middle of the sensor.
This model was used to simulate a total of 8 vertical, 4 inclined and 4 horizontal
deposit (figure 5.30, 5.31 and 5.32). From all simulated signals it is possible to
observe current signals with a charge collection time still below the 600 ps and a
large current amplitude. Some of the simulated current signals were later reused to
validate the TCoDe tool.

5.6.2 3D model simulation

A further step to improve sensor operation simulation is to to use a complete 3D
model of the TIMESPOT pixel instead of the 2D models used as approximations.
This approach presents some difficulties related to the large amount of computing
resources needed to run the simulation. The mesh strategy presented in the previous
chapter must be extended in 3D models to the Z direction. This extension multiplies
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Figure 5.30: Current signals obtained by vertical energy deposits.

Figure 5.31: Current signals obtained by inclined energy deposits. Orientation is
displayed in figure 5.33.
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Figure 5.32: Current signals obtained by horizontal energy deposits. Orientation is
displayed in figure 5.33

the number of grid points by a factor proportional to the number of fine mesh
layers present in the Z direction. For example, the model displayed in figure 5.14 is
described by a mesh grid with a total of 95000 points, 70 % of them only to define
the drift path of the charges. Following the same approach applied on the 150 µm
thick TIMESPOT sensor, this means that, along the Z direction the mesh layers,
described using a 100 nm small mesh grid, the total number of mesh points increases
by a factor of 1500, reaching almost the 150 million mark. The available computing
resources are not enough to simulate such a sensor, so some evaluations were done
to understand if some energy deposits could be simulated.
The evaluation included vertical, horizontal and inclined energy deposits. Inclined
energy deposits need an accurate mesh grid on all 3 directions, which means that
they cannot be simulated. Horizontal energy deposits need only for the drift path
less than 400000 points, so it should be possible to simulate them. Vertical tracks
can not be simulated if the fine meshing is applied on all 3 directions, but it can be
approximated if the fine meshed area includes only the X and Y direction, reducing
considerably the mesh grid along Z. This approach presents some risks of false
diffusion, especially along the bottom volume of the pixel where charge motion is
dominated along Z but takes into account that most of the injected charge is present
in the area where diode and resistive electrode face each other. For this simulation
only 5 signals were simulated and displayed in figure 5.34. The overall computing
limitations and needed computing time to obtain a result were too inefficient and
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Figure 5.33: Energy deposit in silicon model. Left: Inclined tracks. Right: Hori-
zontal tracks.
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Figure 5.34: Current signals obtained by horizontal energy deposits from a complete
3D sensor model.

suggested to look for alternatives to simulate those signals in less time, holding
same accuracy. TCoDe, which will be described in chapter 6, is intended to solve this
computing issue without loosing all the physical information get from the simulations
done with TCAD.

Effects on signal simulation using GEANT4 support GEANT4 support on
TCAD transient simulation was verified using 2D and 3D model simulation. Only
one test deposits is presented, showing that the procedure to translate an energy
deposit from GEANT4 to TCAD is possible. The deposit was generated (fig. 5.35)
from the deposit shown previously in figure 5.7 and shows a special case with a
higher energy delta ray. Its ionization along the silicon was 5 times higher than the
pion and has the effect to increase twice as much the current signal amplitude.

5.6.3 Results obtained with TCoDe

The first application of TCoDe in TIMESPOT uses the sensor at a bias voltage of
100 V and a temperature of 300 K. In order to have a better coverage, both double
half pixel and complete pixel model were used to collect sensor response.
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Figure 5.35: Current signal simulated using TCAD using a GEANT4 modeled energy
deposit. The plots show total signal, pion and delta ray contribution.

Figure 5.36: Charge collection time distribution over all the TIMESPOT sensor
using TCoDe.
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Figure 5.37: Simulated output signal from the readout board using TCoDe

Different simulations were considered. The simplest among them consisted in
measuring the charge collection time distribution of small charge clusters positioned
in a regular grid inside the entire volume. Charge collection time was then mea-
sured using a threshold set at 10 % from the amplitude. The result is shown in
figure 5.36. The parallel wall sensor shows an average charge collection time of
318 ps. Most probable charge collection happens between 220 ps and 400 ps and is
related to the volume between parallel electrode. The slower collections time be-
yond 400 ps is related to the bottom region of the sensor and the region between
junction electrodes (which can be reduced by reducing the distance between them).
The faster charge collection times below 220 ps are related to the deposits generated
close to areas with high electric field, like the interface between the junction elec-
trode and the p-spray layer.
A second and preliminary simulation series is currently ongoing in parallel to the
first measurements (more details chapter 6). For this purpose, the transfer function
(section 4.3 in [95]) of the main readout board used during the measurements has
been implemented in TCoDe (together with its measured noise level) and approxi-
mately 126000 signals were simulated using GEANT4 energy deposits generated by
shooting a 12 GeV pion against the pixel. The angle distribution of the produced
pions is the same as for the observable events in LHCb.
The obtained voltage signals (Fig. 5.37) have an average amplitude of ∼40 mV and
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Figure 5.38: Trigger time distribution of the readout board with parallel trench
sensor using TCoDe.

correspond to the signals measured from the board during the laser tests (chapter
7). A first simplified estimation of the timing performances was also done by imple-
menting in TCoDe an equivalent Constant Fraction Discriminator. The simulation
was repeated 3 times, using 3 different thresholds: 25 %, 50 % and 75 %. The
obtained distribution shows the trigger time distribution for all 3 thresholds (Fig.
5.38). From a first preliminary analysis it seems that the sensor presents, in a CDF
configuration, a better time resolution for lower thresholds. This behaviour has to
be better understood and further analysis and simulations are currently ongoing.
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Chapter 6

TCoDe

This chapter presents the TCoDe simulator, a new solid state sensor transient simu-
lator developed with the purpose to extremely reduce simulation time and achieve in
this way a large number of simulated signals. The chapter shows its main structure
and the implemented algorithms. At the end of the chapter a first indirect validation
of the program is presented, comparing its simulated current signals with reference
signals obtained using Synopsys Sentaurus TCAD.

