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Abstract

Over the course of the last century, physics has made significant advances in its un-

derstanding of the fundamental principles of our world. These advances have been

driven, in large part, by the discovery of a multitude of elementary particles that con-

stitute the known universe. The technological capabilities to detect and measure the

properties of these particles have played a crucial role in this progress. The charge,

the energy, and the track are among the many properties that modern particle ex-

periments measure, thanks to dedicated systems, called trackers. Typical trackers

are constituted by silicon-based detectors. Low Gain Avalanche Diodes (LGADs)

are silicon sensors that feature internal charge gain, and, in recent years, they have

been in the spotlight due to their timing performances and intrinsic radiation hard-

ness. An extensive research and development plan made the LGADs of the main

technologies adopted by the collider experiments at CERN to improve their trackers

in the next upgrades. The astro-particle physics community got interested in the

LGADs too, aiming to exploit their timing capabilities in space-borne observatories.

Joint efforts allowed Fondazione Bruno Kessler (FBK) to produce the first LGADs

dedicated to space applications for a compliance study. The challenge is to maintain

the timing performances of the detectors while meeting the requirements imposed

on silicon detectors in space. A comprehensive characterization was carried out to

measure the performance of the detectors. The results were used to tune a subse-

quent production of LGADs which was designed, produced, and characterized under

the scope of this research. The design process, the investigation techniques, and the

outcomes of the characterization are rightly presented.

Keywords: Space Science, Particle Detectors, Timing Resolution, Characterization

Techniques, Silicon Detectors, Low Gain Avalanche Diodes
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1 Introduction and Motivation

The discovery of Cosmic Rays (CRs) is customarily attributed to Viktor Franz

Hess, who �rst demonstrated in a series of pioneering balloon 
ights performed in

1911 and 1912 that the ionizing radiation in the atmosphere of the Earth was of

extraterrestrial origin [1]. Up to date, this radiation is observed spanning over 12

orders of magnitude in the energy spectrum, featuring a variety of chemical species:

protons, helium, carbon, and oxygen are the most abundant among the massive

species, while electrons are the most abundant light elements.

Figure 1.1: All particles energy spectrum of primary cosmic rays from multiple
ground-based experiments, compiled within the review [2]. In literature,
the spectrum for an isotropic 
ux of particles is usually characterized
by its Di�erential intensity , J , to facilitate a common comparison with
gamma rays. J is expressed as a function of theKinetic energy of the
particles, assuming their masses are much smaller than their momentum.

Figure 1.1 gives a simplistic yet impressive taste of the full-body spectrum of the

CRs cumulated over 100 years of studies with ground-based experiments. The de-

termination of the energy and the origin of these particles are the main detection
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1 Introduction and Motivation

targets in this research �eld. In fact, CRs are one of the few direct proofs of mat-

ter from outside the Solar System, and unveiling the mechanisms that are capable

of producing particles with such high energy is of great interest for the scienti�c

community.

Mainly, there are two categories of detection available. The direct observation of

the primary CR is possible at high altitudes on a balloon 
ight experiment, or in

space. Conversely, on Earth, the measurement is indirect, thanks to the detection

and reconstruction of the showers the CRs generate in the atmosphere. The direct

detection is more accurate in reconstructing the incoming direction and energy.

However, the 
ux of particles decreases with the energy, which in practice lowers the

e�ciency of direct detection when the energy is higher than 1 PeV. This, combined

with the small area available for space-based observatories, makes experiments on

the ground a fundamental tool for observing the most energetic CRs.

As introduced already, when interacting with the atmosphere, CRs develop a shower

of particles, called air showers, that will eventually reach the ground, allowing their

detection. According to the nature of the primary particle, the air shower can be

either electromagnetic, if initiated by electrons or photons, or hadronic, if the pri-

mary is a hadron. The formers are governed by the pair production mechanism and

bremsstrahlung emission, resulting in gamma rays, electrons, and positrons as sec-

ondary particles. Hadronic showers, instead, develop in a broader set of secondaries,

mainly pions and muons [2, 3]. To reconstruct the energy and the direction of the

primary particle from an air shower, an instrument needs to measure as many secon-

daries as possible. Observatories like the Pierre Auger Observatory [4], IceCube [5],

and KASCADE-Grande [6] exploit arrays of detectors distributed over large areas

for this purpose. The Pierre Auger Observatory, for example, features 1660 water

surface detector tanks that cover about 3000 km2 of the Pampa. When a particle

from an air shower interacts with the water, it produces Cherenkov light that can be

measured by the photomultiplier tubes mounted on the tank. From the amount of

light detected for each particle correlated to the same shower, it is possible to recon-

struct the energy of the primary CR [7]. In a similar fashion, KASCADE-Grande

consists of an array of 37 detecting stations, each hosting 10 m2 of scintillators dis-

tributed over 0.5 km2 [8]. Thanks to these kinds of instruments, it is possible to

measure CRs with energy higher than 1016 eV.

Even though they are the oldest category of experiments, balloon experiments are

still extensively used to study the 
ux of CRs in the atmosphere. Since it is not

feasible to have kilometers squared of detectors operating on a stratospheric bal-

loon, trade-o�s in the geometry of the detectors must be made to satisfy both the
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scienti�c and the engineering requirements. For instance, experiments like CREAM

are designed to collect data on cosmic rays with energies below 1015 eV, paying

special attention to the spectrum of nuclei that are heavier than helium. Within a

single payload, the balloon observatory must measure both the charge and energy

of incoming particles. To accomplish this, a stack of various particle detectors is

employed, which includes silicon trackers, scintillation light detectors, Cherenkov

light detectors, and a calorimeter. A detection strategy similar to that of CREAM

can be adapted to become part of a satellite. CREAM itself was upgraded to ISS-

CREAM and installed onto the International Space Station in 2017 [9]. The goal of

the experiment is to understand the origin and the acceleration mechanism of the

bulk of CRs, by direct observation of those propagating in the galaxy.

For studying the CRs, space o�ers a superlative, yet challenging, environment. Cur-

rently, many missions are operating on di�erent orbits to measure the energy and the

direction of the incoming primary particles, ranging over a broad portion of the spec-

trum. Modern telescopes fall mainly into two categories: magnetic spectrometers

or calorimetric experiments. Missions like AMS [10{12] or PaMeLa [13{15] feature

magnetic spectrometers capable of distinguishing the charge sign of the incoming

particles by the de
ection they su�er in a magnetic �eld. Figure 1.2 shows the

schematics of the two missions, compared with the previously mentioned CREAM

at the time of its second 
ight, and with Fermi-LAT [16], which are calorimetric

experiments. Adding a magnet surrounding the instrument has a signi�cant impact

on the mass budget of the mission while introducing some background due to sec-

ondary particles. Additionally, the acceptance is reduced in a magnetic spectrometer

since a certain path length inside the magnetic �eld is needed to bend the incoming

primaries, and therefore to measure their charge.

Figure 1.2 also displays the subsystems that allow the detection. These experiments

feature a combination of a tracker and a calorimeter to measure the charge magni-

tude, momentum, energy, and velocity of the incoming charged particle [10]. The

former is designed to have the CRs deposit a small fraction of their energy, in order

to reconstruct their tracks from their hit positions on the layers; in the latter, the

primary CR is expected to be absorbed by developing a shower (Figure 1.3). As a

consequence, calorimeters are made of heavy elements (like tungsten), while most of

the tracker systems in these experiments use solid-state detectors to optimize for the

positional resolution and material budget. However, in these detectors, the energy

deposited by the primary particles cannot be separated from the energy deposited by

those secondaries that are back-scattered from the calorimeter. The reconstruction

of the primary CR trajectory is therefore signi�cantly a�ected. However, simulations
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1 Introduction and Motivation

Figure 1.2: On scale schematic view of some recent systems for the measurements
of CRs, and an introduction to the systems that allow the detec-
tion. Fermi-LAT: the Anti-Coincidence Detector (ACD) surrounds the
Tracker (TKR), and the calorimeter (CAL). The TKR is made of silicon
strip detectors, while the CAL is made of scintillator bars. CREAM-II:
the timing charge detector (TCD), the Cherenkov detector (CD), the
silicon charge detector (SCD), and the calorimeter (CAL). PaMeLa: the
time of 
ight scintillators (S1{S3), the tracker (TKR), the calorimeter
(CAL), and the neutron detector. AMS-02: the transition radiation
detector (TRD), the time of 
ight (TOF), the tracker layers, the electro-
magnetic calorimeter (ECAL), and the ring imaging Cherenkov detector
(RICH) [2].

in the Generic Geant4 Simulations package [18, 19] have shown that measuring the

timing of charged particles crossing the tracker layers with a precision better than

100 ps would enhance the tracking reconstruction capabilities [17, 20]. Speci�cally,

the time tagging would help solve the following problems.

ˆ Showers are responsible for introducing back-scattered particles in the tracker,

resulting in false hits in the system. Tagging each event in the tracker with

a resolution smaller than the delay existing between the back-scattered sec-

ondary particles and the primaries will e�ciently separate them.

ˆ The topology of the showers is di�erent. Electromagnetic secondaries re-
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Figure 1.3: Schematic drawing of an electromagnetic shower developed in a Tracker-
Calorimeter system like those used in space-based observatories. The left
side portrays the development of an electromagnetic shower, initiated by
a relativistic electron. On the right, a hadronic shower resulting from
the interaction between the system and a proton [17].

main relativistic and develop more along the direction of the primary, whereas

hadronic showers are characterized by slower secondary particles, more likely

to be back-scattered. Therefore, the detection of a slow secondary will help

identify the most abundant protons over electrons.

ˆ In the presence of a high 
ux of particles, "ghost hits" and pile-ups occur

whenever more than one particle crosses a layer in a narrow time frame. The

addition of timing could solve the problem without introducing complications

to the geometry, like a stereo angle between the detection layers [21].

ˆ Time tagging would allow particles mass identi�cation by providing Time of

Flight (ToF) measurements in magnetic spectrometers, without the need for

a dedicated subsystem [11].

For these reasons, future missions such as AMS-100 [22], ALADInO [23], and HEARD

[24, 25] are planned with ToF layers, made of scintillating �bers in the case of AMS-

100. By combining together the information about the event topology, the measure-

ment of the deposited charge, and the timing of each tagged particle into a single

subsystem, the goal is to achieve what is called5D tracking [26, 27]. The concept

is based on the tracking technique devised for the new upgrades in the experiments

at the Large Hadron Collider (LHC).

In particular, with the incoming High Luminosity phase in LHC, both CMS [28, 29]

and ATLAS [30, 31] will face an experimental scenario where the pile-up and the

radiation damage pose unprecedented challenges. The layers closest to the beam
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line are the most a�ected. To cope with these conditions, silicon sensors remain the

baseline technology for tracking, as they provide the spatial resolution and radiation

tolerance required to maintain performance. In addition, both collaborations are

introducing dedicated timing layers based on Low Gain Avalanche Diode (LGAD)

technology, enabling precise time measurements to mitigate pile-up e�ects. These

timing layers will face the challenge by assigning a time information to each track,

with a resolution of a few tens of picoseconds [32, 33].

LGADs are silicon detectors exploiting avalanche multiplication triggered by the

movement of a charged particle in a high electric �eld to obtain a gain in the col-

lected signal of about 10. Because of their timing resolution and their radiation

hardness, LGADs are one of the technologies that would be suitable to provide a

fully embedded5D tracking system. A key factor to address is the channel size of

the detectors: LGADs of colliders are manufactured with channels in the order of

O(1 mm2), while the typical size of the silicon detectors in space is limited by the

power budget toO(1 cm2). At the same time, the capabilities of the LGADs are

strictly dependent on their geometry; increasing the size not only decreases the spa-

tial resolution of the tracker, but also decreases the time resolution expected by each

channel. Additionally, any segmentation of the detector introduces a no-gain region

that reduces the sensitive area. Optimizing between the requirements in channel

size and in timing resolution is the scope of this thesis. The scienti�c aim is to

probe the feasibility of having Low Gain Avalanche Diodes (LGADs) as part of a

5D tracking system in space.

In Chapter 2, the basic physics required to understand and operate the detectors will

be presented. Chapter 3 extends the solid state physics to the LGADs, emphasizing

their structure, the models available, and the up-to-date studies performed to have

the technology space compliant. In Chapter 4, the experimental techniques used

for this work are presented. Chapter 5 and Chapter 6 contain the experimental

results of the two detectors' productions studied, with particular care about the

timing performance. The work concludes with Chapter 7, where the outcomes of

the previous two chapters are compared, and the next steps in the research are

proposed.
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2 Silicon Detectors Fundamentals

This chapter presents a summary of some key aspects in the realization of a sili-

con detector. The building blocks are the physics of semiconductors, the rules of

charge transport, and the pn-junction. Having in mind the performance of the sil-

icon detector, the mechanisms behind charge deposition and signal formation will

be presented. The majority of the equations will not be rigorously derived, but the

reasoning to obtain them and the relevant implications are reported. Among the

many semiconductors available as pure elements (silicon, germanium), or as com-

pounds (silicon carbide, gallium arsenide, etc.), silicon is by far the most di�used

thanks to its abundance and the expertise in its manufacture. For this reason, and

because this work revolves around a particular silicon detector type, it will always

be taken as an example during the following discussion. The main bibliographic

references for the topics are [34, 35]. For a complete insight into timing with silicon

detectors and their applications in experimental physics, refer to [36, 37]. Principles

of the interaction between particles and matter are taken from [38]. Details about

micro-fabrication can be found in [39].

2.1 Semiconductor Physics Basics

The physics of semiconductor detectors is based on quantum mechanics and its

application to a crystal lattice, where the energy-momentum relationship for the

charge carriers determines the number of available quantum states.

In crystalline solids, the quantum states are arranged in valence bands, with lower

energy, and conduction bands, with higher energy. Electrons occupy the quan-

tum energy states starting from the lowest available, which means that the valence

bands are occupied �rst, leaving the conduction bands free or partially occupied.