6.1 Motivations and general description

As outlined in chapter 5, TCAD transient simulations used to simulate sensor re-
sponse present a main disadvantage due to the large computing resources and the
time needed to run a single simulation. For example, running a TCAD model built
up by almost one million points, a 600 ps long transient simulation takes in average
31 hours (Fig. 6.1). Since a detailed study of the timing performances of the sensor
or a fine tuning of the front-end, needed before fabrication, requires a large number

Figure 6.1: Simulation flow of a sentaurus TCAD project used to simulate vertical
energy deposits on a 3D model built up by 985000 mesh vertexes. Average time to
complete a transient simulation is approximately 31 hours (last column).



134 CHAPTER 6. TCODE

of those transient simulations to be performed using TCAD for this kind of appli-
cation is un-practical. Therefore, a dedicated software, the TIMESPOT Code for
Detector simulation (TCoDe), is currently under development. TCoDe is a C++ 14
based tool, which runs on top of the HYDRA Multithreaded Data Analysis Frame-
work [96], capable of running transient simulation of solid-state sensors in very short
time thanks to its simplified computing structure and multithread capabilities which
allow it to run on different CPU- and GPU-based systems using OpenMP [97], TBB
[98] and CUDA back-ends [99].
The idea behind the current version of TCoDe is that the tool just computes the
required transient simulations using all available information obtained from other
tools previously used to simulate all stationary physical quantities of the sensor over-
all its volume like the electric field or charge mobility. For example, TCoDe used
within the TIMESPOT collaboration uses physical maps computed with sentaurus
TCAD and energy deposits simulated with GEANT4. The only physics that TCoDe
provides is the charge motion and current induction on the readout electrode. This
allows to change from the slow computing TCAD to the fast computing TCoDe
without the need to recompute and remodel everything done before with TCAD.
At the moment TCoDe is on its first alpha release [100] and mainly set to work
within the requested applications of the TIMESPOT project, but future extensions
and improvements are already under idealization to transform TCoDe in a complete
detector simulator system.

6.2 Program structure

TCoDe, on its current configuration, is divided up into two main computing blocks,
the system configuration and the simulation block. During the configuration, TCoDe
uploads all information needed to run the simulation, builds the energy deposit in
the sensor as an equivalent electron-hole pair distribution in space and sets the time
step and the transient length. After the configuration phase, the transient simulation
takes place and saves all generated data (Fig. 6.2).

6.2.1 Configuration

Physics maps Most of the configuration phase is focused on uploading the physics
maps. TCoDe needs 4 maps for a simulation:

• Electric field map

• Weighting field map

• Electron and hole mobility maps

Electric field and mobility maps must be previously simulated at the same bias
voltage and temperature and are needed to compute charge motion. The weighting
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Figure 6.2: TCoDe Simulation flow and symbol.

field is needed to calculate current induction on the electrodes. TCoDe is very
adaptable and allows to add other maps in TCoDe which contain other physical
information, like the distribution in space of charge traps or defects, for more specific
simulations like sensor response in function of the radiation damage or the inclusion
of defects in the semiconductor lattice. Maps can be uploaded in *.cvs or *.txt format
and their format is by default settings a 6 column file containing all the coordinates
of the mesh vertex (first 3 columns) and the components of the physical quantity
(last 3 columns). There is also a possibility to include other 2 columns which include
the material and the region of the sensor where the point is positioned. In this way
it is possible to highlight signal formation in potentially critical areas/material.

Energy deposits and geometrical reconstruction Energy deposit costruction
is one of TCoDe’s most important features. Like Weightfield2 [101] or Allpix2 [102]
the energy deposit is defined as a distribution in space of electron hole pairs repre-
sented as point-like particles instead of a charge density in space like TCAD. This
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approach allows to focus the computing resources only on the motion of the charges.
Each charge motion is computed in a separate thread (either in CPU or GPU).
Compared to this approach, the computation of charges represented in space as
continuous distribution would mean that the Poisson and continuous equation must
be computed for every time step overall the entire volume. The volume, which is
described by a grid, is defined by a large number of points. Solving the equation
means that the calculation must be performed on every single point for every single
time step. For a 55x55x150 µm3 large model, the number of grid point is in the order
of one million. The average number of electron-hole pairs generated by a minimum
ionizing particle over a distance of 150 µm is only 12000.
TCoDe is able to generate its own energy deposit or import it from other tools like
GEANT4. Its intrinsic energy deposit generator is very simplified and allows to
generate only linear deposits and including Landau fluctuations of the released en-
ergy. This deposit is generally used for more practical purposes. For realistic energy
deposits an input from an external Monte Carlo, like GEANT4 is needed.
In both cases the construction of the deposit in space follows the same approach:
The input parameters needed by TCoDe for an energy deposit Edep released along a
straight path of length l are the start and end point of the ionization path ((Xi;Yi;Zi)
and (Xf ;Yf ;Zf )), the energy deposit Edep, the dispersion of the charges at the be-
ginning αi and end αf of the path. Also a particle identification number PID can
be added in order to discriminate later signal contribution from secondary particles
like delta rays.
The charge distribution is defined by converting the energy deposit along the track
into an equivalent number of electron-hole pairs Nmax. This operation is done by
simply dividing the energy deposit by the average energy needed to generate an
electron hole pair which, in case of silicon, is equal to 3.6 eV. The number is then
used to place all Nmax points along the ionization track using parametric equations
of line in 3D space:

x(t) = Xi + (Xf −Xi)t+ σx

y(t) = Yi + (Yf − Yi)t+ σy

z(t) = Zi + (Zf − Zi)t+ σz

with


t ∈ [0; 1]

t = i/Nmax

i ∈ [0, 1, ..., Nmax]

(6.1)

With (Xi;Yi;Zi) and (Xf ;Yf ;Zf ) the begin and and the end of the ionization track
and t the line parameter which is calculated with reference to Nmax. σx,y,z describe
the radial charge distribution orthogonal to the ionization path. The computation
of σx,y,z follows few steps. The first defines the maximum vertical distance from the
ionization path where the charges are generated and the shape of this distribution,
which can be set as Gaussian, Exponential or uniform:

disp ∈ [−α;α] disp = α exp(−|b|) disp = α exp(− b
2

2α
) (6.2)

Where α is the maximum distance from the ionization track (parameter must be set
during configuration phase) and b ≥ 0 generated with a random number generator
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with uniform distribution. α can change along the ionization path with a linear
shape by simply applying the same formula used in equation 6.1:

{
α = αi + (αf − αi)t With


t ∈ [0; 1]

t = i/Nmax

i ∈ [0, 1, ..., Nmax]

(6.3)

The dispersion parameter is then oriented randomly in space around the origin of
the coordinate system with angles θ φ, using the following rotation:

~rdisp =


dispx = disp× sin θcosφ

dispy = disp× sin θsinφ

dispz = disp× cos θ

With

{
θ ∈ [0; 2π]

φ ∈ [−π
2
; π
2
]

(6.4)

The obtained vector ~rdisp needs now to be rotated with a random angle γ vertically
around the direction of the ionization track (ux;uy;uz).σxσy

σz

 =

 cos γ + u2xA uxuyA− uz sin γ uxuzA− uy sin γ
uxuyA+ uz sin γ cos γ + u2yA uyuzA− ux sin γ
uzuxA+ uy sin γ uzuyA+ ux sin γ cos γ + u2zA

×
dispxdispy
dispz


(6.5)

With A = (1−cos γ) and γ generated randomly between [0; 2π]. This method allows
to obtain different energy deposits in space in any possible shape and dimension (Fig.
6.3). This feature is important especially if the effects of large ionized areas needs
to be simulated. This algorithm allows to produce all kinds of energy deposits, from
the simplest deposit generated by a minimum ionizing particle to larger deposits
generated by infrared laser.
If the deposit is more elaborate and includes ionization paths with different directions
and forms, the approach remains the same and TCoDe provides a construction of the
deposit ionization path after ionization path. For more elaborated deposits defined
by curved paths, TCoDe is able to approximate them into a composition of small
linear segments, which are processed one after the other.
For energy deposits imported from other tools the approach remains the same. It
can be that the way the energy deposit is represented on the other tool needs to be
converted in a different way but this is up to the user. An example of how energy
deposits simulated from external tools is converted in TCoDe is shown in figure 6.4.
It can be seen that, the deposits generated by the pion and the delta ray are well
reproduced in shape. The distribution along the path is kept constant in order to
better highlight the ionization path.

TCoDe Drift and Diffusion Model Charge drift and diffusion are the only
physical processes implemented in TCoDe. Their computation follows a similar
approach as presented in [103] by computing separately both quantities and adding
their effects only at the end of the time step.
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Figure 6.3: Different Examples of customized energy deposits. (A): Energy deposit
with the form of a cone. (B), (C) and (D): Different dispersion shapes of the charges
with respect to the track. (B) uniform, (C) Gaussian and (D) exponential.

Figure 6.4: Energy deposit generated with GEANT4 (left) and its conversion in
electron-holes using TCoDe (right).
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Diffusion: Diffusion is defined by the diffusion coefficient D which depends
on the temperature of the silicon.

D =
kBT

e
µe,h (6.6)

Where kB is the Boltzmann constant and µe,h are the electron (hole) mobility which
is directly taken from the mobility maps. For a time step ∆t the path traveled by
the charge is equal to

σdiff =
√

2D∆t (6.7)

Diffusion direction is a completely random process and for every time step its direc-
tion and distance varies randomly. In order to include this aspect in the simulation,
σdiff is computed as the variance of a random number generator with Gaussian
distribution with mean value 0. This allows to compute for every ∆t a random drift
distance within the desired distribution. The orientation of the diffusion step is also
randomly computed by rotating the vector of length σdiff around the origin with
an angle theta and φ.

δ~rdiff =

Xdiff

Ydiff
Zdiff

 =

cos(φ)sinθ −sin(φ) −cos(φ)sinθ
sin(φ)cosθ cos(φ) −sin(φ)cosθ
sin(θ) 0 cosθ

×
σdiffσdiff
σdiff

 (6.8)

With θ and φ randomly generated angles between [−π, π] and [0, 2π] respectively.

Charge drift Charge drift is computed by solving the following differential
equation which describes charge motion in semiconductors under effects of an electric
field:

δ~rd
δt

= µ~E (6.9)

As integration method the Runge Kutta 4th order algorithm [104] [105] was imple-
mented. The algorithm computes for the time step N the drift motion step ~rdN+1.

~rdN+1 = ~rdN +
∆t

6
(k1 + 2(k2 + k3) + k4) (6.10)

With k1,2,3,4 the Runge Kutta parameters, which are:
~k1 = µe,h(tn, ~rdN) ~E(tn, ~rdN)
~k2 = µe,h(tn + tstep

2
, ~rdN + 1

2
~k1tstep) ~E(tn + tstep

2
, ~rdN + 1

2
~k1tstep)

~k3 = µe,h(tn + tstep
2
, ~rdN + 1

2
~k2tstep) ~E(tn + tstep

2
, ~rdN + 1

2
~k2tstep)

~k4 = µe,h(tn + tstep
2
, ~rdN + 1

2
~k1tstep) ~E(tn + h, ~rdN + ~k1tstep)

(6.11)

The electric field ~E and mobility µe,h are extracted from the imported physics maps.
At the end of the computing step, ~rdN+1 and ~rdiffN+1 are added together, getting
the distance travelled by the charge:

~rN+1 = ~rdN+1 + ~rdiffN+1 (6.12)
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Current induction: Current induction is calculated by applying the Ramo
theorem, presented previously in chapter 2.

ie,h = qe,h(vxe,hEwx + vye,hEwy + vze,hEwz) (6.13)

The contribution of every single charge is added at the end of every single time step
and saved on the output file. In default settings the output includes the time step,
the total induced current in time and integrated charge in time. It is also possible
to save the contributions of the electrons and holes separate as well as the charge
generated by primary and secondary particles. In this way it is possible to analyze
the contribution of electrons and holes separately or the contribution from deposits
generated by primary or secondary particles. Moreover it is possible to save the
drift path of every single charge and use the data to visualise the entire process
(Fig. 6.5).

6.3 Validation, Performance

TCoDe output must be validated before starting to use it for sensor design and opti-
misation. There are mainly two ways to validate it. A first indirect validation which
consists in comparing with an already validated tool the current signal simulated
with an identical energy deposit. The best available tool to perform this comparison
is Synopsys Sentaurus TCAD. The second approach is an experimental validation,
however, this will be possible only once the devices, designed by means of the use
of TCoDe, will be available from production.