The bandgapenergy,EG, that separates the highest valence band from the lowest

conduction band divides the solids in three categories, like shown in Figure 2.1:

conductors have the valence bands superposed to the conduction bands; semicon-

ductors show an energy gap of about 1 eV (silicon hasEG = 1:12 eV at thermal

equilibrium); and insulators have a energy gap higher of about 9 eV. If an electron
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2 Silicon Detectors Fundamentals

Figure 2.1: Band structure of insulators (a), semiconductors (b), and conductors (c,
d). EG is the bandgap energy [37].

possesses enough energy to jump across the band gap into the conduction band, it

leaves in the valence band ahole which behaves like a particle of positive charge.

This promotion is favored in the semiconductors; therefore, their electrical proper-

ties can be described starting from their energy gap and the density of the energy

states in the two bands, in terms of electrons and holes.

The distribution in energy of free charge carriers in the conduction band (electrons)

and in the valence band (holes) is given by the density of the allowed states times

the density of the statesg(E), in the form:

n(E) = g(E) FD (E) (2.1)

whereFD (E) is the Fermi-Dirac probability function. By integrating this equation

for the two species of charge carriers over the band where they are present, the

density per unit volume is obtained. Ifn is the number density of electrons andp

is the number density of holes, they can be expressed as a function of the energy of

the band EC or EV as:

n = NC exp
�

�
EC � EF

kT

�
; (2.2)

p = NV exp
�

�
EF � EV

kT

�
; (2.3)

whereNC and NV are the density of quantum states in the conduction and valence

bands. Each describes the e�ectiveness of the quantum states as a function of

temperature and of the e�ective mass of the charge carriers. In intrinsic silicon at

constant temperature,NC > N V . At thermal equilibrium, the number of electrons
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2.1 Semiconductor Physics Basics

is equal to the number of holes, and they are constant, so

n p = n2
i = const (2.4)

denoting ni the number density of intrinsic charge carriers.

Figure 2.2: Artistic representation of intrinsic and extrinsic silicon lattice. Adapted
from [40].

So far, a semiconductor free of impurities in its lattice, called intrinsic, has been con-

sidered. When impurities are added, they alter the band structure of the material,

thus its conduction properties. This process is called doping and consists of placing

atoms of di�erent elements, calleddopants, in the lattice of the semiconductor, ef-

fectively changing the balance between holes and electrons. A doped semiconductor

is de�ned as extrinsic. Taking silicon as an example, if pentavalent atoms (phospho-

rus, arsenic, etc.) are introduced into the lattice, there will be an excess of electrons

in the conduction band compared to the holes. Then-type doping is realized in

this way. Similarly, to obtain a p-type doping, trivalent atoms have to be placed in

the lattice, e�ectively increasing the number of holes in the conduction band. The

n-type dopants like arsenic and phosphorus are calleddonors, whereas boron and

gallium are some of the common p-type dopants, oracceptors. An example of a

pure silicon lattice is available in Figure 2.2 compared with a p-type and an n-type

doped lattice.

Even if the semiconductor is extrinsic, Equation 2.4 holds, since increasing the den-

sity of one species decreases that of the other. Moreover, if the impurities are

uniformly distributed and the dopants are fully ionized, the net charge of the semi-

conductor is still zero. As a consequence, if the semiconductor is doped withND

9



2 Silicon Detectors Fundamentals

donors andNA acceptors:

n � p = ND � NA : (2.5)

Combining this information with Equation 2.4, one can quantify the concentration

of majority carriers and minority carriers in the doped semiconductor. Once again,

if silicon is negatively doped with phosphorus atoms (ND � NA ), the densities of

majority electrons and minority holes would be:

nn � ND ; (2.6)

pn � n2
i =ND ; (2.7)

where the subscriptn is used to highlight the kind of doping.

2.2 Charge Transport Mechanisms

The knowledge of the density of majority and minority carriers is fundamental to

understanding the electrical properties of the semiconductor. In particular, these

are based on the capability of the charge carriers to move within the crystal lattice

and, therefore, induce a current that can be measured. The process by which the

charged particles move is calledtransport. The transport mechanisms relevant for

this scope are:

ˆ A random motion due to the lattice temperature, following the Maxwell-

Boltzmann distribution;

ˆ A drift motion that results from the presence of an electric �eld across the

semiconductor;

ˆ The di�usion that follows a concentration gradient.

2.2.1 Drift

When an electric �eld is applied to a semiconductor, the free carriers are forced to

move accordingly, experiencing an acceleration and net movement, provided that

there are available energy levels in the bands. The resultingdrift current will be

Jd = e � v d ; (2.8)
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2.2 Charge Transport Mechanisms

where the vd is the drift velocity of the carriers, � is their density, and e is their

charge. For example, considering holes drifting in negatively doped silicon,� = pn ,

following the notation in Equation 2.7.

If the �eld is constant, the velocity of the free carriers is expected to grow lin-

early. However, charged particles in a semiconductor are involved in collisions with

ionized impurity atoms [41] and with thermally vibrating lattice atoms (phonon

interaction) [42]. These collisions, or scattering events, alter the velocity of the car-

riers. Assuming moving electrons, the acquired drift velocity is proportional to the

intensity of the electric �eld, E

vd n = � � nE : (2.9)

The proportionality constant � n is calledmobility (of the electrons). The mobility

describes how well a certain charge carrier moves inside the crystal lattice due to

the electric �eld and the collisions. It is commonly expressed in cm2/Vs and is

a crucial parameter for semiconductor detectors. The minus sign comes from the

fact that electrons move in the opposite direction to the electric �eld. In a simple

way, mobility will therefore depend on the time elapsed between two subsequent

interactions, thus on the temperature, and the e�ective mass of the charge carrier

involved. In general, these parameters are di�erent for holes and electrons, and they

also change with the semiconductor material, resulting in di�erent mobility for the

two species of carriers. In silicon detectors at room temperature, the mobility of the

charge carriers is:

� n (Si) = 1450
cm2

V s
; � p(Si) = 500

cm2

V s
: (2.10)

The linear relation described in Equation 2.9 holds as long as the electric �eld

remains smaller than 104 V/cm; the outcomes of a higher electric �eld are treated

in Section 2.3.4.

Substituting Equation 2.9 in Equation 2.8, including both electrons and holes con-

tributions, the total drift current in the semiconductor takes the form:

Jd = e(� nn + � pp)E = �E ; (2.11)

where � is called conductivity and is the inverse of theresistivity of the semicon-

ductor. The resistivity is a fundamental parameter to look at when choosing the

substrate material for the semiconductor detector. Its values lie between 10� 3 and

108 
 cm. For example, the silicon used for detectors has to be manufactured with
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very high purity silicon and resistivity above 1 k
 cm.

2.2.2 Di�usion

Di�usion tends to equalize a spatially inhomogeneous distribution of charge carriers.

In case of a generic charge carrier,q, with a one-dimensional distribution� , its 
ow

is responsible for a di�usion currentJD that 
ows in the direction opposite to the

density gradient

JD = � qD
d�
dx

; (2.12)

whereD is the di�usion coe�cient, usually expressed in cm2/s, and depends on the

mobility of the charge carrier. Considering a doped semiconductor, with electrons

and holes of chargeq = � e, it can be shown that:

Dn =
�

kT
q

� n

�
; Dp =

�
kT
q

� p

�
: (2.13)

As a consequence, in silicon,Dn > D p since the mobility of the electrons is higher

with respect to that of the holes, at �xed temperature.