6.3.1 Performance

Performance of TCoDe simulation compared against TCAD simulation. Unfortu-
nately due to the management of the computing resources, TCAD and TCoDe run
on different computers:

1. TCAD: Workstation with 4 CPUs with 6 cores each (model Intel(R) Xeon(R)
CPU E5645) and a maximum of 24 independent threads. RAM memory is 48
GB and main storage is a 2 TB mechanic hard disk drive. TCAD simulations
themselves run in CPU-multithread with a maximum of 20 threads.

2. TCoDe in single thread: TCoDe runs on a PC with weaker resources with
just 2 CPUs with 4 cores each (model Intel(R) Xeon(R) CPU X5450) with 8
independent threads. RAM memory is 10 GB large and main storage has the
same characteristics as the TCAD PC.

3. TCoDe in multithread mode: Laptop with a 8 core CPU (model Intel(R)
Core(TM) i7 7700HQ CPU), 16 GB of RAM 512 GB of SSD and a graphic
card NVIDIA Geforce GTX 1050 (768 CUDA cores, 3GB GDDR5 at 1.5 GHz).
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Figure 6.5: Frame of a .gif animation reproduced using TCoDe. The upper part of
the animation displays charge motion (red are hole, blue are electrons) inside the
electric field (in this case a 3 pixel model). The lower plot shows the evolution in
time of the current signal.
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TCAD TCoDe (single thread) TCoDe (GPU multithread)
113234 s 11 s 543 ms

Table 6.1: TCAD vs TCoDe simulation speed comparison.

On a hardware pointof view the workstation used to run TCAD presents a definitely
higher benchmark then the other two PCs.

Comparison Simulations with same energy deposit were computed using all
3 systems. The simulated scenario uses the TIMESPOT 3D silicon sensor and
simulated sensor response from a vertically applied energy deposit of approximately
2 fC (12000 eelectron-hole pairs). A transient simulation with a duration of 600 ps
was set to simulate charge collection and signal formation. Results are displayed
in table 6.1. In this test TCoDe resulted to be almost 11000 times faster in single
thread mode then TCAD. Computing in GPU multithread even increased the this
gap.

6.3.2 Tool validation using TCAD

The tool validation was performed on a software level comparing TCoDe output
signals with TCAD output signals generated by the same energy deposit. The
idea behind this approach is that a comparison with a widely used software can be
considered a validation.
For the validation a 3D model of a planar sensor was designed on purpose. To
enhance further the validation, the TIMESPOT 3D-silicon sensor was later used to
confirm the correct operation of the TCoDe.

Planar sensor The designed planar sensor is a simple 5x5x10 µm3 large PN-
junction. The model is divided in 3 main areas, a low doped p– bulk, which works
as active area, and two highly doped layers at the top and bottom surface, one p++
and one n++ doped layer which works as sensor electrode (Fig. 6.6). The small
dimension of the sensor are needed to define the sensor model with an enough dense
mesh grid (following the mesh criteria defined in chapter 5) and a larger model could
exceed the requested computing resources. A total of 7 signals were simulated. One
vertical, one horizontal and 5 inclined tracks (Fig. 6.7-6.11). All deposits are then
compared in order to qualitatively evaluate the differences in the signal shapes.
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Figure 6.6: PN-junction used as reference sensor for the TCoDe validation. 3D
model (left) and cut through Y direction (right).
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Figure 6.7: First energy deposit simulated with TCoDe and TCAD and then com-
pared. Left: Position of the deposit inside of the sensor. Right: Comparison between
the obtained current signals.

Figure 6.8: Second energy deposit simulated with TCoDe and TCAD and then
compared. Left: Position of the deposit inside of the sensor. Right: Comparison
between the obtained current signals.
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Figure 6.9: Third energy deposit simulated with TCoDe and TCAD and then com-
pared. Left: Position of the deposit inside of the sensor. Right: Comparison between
the obtained current signals.

Figure 6.10: Fourth energy deposit simulated with TCoDe and TCAD and then
compared. Left: Position of the deposit inside of the sensor. Right: Comparison
between the obtained current signals.
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Figure 6.11: Fifth energy deposit simulated with TCoDe and TCAD and then com-
pared. Left: Position of the deposit inside of the sensor. Right: Comparison between
the obtained current signals.

Figure 6.12: Vertical energy deposit simulated with TCoDe and TCAD and then
compared. Left: Position of the deposit inside of the sensor. Right: Comparison
between the obtained current signals.
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Figure 6.13: Horizontal energy deposit simulated with TCoDe and TCAD and then
compared. Left: Position of the deposit inside of the sensor. Right: Comparison
between the obtained current signals.

TIMESPOT sensor A second series of comparisons between TCoDe and
TCAD simulated current signals used a 3D model of the TIMESPOT 3D-silicon
sensor. In this case the simulated signals were in total 7, with 5 at different Y and
2 inclined energy deposits. The plots, presented in figure 6.14-6.18, confirm the
validity of the TCoDe approach.

Figure 6.14: Vertical energy deposit simulated with TCoDe and TCAD on the
TIMESPOT silicol sensor and then compared. Left: Position of the deposit inside
of the sensor (TCAD model). Right: Comparison of the current signals.
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Figure 6.15: Vertical energy deposit simulated with TCoDe and TCAD on the
TIMESPOT silicol sensor and then compared. Left: Position of the deposit inside
of the sensor (TCAD model). Right: Comparison of the current signals.

Figure 6.16: Vertical energy deposit simulated with TCoDe and TCAD on the
TIMESPOT silicol sensor and then compared. Left: Position of the deposit inside
of the sensor (TCAD model). Right: Comparison of the current signals.
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Figure 6.17: Vertical energy deposit simulated with TCoDe and TCAD on the
TIMESPOT silicol sensor and then compared. Left: Position of the deposit inside
of the sensor (TCAD model). Right: Comparison of the current signals.

Figure 6.18: Vertical energy deposit simulated with TCoDe and TCAD on the
TIMESPOT silicol sensor and then compared. Left: Position of the deposit inside
of the sensor (TCAD model). Right: Comparison of the current signals.
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Figure 6.19: Inclined energy deposit simulated with TCoDe and TCAD on the
TIMESPOT silicon sensor and then compared. Left: Position of the deposit inside
of the sensor (TCAD model). Right: Comparison of the current signals.

Figure 6.20: Inclined energy deposit simulated with TCoDe and TCAD on the
TIMESPOT silicol sensor and then compared. Left: Position of the deposit inside
of the sensor (TCAD model). Right: Comparison of the current signals.

6.4 Next developments

TCoDe on its current release presents all essential functions needed to simulate
sensor response of non-irradiated solid state sensors. Next improvements will add
the possibility to include radiation damage and its effects on signal simulation
and will make compatible TCoDe with diamond sensor technology. In more
distant futures TCoDe will add the possibility to simulate solid state sensors with
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amplification layers, like LGAD silicon sensors. Also the possibility to include a
front-end response and a graphical user interface are currently under discussion.
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Chapter 7

TIMESPOT sensor tests

To understand the performances of the new parallel trench sensor, a series of first
test were performed, including a infra-red laser stimulation and a test beam. This
chapter shows first preliminary tests performed with a 200 fs fast IR laser pulse on
one test structure in anticipation to the first test beam which will be performed at
the Paul Scherrer Institut (PSI) in Zurich in October 2019.

7.1 The test structures and board

Sensor production finished in July 2019 and first test structures have been avail-
able few weeks later. A first wafer test which consisted in measuring the electrical
characteristics of the single test structures was performed by FBK and Trento Uni-
versity. After the tests, the large test structures were cut in half, separating the
large TIMEPIX-III pixel matrix from the area containing all test structures (Fig.
7.1). The last one was also cut in few elements containing 4 structures each. Among
all test structures, 2 were chosen for first measurements:

• A pixel strip device, containing single (double) strip structures, with 10 (20)
pixels each. For the tests a single pixel line was bonded (Fig. 7.2.A). The
selected strip has a junction trench length of 39 µm.

• A single pixel device which presents two main structures which differ from each
other by the position of their pads (one has them directly integrated over the
the junction trenches and the other outside the pixel matrix on large pads).
For the test the double pixel structure was selected and wire bonded on the
board (Fig. 7.2.B). The selected pixel has a junction trench length of 39 µm.

Both structures were selected together with one FBK 3D single side hexagon
pixel with column electrodes [82] as comparison between both technologies (Fig.
7.2.C). All selected structures were again tested individually and their IV response
compared with the wafer test before being glued on the readout boards.



154 CHAPTER 7. TIMESPOT SENSOR TESTS

Figure 7.1: Cut element of the wafer area containing 3D sensor test structures and
respective map of the test structures. (Source: FBK)

Figure 7.2: Selected structures for first tests: (A) Pixel strip devices, (B) individual
pixel devices and (C) hexagonal pixel devices based on a FBK-3DDS technology.

Readout board The readout board chosen for the sensors is a multi-purpose
board with a fast front-ent design already used to measure LGAD timing perfor-
mances [106]. The board is based on a low power fast amplifier designed at the
Kansas University [95]. The layout of the board presents a central 20x20 mm2 pad
where the sensors can be glued and distributes a maximum bias voltage of 1 kV to
the sensors. A series of grounded pads are located close to the sensor allow to con-
nect to ground the guard ring or equivalent structures (active or slim edges) (Fig.
7.3.A). Three boards were purchased for the test-beam and their 8 channels were
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Channel 3: Channel 6: Channel 7:
Board 03: 1.77 mV 1.77 mV 1.6 mV
Board 04: 1.8 mV 1.7 mV 1.5 mV
Board 06: 1.65 mV 1.71 mV 1.6 mV

Table 7.1: Noise level measured on the selected readout channels.

Figure 7.3: Multi-purpose readout board for fast timing applications designed by
Kansas University (A). (B) Test structures glued on the pad of board 06: Hexagonal
pixel (I), strip device (II) and single pixel structure (III).

tested, 3 of them (channel 3,6 and 7) were chosen for the test after a careful mea-
surement of their noise level, selecting the channels with the lowest values (Table
7.1). The sensors were than glued, using conductive tape, on the readout pad and
wire bonded on each channel. Every board was configured in the same way (Table
7.2).

Channel 3: Channel 6: Channel 7:
Board 03: Single Pixel Strip Hexagon
Board 04: Single Pixel Strip Hexagon
Board 06: Single Pixel Strip Hexagon

Table 7.2: Test structure position on each board.

7.2 IV characteristic measurement

First electrical measurements performed directly on the wafer by FBK and univer-
sity of Trento showed an average leakage current below 100 nA for 50 V bias voltage
(Fig. 7.4).
The received test-structures were again retested, measuring again their IV charac-

teristic, using a Keithley 6517B electro-meter controlled remotely by a NI LabView
based control software. The set-up simply rises the applied inverse bias voltage
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Figure 7.4: IV characteristic of the main considered test structures during wafer test
performed FBK. (Source: FBK)

on the sensor and measures at the same time the dark current, with an applied
threshold of 1µA. If the dark current starts to increase strongly due to avalanche
effects, the set-up stops and provides the breakdown voltage. The sensor itself was
located in a semi-automatic probe-station, model Karl-Suss PA200. Sensor bias
was provided through the chuck and the junction electrode was connected using a
micro-manipulator with a 2µm thick probe-needle (Fig. 7.2.A)

Figure 7.5: IV characteristic on the single strip device.
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Figure 7.6: IV characteristic on the single pixel device.

Figure 7.7: IV characteristic on the hexagonal device.

The higher leakage current measured during wafer test is due to the fact that
all pixels were previously short-circuited using a single metal layer that was later
removed (temporary metal). This procedure allows to measure all devices at ones
without damaging the pads.

Sensor breakdown, which was not measured during wafer test, showed for the
non irradiated devices an average threshold of 180 V (Fig. 7.5 7.6). The hexagonal
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test structure presents instead a lower dark current and also a lower breakdown
voltage of 140 V (Fig. 7.7).