2.3 PN-Junction

To actually move from a semiconductor material to a semiconductor detector, a

single-crystal material has to be doped with both acceptors and donors in such a

way that a n-type region is adjacent to a p-type region. Thepn-junction that is

formed at the interface between the two doped regions can work as a detector if a

voltage is applied to it, acting like a diode in electronics. Figure 2.3 shows how all

the previously mentioned densities and �elds are across a pn-junction. In this case,

the boundaries between the space-charge region and the external neutral regions are

abrupt; in real detectors, the doped silicon has smoother transitions between them.

2.3.1 Equilibrium

When the pn-junction is formed, a di�usion current starts 
owing as a consequence

of the majority carrier electrons 
owing from the n region to the p region, and the

majority holes 
owing in the opposite direction. At the boundary, the two carriers

recombine, leading to a region free of charge carriers, calleddepletion region. An

electric �eld is established across the junction because a net space charge in the two

regions remains due to the ionized dopants. Its maximum occurs at the boundary. If

an electric �eld is present in an extrinsic semiconductor, a drift current will circulate,
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2.3 PN-Junction

Figure 2.3: Doping, charge carrier
density, space charge
density, electric �eld,
and potential across an
abrupt pn-junction.
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2 Silicon Detectors Fundamentals

and, in the case of the pn-junction, it will oppose the di�usion current, according to

the direction of the electric �eld. Without an external voltage applied, the di�usion

current and the drift current are in equilibrium. Moreover, a built-in potential is

measurable across the junction. The potential can be expressed as:

Vbi =
kT
e

ln
�

ND NA

n2
i

�
; (2.14)

where ND and NA account for the net donor and acceptor concentration in the n

and p regions, respectively. For silicon,Vbi is typically about 0.6 V. The width of the

depletion region depends on the built-in potential and the concentration of dopants

through the permittivity of the semiconductor, � S, by:

Wdep =

s �
2� S

e
NA + ND

NA ND
Vbi

�
: (2.15)

Figure 2.3 shows all these features of the pn-junction in a one-dimensional assump-

tion.

2.3.2 External Voltage

Figure 2.4: Ideal pn-diode current versus voltage behavior. The dashed line shows
the exponential rise of the current, typical of the breakdown, not included
in the Shockley equation.

Applying an external voltage,Vext , to the junction changes the width of the depletion

region, depending on the polarity of the voltage. IfVext at the p side is positive

relative to the n side (Vext > 0 V, forward bias), the electrostatic potential over the

depletion zone (Vbi) reduces byVext and the drift current decreases in comparison to

the di�usion current. Relative to the equilibrium situation, more electrons di�use

from the n side to the p side and more holes from the p side to the n side. By applying
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reverse bias withVext having the same direction asVbi (Vext < 0 V, negative voltage

at the p side or positive at the n side relative to the respective other side) the

electrostatic potential is raised relative to the equilibrium state, counteracting the

di�usion current which becomes smaller. In Equation 2.15Vbi has to be substituted

with Vbi � Vext , it becomes evident that the depletion zone shrinks with forward

bias and it gets wider in reverse bias conditions. The current has an exponential

dependence on the applied bias voltage, which has its origin in the exponential

dependence of the carrier concentrations:

I = I S(eeVext =kT � 1) ; I S / Dnnp + Dppn (2.16)

with I S being the reverse saturation current, which depends on the concentrations

of minority charge carriers in the two regions, the geometry of the junction, and the

di�usion coe�cients. Equation 2.16 is called Shockley equation, and it is drawn in

Figure 2.4 in the case of an ideal diode.

Figure 2.5: Schematic representation of a pn-diode in reverse bias. + and� signs
account for the space charge remaining in the junction after the deple-
tion. Under this condition, the diode is used as a detector when theVext

is large enough to fully deplete the diode.

Semiconductor detectors are operated in reverse bias in order to obtain a depletion

zone as large as possible and to minimize the current 
owing. A model of a reverse

bias junction is shown in Figure 2.5. The depletion zone is the detection volume.

For su�ciently high reverse bias voltages, the concentration of majority carriers

within the depletion region becomes smaller than the minority carrier equilibrium

concentration. Because of that, there will be a current due to the thermal generation

of electron-hole pairs within the depletion region,Jge, that depends linearly on the

depleted volume and on the number density of intrinsic charge carriers. Therefore,

the total leakage current in the junction will be the sum of the di�usion current

in the undepleted region andJge. For small values ofni (such as for silicon), the

generation current dominates. The order of magnitude of the leakage current in a
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silicon detector at room temperature is in the range of nA/cm2, but it is in
uenced

by the presence of impurities in the bulk and crystal impurities that act as centers of

generation and recombination (called traps). In real working conditions, the number

of traps is not constant, but it increases with the radiation exposure. In addition,

an increase in the leakage current with temperature is observed, which makes lower

temperatures preferable to operate the detectors. These two aspects are not relevant

to this thesis, so they are left to the reader.

2.3.3 Diode Capacitance

As depicted in Figure 2.5, a depleted diode sees a region depleted of free charges,

enveloped between two highly doped regions where a spatial charge exists. A pn-

junction can be regarded as a parallel plate capacitor with a dielectric medium. For

the simplest geometry, the capacitance at the back side of a diode of areaA would

be:

C = � S
A

Wdep
: (2.17)

It is possible to de�ne the capacitance at full depletion, which is achieved when the

applied reverse bias is su�ciently high to extend the depletion region throughout

the entire diode. Equivalently, if the capacitance is measured as a function of the

bias voltage, the full depletion voltage would be the one that saturates the capaci-

tance because the diode is fully emptied of the majority charge carriers. It is ideal

to operate the diode as a detector in this condition that maximizes the detection

volume.

2.3.4 High Field E�ects

So far, a low intensity electric �eld has been considered; however, when the �eld

is su�ciently large (in silicon, E > 104 V/cm), or the drift velocity exceeds vd >

5 � 103 cm/s, nonlinear e�ects become relevant. The mobility starts decreasing with

the electric �eld, and the drift velocity tends to saturate with increasing electric

�eld strength. Additionally, impact ionization occurs.

At thermal equilibrium, the interactions between the lattice and the charge carriers

are such that the net exchange of energy is zero. In the presence of an electric �eld,

the carriers are more energetic, and the scattering with the lattice becomes more

frequent. As the �eld grows, the average energy of the carriers increases as well,

up to the point where it passes the energy of the lattice. More interactions mean

higher temperature. The mobility decreases as the temperature of the charge carriers

grows; therefore, the drift velocity saturates. For both silicon and germanium, the
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2.3 PN-Junction

Figure 2.6: Drift velocities of holes and electrons in di�erent semiconductors, at
room temperature, as a function of the intensity of the electric �eld [37].

saturation value of the drift velocity is measured to be approximately 107 cm/s, as

shown in Figure 2.6.