7.3 Laser stimulation

In alternative to a particle beam, a silicon sensor can be tested using a infra-red
laser beam. The principle behind is based on photon absorption through a specific
medium described by the Beer-Lambert law [108] [109], which relates the intensity
of the crossing radiation to the distance travelled in the material

I(x) = I0e
−µabsx, (7.1)

where µabs is the absorption coefficient. The choice of the wavelength depends mainly
on the thickness of the silicon device and secondly from the minimum energy required
to generate an electron-hole pair, which is more than the band-gap of 1.14 eV. For
this reason laser source with a wavelength of 1030 nm has been chosen. The photons
at this wavelength have an energy of ∼1.2 eV, enough to generate an electron-hole
pair and at the same time allow the radiation to travel for few millimetres.

Figure 7.8: Silicon absorption coefficient and absorption length [110].

7.3.1 Set-up

To measure the timing performances of the sensor a new set-up was developed and
built in the TIMESPOT laboratory. The set-up is capable of emulating the energy
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Figure 7.9: Set-up for laser tests.

deposit of a MIP using an Onefive Origami-10 IR-laser source. The laser source is
capable of shooting laser pulses with 200 fs duration at a frequency of 40 MHz. Each
pulse stores an average energy of 2.5 nJ (156 GeV) which can be calibrated, using
filters, to deposit different energies in the silicon. In order to change pulse frequency,
a pulse picker, model EKSMA Optics UP1 Ultrafast, is used to select single impulses,
reducing the frequency to 1 kHz. The pulse picker works by rotating the polarisation
for one or more impulses using the Pockels effect [111]. A successive polariser allows
to pass only the impulses with the rotated polarisation, reflecting all the others.
This allows to establish two beam lines: one for irradiation at maximum frequency
of 40 MHz and the other for irradiation at lower frequencies. The beam is channelled
in a Mitutoyo VMU-L4B microscope using a 1 m long optic fibre (Fig. 7.9). The
entire transport of the pulse causes a final expansion in time of the pulse from 200 fs
to ∼400 fs. The trigger of the entire system is a fast IR sensor with a precision of
8 ps, connected to a Lecroy Serial Data Analyser SDA 6000.

7.3.2 Results

First preliminary measurements consisted in irradiating all test structures using
the 40 MHz beam line and measure, using the SDA, the standard deviation of the
measured delay of the pulse generated by the 3D sensor with respect to the pulse of
the trigger.

σ2
tot = σ2

sensor+FE + σ2
IR−diode (7.2)

The measurement has been done for now only on the strip structure. Further mea-
surements on the other two test structures are scheduled for October 2019.

Pixel strip device On the pixel strip device 4 measurements were performed,
each of them in a different position: Close to the junction electrode (Fig. 7.10.A),
close to the ohmic electrode (Fig. 7.10.C), at the middle of both (Fig. 7.10.C)
and between junction electrodes (Fig. 7.10.D). The energy of each pulse was
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Figure 7.10: IR-laser pulse at 40 MHz irradiating the pixel strip structure. (A) Close
to the junction electrode, (B) between ohmic and junction electrode, (C) close to
the resistive electrode and (D) between junction electrodes. (E) schematic of the
applied spots.

calibrated in order to deposit in the sensor an equivalent energy deposit of a MIP.
The measurements were taken at different bias voltages, from 1 V to 60 V. The
oscilloscope was programmed to save a statistic of 10000 measured pulses and the
standard deviation was plotted in function to the bias voltage.

Figure 7.11: Measured standard deviation in different points of the pixel. Plots
show the results taken from the spots shown in figure 7.10.

The results are shown in figure 7.11. All regions present a similar behaviour: A
large standard deviation for lower bias voltages which reduces fast below 50 ps over
10 V. Over this threshold the uncertainty stays constant.
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Figure 7.12: Time resolution related to the energy released in the sensor by the laser
pulses [112].

A second series using the IR-laser consisted in measuring the time resolution related
to signal amplitude, by increasing the power emitted by the laser using different
optical filters. The plot is shown in figure 7.12 where it shows how the resoltion
goes below 20 ps for higher energy deposits than a single MIP. The obtained mea-
surements are considered as very encouraging, taking into account that the sensors
were not operated at higher voltages, in order to preserve the prototypes for the
more important test beam. A more detailed study will be available for end October
2019.

7.4 Test-beam

All silicon sensors were tested in mid October 2019 using a high energy pion beam
at the PSI. The test series included also the TIMESPOT 3D-diamond sensor and an
alternative readout electronics. In this section the main attention is focused on the
double pixel sensor and some comments of the silicon strip sensor which behaviour
need more studies. This section will describe test beam set-up, procedures, analysis
and results.

7.4.1 Set-up

The beam line used at the PSI was the high resolution πM1 line (Table 7.3) set
with a positive pion beam with a momentum of 270 MeV/C.
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Figure 7.13: Box used to host the set-up. (A) Housing for the set-up (red square)
and mechanic support (yellow rectangle) (B) Set-up inside the box: (1) TIMESPOT
prototype board. (2) and (3) micro channel plates for the timing detector.

Path length 21 m
Momentum Range 100-500 MeV/C

Solide angle 6 msr
Momentum acceptance (FWHM) 2.9 %

Momentum resolution 0.1 %
Dispersion at focal plane 7 cm/%

Spot size on target (FWHM) 15 mm horizontal
10 mm vertical

Angular Divergence on target(FWHM) 35 mrad horizontal
75 mrad vertical

Table 7.3: Specifications of the πM1 beam line [113].

Set-up was arranged in a large black box in order to insulate the system from
external light sources. A small optical bench is installed inside the box in order to
achieve easier alignment of all detectors. The entire box is mounted on a mechanical
bench which can be controlled in remote(Fig. 7.13.A). The detectors inside the box
are organised as follows:

• First detector station is the TIMESPOT test board with sensor and readout.

• Second detector station consists of two micro-channel plates (MCP), model
Planacon XP85112 and Planacon XP85012 [114], positioned one behind the
other. This device forms the timing reference detector and is used to determine
the time resolution of the test board.
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Device: 3D sensor: Readout: MCP-1: MCP-2:
Voltage: 0 → −200 V 5 V > 2000 V > 2000 V

Table 7.4: Bias configuration of the set-up during the last two test series.

Figure 7.14: Laser alignment. (A) Laser beam. (B) Alignment of the detectors.