Avalanche multiplication, or impact ionization, is the name used to describe the

generation of electron-hole pairs in a semiconductor when charge carriers are exposed

to high electric �elds. In Figure 2.4, this condition is depicted with a dashed in the

leftmost side of the plot. The avalanche multiplication occurs when the collisions

between the drifting charge carriers and the lattice are energetic enough to generate

more electron-hole pairs. As a result, the current exponentially increases with the

drift distance through the depletion region. This is described by anionization

coe�cient , � , that de�nes the number of electron-hole pairs excited by each primary

carrier per unit of distance traveled.

Assume that a current due to holesI p = I p0 is incident at the left-hand side of

the depletion region with width Wdep. If the electric �eld in the depletion region is

high enough that electron-hole pairs are generated by the impact ionization process,

I p will increase with distance traveled through the depletion region. Similarly, the

electron current is such thatI n (Wdep) = 0 to I n (0) = I � I p0 where I = I n + I p.

Per unit distance, the current due to holes will increase according to the ionization

coe�cient � n ; � p by,
dIp

dx
� (� p � � n )I p = � n I : (2.18)

It can be shown that � p;n are inversely proportional to the drift velocity of the

primary carrier; consequently, they grow with the electric �eld, E, and decrease
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with the temperature, T, at any �xed electric �eld. In a simplistic model:

� e;h(E; T ) = Ae;h e� B e;h =E ;

Be;h = Ce;h + De;hT ;
(2.19)

whereA; B; C; D are the coe�cients of the model, which can also be dependent on

the electric �eld and temperature. Because of the higher drift velocity of primary

electrons� n > � p, in silicon. Many models are available to describe the avalanche

breakdown. Some of the commonly used models are from Massey [43], Van Over-

straeten [44], Lackner [45], and Okuto-Crowell [46]. Each model di�ers from the

others for the assumptions over the ionization coe�cients and in their analytical

expression; nevertheless, if the multiplication factor of the holes is de�ned as

I p(Wdep) = M pI p0 ; (2.20)

and Equation 2.18 is solved forI pI (W) = I p0M p, it is possible to rewrite the multi-

plication factor as a sole function of the ionization coe�cients in the form:

1 �
1

M p
=

Z Wdep

0
� p exp

�
�

Z x

0
(� p � � n )dx0

�
dx ; (2.21)

The term on the right is called ionization integral, and can be written in a com-

pletely equivalent fashion for the electrons. Solving it in di�erent conditions allows

the comprehension of the avalanche breakdown in pn-junction (proposed in the next

section) and of the concept of gain for some silicon detectors (see Chapter 3). Includ-

ing both the contributions of both holes and electrons in a steady state condition,

it was proven [47, 48] that the multiplication factor as a function of the position

where the charge carriers are created is:

M (x) =
exp[�

RW
x (� n � � p)dx0]

1 �
RW

x � n exp[�
RW

x (� n � � p)dx0]dx
: (2.22)

Whence, the breakdown condition is achieved when theM (x) approaches in�nity,

thus for Z W

x
� n exp[�

Z W

x
(� n � � p)dx0]dx = 1 ; (2.23)

and it depends on what is happening within the depletion region, not on the current

or on the charge carrier that initiates the avalanche process. The value of voltage

where the breakdown occurs is the breakdown voltageVBD . The value of VBD

increases with the temperature as a consequence of the variation in the ionization
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2.4 Particle Detection with Silicon

coe�cients, and can be shown to be dependent on the doping concentration too.

2.4 Particle Detection with Silicon

Up to this point, the basic features of a semiconductor were proposed; on the basis

of those, the simplest silicon detector was realized and its structural and electrical

properties discussed. The detection chain in silicon follows �ve steps. A particle

interacts with the material, depositing energy; the energy deposition manifests as

ionization, thus the creation of electron-hole pairs; the charge carriers move in the

electric �eld, inducing a current on the electrodes.

In the following sections, the interaction between this detector and particles is dis-

cussed, together with the subsequent theory on how to extract information about

the interacting particles from the current induced in the detector. The focus will

be on the critical features of silicon tracking detectors and timing layers that are of

great interest to the scienti�c community.

2.4.1 Charge Deposition

Figure 2.7: Linear stopping power for a muon in copper, obtained from the Bethe-
Bloch formula. Adapted from [38].

The interaction between heavy charged particles in a non-relativistic regime proceeds

for ionization, and it is well described by the Bethe-Bloch formula:

�
dE
dx

= K�
Z
A

z2

� 2

�
1
2

ln
�

2mec2� 2
 2Wmax

I 2

�
� � 2 �

� (�
 )
2

�
; (2.24)
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where � is the density of the material,Z and A are the atomic number and mass

of the absorber material,z is the charge of the particle,� = v=c is the velocity

of the particle relative to the speed of light,mec2 = 511 keV is the mass of the

electron, 
 = (1 � � 2)1=2 is the relativistic factor, Wmax is the maximum energy

transfer, and I is the mean excitation energy in the medium. The factorK =

4�N A r 2
emec2 = 0:307075 MeV mol� 1 cm2 is a constant related to the Avogadro

number, to the radius, and to the mass of the electron. The� (�
 ) is a correction

factor that accounts for the density e�ect on energy loss. The evolution of the linear

stopping power is shown in Figure 2.7 for a muon in Copper. Among the many

features of Equation 2.24, the relevant one for this work is that the minimum of the

stopping power is registered at�
 ' 3, and it is observed to be almost independent

of the density of the material. The minimum stopping power isdE=dx � 1 �

2 MeV cm2 g� 1.

Figure 2.8: Energy loss probability distribution of 12 GeV protons interacting in
silicon detectors of di�erent thicknesses. The normalization is to have
the MPV unitary. � p=x is the MPV, W is the FWHM (left). MPV as
a function of the silicon thickness (right). From [49].

In practical cases, most relativistic particles (e.g. CR muons) have mean energy loss

rates close to the minimum; thus, whatever their chemical species, they are called

Minimum Ionizing Particles (MIPs), and detectors to measure their properties can be

built. In standard silicon detectors, the mean energy loss probability distribution is

described by the Landau-Vavilov-Bichsel distribution [50] (from now on, shortened

to Landau). The MPV of the distribution is a good parameter to describe the

evolution of the stopping power with the energy and density of the material. Both

the MPV and the width of the distribution are functions of the sensors' thickness; as

it increases, the MPV moves to higher energy losses, and the distribution becomes

narrower. The MPV energy loss is plotted against the thickness on the right side of

Figure 2.8.

Electrons and positrons qualitatively follow the same rules described so far, but have

to be corrected due to their kinematics, spin, and the properties of the electrons they
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ionize in the medium. If they possess an energy in the order of MeV, their ionization

energy loss is similar to that of a MIP in silicon.

2.4.2 Signal Formation

A particle interacting in a fully depleted pn-junction deposits some of its energy by

ionizing the traversed material. The electron-hole pairs are created and, because of

the existing electric �eld, they start drifting towards the collecting electrodes. The

average energy to create a single electron-hole pair in silicon is 3.6 eV.

When a chargeq approaches the electrode, a charge opposite in sign will be induced.

The closerq gets, the higher the induced charge becomes. Onceq stops moving,

no further charge accumulates on the electrode. If the electrode is grounded, a

measurable current will 
ow. If the external charge moves continuously, a continuous

current will 
ow, which will be stronger the faster q moves and will disappear whenq

arrives at the electrode. This current can be utilized to form an electronic signal. As

a consequence, the current instantaneously induced on the electrode by the drifting

charges is given by the Shockley-Ramo theorem [51{53]:

I = q~EW � ~v ; (2.25)

where the charge is moving inside the weighting �eld~EW , with velocity ~v. The

weighting �eld is determined only by the geometry of the electrodes' arrangement,

while the velocity comes from the electric �eld, and it de�nes the shape of the induced

signal. The value and shape of~EW are computed by imposing a unit potential to

the reading electrode, while keeping at zero all the others, and solving the Poisson

equation while ignoring the sensors' space charge. The weighting �eld and the

actual electric �eld, and thus the direction of motion of the charge carriers, have

di�erent orientations at the position of the charge. For instance, in a parallel plate

capacitor with homogeneous space charge, the electric �eld increases linearly with

the distancex from an electrode asE / x. In contrast, the weighting �eld remains

constant, given as ~EW = 1=d whered is the electrode distance. In the case of real

silicon detectors, it was shown that time-dependent weighting �elds are required to

describe the response of substrates with undepleted or partially depleted regions [54],

which are (partially) conductive. A maximum of the signal can be obtained if the

electric �eld is high enough to saturate the velocity of the moving carriers. Once

the current I is induced, dedicated electronics can process it like any transient, and

the initially deposited energy is measured.
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2.4.3 Time Resolution

As introduced in Chapter 1, the new frontiers of particle tracking revolve around

the capability of the tracking systems to time-tag every recorded event.

Let's consider a silicon detector that is connected to its electronics for the readout

of the current induced by the passage of MIPs. Assuming the drift velocity of the

carriers is always saturated, the time resolution,� t , of a time-tagging detector can

be described as a combination of four major factors:

� 2
t = � 2

T imeW alk + � 2
Jitter + � 2

T DC + � 2
Landau (2.26)

where the �rst two terms originate from the signal crossing a threshold imposed by

the electronics (i.e., a comparator), while� T DC accounts for the uncertainty due to

the �nite binning of the Time to Digital Converter (TDC), typically used in the

readout electronics. The last term is related to the physics of the energy deposition.

Increasing the precision of this tagging became of primary interest; as a consequence,

a lot of e�ort is put into reducing all the components of the time resolution, both

at the sensor and electronics level.

Jitter

Figure 2.9: Cartoon picture of the noise a�ecting the crossing time of a threshold in
a signal. The error in the timing resolution introduced is the jitter.

As shown in Figure 2.9, if a certain waveform is considered, the presence of noise

in the signal causes a comparator to �re at an earlier or later time. This e�ect is

proportional to the noise,N , and inversely proportional to the slope of the signal

about the threshold, Vth . Assuming a constant slope in the leading edge of the

signal, the slew ratedV=dt can be approximated as the ratio between the signal
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2.4 Particle Detection with Silicon

amplitude, S, and the rise time � rise . The contribution to the timing resolution,

therefore, becomes:

� Jitter =
N

dV=dt
�

� rise

S=N
: (2.27)

The minimization of the jitter is a key factor to optimize the timing resolution of

a detector, and it revolves around two points: keeping the noise as low as possible

and increasing the slew rate as much as possible. In the next chapter, this will be

achieved by introducing a gain layer in the pn-junction to increase the amount of

collected charge per interaction, realizing the Low Gain Avalanche Diode (LGAD).

Time Walk

Figure 2.10: Visualization of the time walk e�ect for two signals with the same shape
but di�erent amplitudes.

The time walk e�ect is depicted in Figure 2.10. The two pulses shown have identical

true time of origin, rise time, and fall time, but give rise to output logic pulses that

di�er substantially in their timing because of their amplitude. Shape variations in

the signal are also responsible for time walk. The e�ect of the amplitude can be

avoided using Constant Fraction Discrimination (CFD) as a threshold crossing time

tagging method. The CFD algorithm sets the arrival time of the particle when the

signal crosses a �xed threshold at a constant fraction of the signal amplitude. To

also account for possible variations in the signal shape, the CFD threshold should

be put as low as possible; however, to minimize the jitter, the threshold has to be

placed where the slew rate is maximum. Compromises between the requirements

are mandatory for each application.

Modern instrumentation features comparators that can switch between �xed thresh-

old and CFD thresholds. See Appendix A for a complete discussion on the CFD in

electronics.
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Landau Noise

The production of electron-hole pairs in a single event interaction and their distribu-

tion along the particles' path is a stochastic process that gives rise to a non-uniform

charge deposition. This is called Landau noise, and the� Landau term accounts for

its e�ect. Therefore, this component is always present when detecting particles, and

the thickness of the detector determines it: the Landau contribution decreases in

thinner sensors, as described by [55], and saturates towards a value less than 40 ps

when the thickness of the silicon sensor is higher 70µm [56]. On the other hand,

it will be better explained in Section 4.2 that lasers can be tuned to simulate the

energy deposition of a MIP, but without the Landau contribution since the ioniza-

tion produced by light absorption does not present the same 
uctuations as charged

particles.

2.5 Silicon Sensors Manufacturing

The abrupt pn-junction presented so far is the natural starting point to understand

how a silicon detector is made and works. However, in order to have a visible signal

from an interacting particle, the sensitive volume has to be large enough for the

particle to deposit its energy e�ectively. Combining this necessity with the fact that

the available manufacturing technology allows for manipulation at the surface, it is

more convenient to realize asymmetric detectors. In those, most of the junctions are

a combination of thin, highly doped regions, which grant the full depletion of the

silicon substrate.

Figure 2.11: Sketch drawing of a PIN diode with its electric �eld and doping concen-
tration levels as manufactured. The yellow layer represents the silicon
oxide deposited or grown on top of the sensor to protect it. The black
box on the top left is the metallization that allows the electrical contact
with the n-type implant.
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2.5 Silicon Sensors Manufacturing

A more realistic silicon detector is the PIN diode sketched in Figure 2.11. The

n-type implant creates a �rst junction where it meets the bulk. A heavily doped

p-type layer is introduced on the backside of the detector to passivate the surface

and ensure a low-resistance (ohmic) electrical contact. The resulting �eld shape is

shown on the left side of the picture. The thickness of each implant is a recipe of

the foundry, as are the doses and the depths. In general, silicon sensors currently

used in HEP have thicknesses ranging from a few tens ofµm to 500 µm.

Manufacturing starts from a silicon substrate, calledbulk, that is de�ned by the

silicon wafer selected for the production. Substrates are single-crystal growth with a

variety of methods and doping concentrations to address di�erent applications. The

sensors presented in this work are manufactured on epitaxially grown or silicon-to-

silicon substrates.

Figure 2.12: Not in scale sketch drawing of a diode with two channels. In orange
there are the GRs, while in dark blue the p-stop implants. The black
layer is the metallization.