Three high voltage generators were used to provide sensor bias and power supply to
the silicon sensor and both MCPs. A low voltage supply was used to provide power
supply for the readout board (Table 7.4).

System alignment Alignment of the set-up was performed in two steps. A first
laser alignment using two levelled laser beams as reference which cross each other
along the beam line (Fig. 7.14.A). The beam line is marked in the test area with
two reference points. All detectors were aligned with those beams using marks
applied on the devices (Fig. 7.14.B). The second alignment procedure used directly
the pion beam and was performed by measuring the flux of the particles through
a small scintillation detector, previously installed behind the timing detector and
aligned as well using the laser.

Data acquisition and trigger Data acquisition was performed using a remote
controlled Oscilloscope&Schwartz Model RTP084, which acquired the signals coming
from the MCPs, TIMESPOT board and synchronous reference signal of the 50 MHz
radio frequency of the accelerator. For every configuration a minimum of 10000
events were acquired in order to have sufficient statistics.
The system trigger was set as a combination of few events. Main trigger is the
signal generated by the TIMESPOT detector, followed by a second coincidence
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trigger generated by the last micro-channel plate of the timing detector (Fig. 7.15).

Figure 7.15: Schematic of the detector position and trigger.

7.4.2 Analysis

Main focus of the analysis was to determine the time resolution provided by the
TIMESPOT board at a specific bias voltage of the sensor. All the information
needed is contained in all 4 waveforms saved during a single trigger. The RF-signal
displayed in channel 4 is needed for discrimination and background subtraction pur-
poses.
Focusing the attention on the signals acquired with the first 3 channels, the determi-
nation of the time resolution of the TIMESPOT-board was determined by measuring
the delay between the signal of the board and the signals generated by the timing
detector: 

∆t = (
TMCP1

+TMCP2

2
)− TTS

∆t1 = TMCP1 − TTS
∆t2 = TMCP2 − TTS

, (7.3)

where TMCP1 , TMCP2 and TTS are the time over threshold for the signals of the
MCP-1, MCP-2 and the TIMESPOT board (Fig. 7.16). The uncertainty associated
with those measurement is respectively:

σ2 = 1
2
(σ2

MCP1 + σ2
MCP2) + σ2

TS

σ2
1 = σ2

MCP1 + σ2
TS

σ2
2 = σ2

MCP2 + σ2
TS

, (7.4)
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Figure 7.16: Screen shot of one trigger event and the measurements performed.

where σ2, σ2
1 and σ2

2 are obtained by fitting the distributions of the measured
delays. σ2

MCP1 , σ
2
TS and σ2

TS are the time resolutions of the MPCs and the
TIMESPOT board respectively. The resolution of those 3 devices were determined
in the following way:

• The micro-channel plates used in the experiment were different models with
different time resolutions. The delay between their leading edges has a total
uncertainty of:

σ2
TT = σ2

MCP1 + σ2
MCP2 (7.5)

• Subtracting σ2
1 with σ2

2 from 7.4 allows to obtain the following equation

σ2
1 − σ2

2 = σ2
MCP1 − σ2

MCP2 . (7.6)

Subtracting and subsequently adding equation 7.6 in equation 7.5, allows to
determine the resolution of both micro channel plates:{

σ2
MCP1 = 1

2
(σ2

TT + σ2
1 − σ2

2)

σ2
MCP2 = 1

2
(σ2

TT − σ2
1 + σ2

2)
. (7.7)

Equation 7.7 allows to calculate the ratio between the resolutions of micro-channel
plates, defined as α

α =
σMCP1

σMCP2

. (7.8)

Also the time resolution of the TIMESPOT prototype detector can be now calcu-
lated:

σ2 = σ2
1 − σ2

MCP1 (7.9)
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Figure 7.17: Time distribution related to the applied threshold.

Optimisation of the measurements The time delay between the signal of the
prototype detector and the timing detector was determined by applying a dynamic
time over threshold method similar to a constant fraction discriminator previously
described in chapter 3. The threshold Vth applied on every signal depends from the
amplitude of the measured signals (Vth = βVmax) where β is the percentage from
1 % to 100 %. Before starting with the analysis, an optimisation of the β had to
be done in order to minimise the time distribution. This operation was performed
by fitting the trigger time distribution at different thresholds, from 15 % to 50 %.
The distributions with the smallest standard deviation were found using a threshold
between 30 % and 36 % of the signal amplitude (Fig. 7.17).

A second factor which influences negatively the measurement of the time over
threshold was the interference of the 50 MHz resonance frequency of the accelerator,
which interfered with the electronics, changing output signal shape. In order to
remove this component, the background of the signal was subtracted. The approach
consisted in a two step procedure. The first step consisted in fitting the 50 MHz
sinusoid of the reference signal, saving phase and frequency and use the values to fit
the plateau before signal, were only the contribution of the resonance frequency and
the noise is supposed to be. Ones the contribution has been determined, it is used
to subtract the contribution from the entire signal, leaving only the signal of the
detector with 0 V offset. This approach works fine for both micro channel plates,
not for the signal of the TIMESPOT board, due to the smaller signal to noise ratio
which does not allow to identify clearly the signal interference for every single signal.
It is still possible to remove partially this contribution by assuming that there is an
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Figure 7.18: Background subtraction applied on all 3 average output signals.

average superposition of the sinusoid in the output signal. This allows to repeat the
procedure using the average signal obtained as average of all acquired signals (Fig.
7.18). This approach has only a small disadvantage which is a reduced statistics of
ca. 11 % due to other particles, mainly positrons and muons that arrives at different
instants due to their different speed (Fig. 7.19), shifting also the induction of the
resonance signals.

Determination of the time over threshold The time over threshold is calcu-
lated using a linear fit applied along the leading edge between 30 % and 40 % of the
signal amplitude, where the time walk resulted to be the smallest among all verified
thresholds:

f(t) = m ∗ t+ b, (7.10)

where m and b are the parameters computed by the fit. Ones the the fit is completed,
the system computes the time over threshold by using the inverse function of f(t)
computed at βVmax.

ttof =
g(βVmax)− b

m
, (7.11)

This method is supposed to be more stable compared to the fit applied along the
entire leading edge, which is not recommended considering that the slope of the
rising edge of the board changes above 70 % of the amplitude (second plot at the
bottom of figure 7.18). One sample is displayed in figure 7.20 showing the method
applied on all three signals. The pink line shows the line obtained from the linear
fit and the red lines are used as markers for the threshold and time over threshold.
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Figure 7.19: Distribution in time of all particles within a bunch using the pions as
reference.