To manufacture the sensor structures on the substrate, a combination of ion implan-

tation and thermal di�usion of the dopants is typically used; this way, the damage

induced to the lattice by the implantation is recovered. The resulting doping pro-

�les are determined, in depth, by the stopping power the dopants possess in silicon:

lighter atoms penetrate deeper for the same energy of the implantation. The �nal

dopants' distribution, however, is achieved through subsequent thermal di�usion,

which shapes and smooths the implanted pro�les. Dedicated lithographic masks

give the 2-D shape of each structure. Implants are not only present in the sensitive

area of the detector.

ˆ Some Guard Rings (GRs) can surround the sensitive area to de�ne the active

volume of the detector. Additionally, the GRs helps manage the di�erence in

potential that might be present between the detector and the borders, and they

avoid the depleted region from extending to the borders, thereby reducing the

total current. GRs are typically implemented as additional n-on-p junctions.
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ˆ If the detector is designed with multiple channels, each has to be electrically

isolated from its neighbors. In addition, �xed positive charges in the silicon

oxide layer attract electrons at the silicon surface, leading to the formation of

an inversion layer that can electrically connect neighboring n-type implants.

To prevent this e�ect, p-stop implants are introduced: these locally increase

the p-type doping, suppressing the electron accumulation layer and ensuring

proper inter-channel isolation.

Adjustments regarding the depth, the size, and the composition of each structure

that make a silicon sensor deployable as a particle detector are managed by the

foundries.
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3 LGAD Technology

The �rst part of the chapter presents the Low Gain Avalanche Diode (LGAD)

technology as a time tagging detector, its advantages, and its applications. In the

last section, the recent studies to scale the LGADs up to a channel size of 100 mm2

are reported. These are the building blocks of the following chapters.

3.1 Low Gain Avalanche Diodes

Low Gain Avalanche Diodes (LGADs) [57] are a class of silicon detectors that exploit

impact ionization to achieve an increase of the collected charge by about a factor of

ten compared to that of a p-intrinsic-n (PIN) diode. Although the gain is moderate

compared to that of similar detectors like Avalanche Photo Diodes and Silicon Photo

Multipliers, in a system where the noise is dominant, a low gain combines the low

leakage current of standard silicon sensors with large signals and good temporal

resolution. For instance, 50µm thick LGADs demonstrated experimentally a timing

resolution as small as 30 ps [58].

The High Energy Physics (HEP) community extensively studied these detectors also

for their excellent radiation hardness, capable of withstanding a 
uence up to a few

1015 neq/cm 2 [59]. As a result, LGADs were recently selected for the new High

Granularity Timing Detector (HGTD) of the ATLAS experiment [33] and for the

End-Cap Timing Layer (ETL) of the CMS experiment [32], which will be installed

during the Long Shutdown 3 in view of the High Luminosity Phase of LHC at

CERN [60].

The main structure of an LGAD is shown in Figure 3.1. It consists of a p-type

bulk, with a p-type ohmic contact on the back side, an n-type electrode on the front

side, and a p-type multiplication layer. In the next sections and chapters,n++ will

refer to the n-type electrode andp+ to the p-type gain layer. The gain layer is a

region with a doping concentration of about 1016 atoms/cm3 (typically of boron),

implanted below the n-type electrode. The two doped regions in the �gure are known

as the channels and are usually separated from each other by a p-stop. However,

introducing structures between the channels to control the shape of the electric �eld,
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3 LGAD Technology

Figure 3.1: Not to scale basic structure of a LGAD. In blue are visible the p-type
implants, in red the n-type implants, in yellow there is silicon oxide, and
in black the metallization, needed to extract the signal. A pro�le of the
electric �eld is also sketched on the side as a function of the depth [61].

such as the Junction Termination Extension Structures (JTEs), results in a no-gain

region, where the detector remains sensitive but exhibits reduced performance. In

these regions, the electric �eld is intentionally lowered to ensure a controlled poten-

tial drop and to prevent premature breakdown at the edges, thereby suppressing the

avalanche multiplication. Increasing the ratio between the region with gain and the

total area of the detector, the�ll factor , while keeping the same isolation between

channels, is one of the lines of research in silicon detector technology. The channel

size of the detectors implemented for the HGTD and ETL is 1.3 mm� 1.3 mm.

Figure 3.2: E�ect of charge multiplication mechanism in LGADs (in red) compared
to the charge collected by a PIN diode (in black). Data are collected
when samples are illuminated with an Infrared (IR) laser at the same
intensity and at room temperature.

This design provides the LGAD with a gain that develops where the electric �eld
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is higher, and, therefore, it grows with the bias voltage. Figure 3.2 portrays how

the integral of the waveform (the collected charge) evolves as a function of the bias

voltage for an LGAD, compared to the charge collected by a PIN.

3.2 Gain Suppression in LGADs

Figure 3.3:Left - Gain of HPK' LGADs when exposed to a pulsed IR laser as a
function of the bias voltage. Higher Shutter implies a higher deposited
charge in the sample.Right - Increase in collected charge when the same
sensor is exposed to particles with di�erent incident angles. Dashed lines
are the predicted values; solid lines are the experimental results (adapted
from [62]).

It was observed by several research groups that the gain of a LGAD is signi�cantly

dependent on the amount of deposited charge and the angle of incidence of the

interacting particle [62{66]. Higher density of charges results in lower gain values.

The �rst experimental proof of this e�ect was provided in [62] by measuring a LGAD

from Hamamatsu Photonics (HPK) [67]. The outcomes of the analysis are reported

in Figure 3.3. When the shutter that regulates the intensity of the laser beam

increases, the amount of deposited charge increases (left), and the measured gain

decreases. Also, by increasing the angle of incidence of the particles (see the right

side of Figure 3.3), the energy deposited by the particle, and thus the collected charge

(solid lines), increases more than expected from the simple geometrical increase of

the ionizing path length (dashed lines).

The physical mechanism behind this gain suppression is a screening e�ect of the

charge carriers on the gain layer electric �eld, as a result of their high local density.

For a higher carrier density generated in the bulk, a larger number of carriers un-

dergoes impact ionization in the gain layer. Having a concentration of (separated)
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charge carriers in a volume creates an electric �eld that locally opposes and reduces

the strength of the electric �eld in the gain layer, thereby suppressing the avalanche

multiplication. The weaker the electric �eld, the weaker the impact ionization,

thus the e�ective gain of the device. Equivalently, increasing the angle of incidence

spreads the charges over the interacting volume, hence decreasing the density of the

charge carriers. The result is higher gain. The e�ect is dependent on the initial gain

of the device: if the operative bias voltage grants a higher gain, the suppression ef-

fect will be more pronounced. Even though the mechanism just explained describes

the phenomenon, a proper model is still missing. [64] provided a �rst guess, but it

needs corroboration by more measurements and �ne-tuning.

Figure 3.4: On the left panel, the charge collected by a LGAD, in black, is compared
to the one collected by a PIN, in red. On the right panel, the charge
collected by the LGAD for di�erent laser intensities, at constant bias
voltage. Increasing the value of Neutral Density Filter (NDF) decreases
the laser intensity. The Laser Focus distance in the x-axis has its origin
in correspondence with the backside of the detectors. Measurements are
performed using TPA-TCT at the same laser intensity and bias voltage
on two 150µm thick detectors with 6.25 mm2 of active area. More details
in Section 5.5.