Figure 7.20: Graphical representation of the determination of the time over thresh-
old, using a localised linear fit along the leading edge.
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7.4.3 Results

Double pixel device The double pixel device was tested at different bias voltages,
spacing from 5 V to 190 V, before reaching breakdown at 195 V. Applying the criteria
presented in the previous section, ∆t, ∆t1 and ∆t2 were measured for every single
trigger event and their values stored in histograms. Applying a Gaussian fit on the
distribution, the standard deviations of those distributions (Fig. 7.21) were used to
calculate the resolutions of the TIMESPOT prototype detector (Fig. 7.23) and the
resolution of the timing detector and MCP (Fig. 7.22).

Figure 7.21: Standard deviation of the delay distributions related to sensor bias.

Figure 7.22: Resolution of the TIMESPOT prototype detector in function of the
sensor bias.

Figure 7.21 and 7.22 allow to see how time resolution improves with increasing
bias voltage. Ones the bias voltage is high enough to establish saturation velocity,
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Figure 7.23: Time resolution of the timing detector and multi channel plates.

above 20 V, the time resolution stabilises around 35 ps, going below 35 ps only at
130 V bias voltage.
Measurement on a second double pixel device connected to a different front-end
developed within the TIMESPOT collaboration showed a more performing delay
distribution of 30.7 ps which, ones subtracted the contribution of the timing detector,
becomes 28.9 ps (Fig. 7.24) demonstrating a large margin of optimisation.

Figure 7.24: Delay distribution using a double pixel device connected to a different
fast readout developed within the TIMESPOT collaboration presenting the best
performance during the test-beam [112].
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Silicon strip sensor Analysis on the data provided by the detector prototype
based on a silicon strip sensor results more difficult than the double pixel device
due to an unexpected profile of the delay distribution which presents not only the
characteristic Gaussian peak but also a long tail which makes in the worst situation
almost 40 % of the measured events. Also the distribution of delays between both
MPCs resulted 5 ps larger than measured during the test with the double pixel based
detector (sample at 100 V shown as example in figure 7.25).

Figure 7.25: Delay distribution measured between both MPCs (left plot) and be-
tween the TIMESPOT detector and the timing detector.

Figure 7.26: Time resolution of the silicon strip sensor based prototype detector.
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Analysing signal shape of both the TIMESPOT devices and MPCs, no con-
siderable difference was found compared to the double pixel device and, therefore,
further studies must be done. Based on this situation, the resolution of the silicon
strip sensor based detector was performed by cutting the tail from the distribution
and fitting with a single Gaussian distribution the peak. The obtained resolution in
function of the bias voltage is presented in figure 7.26 and shows a similar behaviour
as the double pixel device, improving its time resolution with increasing bias voltage
and stabilising it after reaching velocity saturation.



Conclusions and perspectives

This work presented the development of a next generation 3D-silicon particle sensor
optimised for high resolution time measurements. The new device is intended to be
used in future 4D-tracking detectors operating in high luminosity environment, like
the High Luminosity LHC, where radiation hardness is an important factor as well.
The 3D silicon sensor technology was chosen as most suitable sensor technology for
this application. 3Ds feature a decoupled inter-electrode distance from the wafer
thickness which allows to reduce the distance between the electrodes, achieving
faster charge collection and higher radiation hardness. The possibility to modify
sensor geometry makes 3Ds highly customisable. This work described the design ac-
tivity carried out to define a timing optimised electrode geometry. A TCAD based
design study was carried out in order to study amplitude, coverage and uniformity
of the electric field which one important indicator for a potential high time resolu-
tion. The design approach featured also a dedicated method, called Ramo-map, to
explore the current induction of an electron-hole pair inside the active area. The
method allowed to demonstrate the superiority of trench-based electrode geometries
with respect to pillar electrode based geometries, showing higher and more uniform
current induction. Among all designed geometries, the parallel trench electrode was
selected as the main solution and produced by FBK in a first prototype together
with other secondary geometries and test structures.
Concurrently with the production, transient simulations were carried out to under-
stand the potential time resolution of the sensor by simulating sensor response using
initially Synopsys Sentaurus TCAD. TCAD simulations showed strong signal bursts
above 10 µA for vertical signals and a charge collection time below 400 ps. The slow
computing speed of TCAD due to its high-detail-computation, did not allow to re-
produce a large number of current signals, necessary to analyse the intrinsic time
resolution of the device. This issue stimulated the development of a fast transient
simulator for sensor operation, called TCoDe. TCoDe was validated by simulating
and comparing with TCAD the output signals simulated using identical energy de-
posits. TCODE was applied a first time to estimate average charge collection time
of the TIMESPOT sensor, measuring an average charge collection time of 318 ps us-
ing a large number of ∼126000 signals simulated in few hours. A second simulation,
consisted in emulating the front-end response of the fast read-out board used during
the test-beam and laser test. The simulation has shown a promising time resolution
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below 40 ps. Sensor production ended in July 2019 and first test structures where
immediately available for first tests. Two of them were selected to be connected on
the fast readout boards in preparation on the test beam scheduled for mid October
2019. Before test beam, the sensors has been tested using a IR-laser source. First
measurements show a promising resolution below 36 ps at 60 V bias voltage using
laser pulses releasing the same amount of energy as a minimum ionising particle.
Using laser pulses with higher energy showed even better performances of the device,
going below 20 ps.
A successive test-beam performed at the PSI used a double pixel and strip pixel sen-
sor. Analysis results from the measurements obtained from the test beam showed
a time resolution of 35 ps for the double pixel device and a higher resolution above
40 ps for the silicon strip device bonded on general fast readout board. A different
prototype detector based on a double pixel device connected to a discrete component
electronics developed within the TIMESPOT collaboration showed time resolution
below 30 ps, suggesting that the current time resolution reached is mostly dominated
by the electronics.
In perspective to the high luminosity upgrade, further optimisations especially on
the electronics will be performed in order to achieve an even better time resolution,
which appears to be at reach.
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