Further studies conducted with the Two Photons Absorption (TPA)-Transient Cur-

rent Technique (TCT) revealed that the deposition depth contributes to the sup-

pression of the gain as well [68, 69] (more details about the investigation technique

are presented in the next chapter). Less charge is collected when the excess charge

is deposited directly inside or near the avalanche region. Conversely, if the excess

charge is generated further away from the top junction, the collected charge increases

because the longer drift allows di�usion to reduce the density of the carriers arriving

at the gain layer. The result is the characteristicshark �n pro�le of the collected

charge as a function of the depth of interaction. Figure 3.4 shows the comparison

between the charge collected by a LGAD an by a PIN, and how theshark �n pro�le
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changes with increasing laser intensity.

In describing the charge deposition in silicon (Section 2.4.3), it was stated that Min-

imum Ionizing Particles (MIPs) deposit energy following a Landau distribution: to

be more precise, the distribution is the result of many localized interactions between

the particle and silicon [50]. Because of its nature, there is always a probability of

having a high energy deposition along the particle path in the sensor, which will

belong to the tail of the distribution. If such an energy deposition is much larger

than the mean of the total energy distribution, the resulting timing resolution of

the detector is degraded. Thicker sensors are expected to have less timing resolu-

tion because it is more likely that at least one energy deposit falls in the tail. The

analytical form of the distribution does not consent to use it for �tting, but sim-

ulations [70] and experimental data [49] agree that the localized energy deposition

can be e�ectively described by a convolution between a Landau and a Gaussian

distribution, also in the case of LGADs.

Figure 3.5: Experimental evidence of the transformation of the charge distribution
from a Landau to a Gaussian as a consequence of gain. The uncorrected
Landau distribution and the Gaussian used for the convolution are shown
in each panel (dashed lines), together with the best �t (in solid red).
Adapted from [70].

As explained in the previous paragraphs, the gain layer does not uniformly amplify

signals, but it quenches the higher ones. So, if a MIP deposits energy in a LGAD,
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the events will experience less and less gain, moving to the tail of the distribution.

The total energy deposit distribution is distorted from a Landau into a Gaussian,

and the tail progressively disappears. Test beam data [71] showing such a feature

[70] are reported in Figure 3.5.

To sum up, the suppression of gain favors better timing performances in LGADs by

equalizing the deposited energy contributions. This naturally raises the question of

whether LGADs can be optimized to exploit this e�ect.

3.3 Families and Applications of LGADs

The description provided thus far applies to all types of LGADs. Over the last ten

years, the encouraging results obtained in HEP popularized the technology. There-

fore, other research �elds started employing LGADs for their applications, opening

the doors for new, customized LGADs to �t the speci�c requirements. Currently,

projects in medical physics, X-ray detection, space applications, and others are de-

veloping di�erent branches of the technology. Below, the main variations are shortly

described, referring to their respective �elds and applications.

3.3.1 Inverted

Standard LGADs typically features a segmented gain layer, as shown in Figure 3.1,

that leaves an inter-pad region where there is no multiplication. If a particle inter-

acts there, the position reconstruction as well as the timing performances decrease

drastically. The �ll factor of the detector can be poor.

Figure 3.6: Sketch of the i-LGAD design, adapted from [72]. Besides the standard
layers of the production, in purple there is a protective layer, and in light
blue are highlighted the contacts with the read-out electronics. In black
is reported the metallization.

To overcome this di�culty, inverted-LGADs (i-LGAD) were developed [72, 73]. The
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multiplication structure is moved to the back side of the detector, while leaving the

electrodes segmented at the front. In this way, thep+ can be extended till the

periphery of the sensor, increasing the �ll factor without altering the positional

resolution. However, the price for the better �ll factor is paid by the di�culty of the

fabrication process that, in turn, passes from a single-sided to a double-sided one.

Using a double-sided process implies having thicker detectors, which, in turn, lowers

the timing resolution due to the shape of the weighting �eld. Figure 3.6 portray the

�rst design proposed in [72], where these features stand out.

The e�ciency of the design in reaching a 100% �ll factor was con�rmed with laser

measurements as well as the overall timing resolution by [74, 75]. Subsequently, the

characterization performed by the Paul Scherrer Institute [76] proved the detectors

to be e�cient in soft X-Ray detection and better than traditional PINs thanks to

the enhanced Signal to Noise Ratio (SNR) and high �ll factor [77]. For this kind

of application, a dedicated entrance window was designed to further improve the

detection e�ciency.

3.3.2 Trench Isolated

Figure 3.7: Sketch of Trench Isolated LGAD model proposed by FBK [78].

An alternative solution for LGAD segmentation is the deep trench isolation tech-

nology, which exploits physical trenches in the silicon substrate to provide electrical

isolation among nearby pixels. Such a solution has been inherited from CMOS image

sensors and Silicon Photomultiplier [78, 79], giving birth to Trench Isolated (Ti-)

LGADs.

In this design, the JTE are replaced by a trench: a hole in the substrate some

µm deep and narrower than 1µm, �lled with silicon dioxide. Even though the �ll
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factor would not be 100% like in i-LGADs, this alternative o�ers a very reliable and

easy solution in the manufacturing process, as it is single-sided. In addition, the

radiation hardness and the timing resolution are una�ected by the design, which

leaves the gain layer in the same position as standard LGADs, without modifying

the thickness.

Within the RD50 [80] and AIDAinnova [81] collaborations, FBK advanced the pro-

duction of this technology. Several production runs were performed and character-

ized intensively to extract the gain and the timing performances [82, 83]. In addition

to that, irradiation campaigns [84] and test beams [85] are constantly showing en-

couraging results with a spectrum of trench designs.

3.3.3 AC-Coupled

Figure 3.8: Cross section of an AC-LGAD, with the corresponding electric �eld. The
metal pads, in black, are not directly connected to the n-type implant,
in red; instead, they are capacitively coupled through an oxide layer (in
yellow). From [61].

The AC-LGAD, or Resistive Silicon Detectors (RSD), [86, 87] are sensors with the

same characteristics of a standard LGAD, but present a continuous gain layer. In

this way, the JTE can be accommodated only at the very periphery of a sensor while

keeping multiple channels, increasing the �ll factor to 100%. Referring to Figure 3.8,

each channel is created by segmenting the metallization on top of then++ layer. This

layer is covered by a thin dielectric layer (in yellow in the �gure), which is typically

silicon oxide, silicon nitride, or both. The electrodes are not contacted except at the

edge of the device.

Signal formation follows the same steps as in standard LGADs. In AC-LGADs,

however, once electrons arrive at then++ , they are not immediately collected by

the read-out electronics. Instead, they continue to generate a signal as they move

within the layer towards the electrode at the border. The resistive layer can be seen
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as a distributed RC network, made by capacitances towards the back and towards

the AC-coupled metal electrodes. These capacitances are connected by resistances,

which account for the �nite resistivity of the implant. Capacitances and resistances

can, up to a certain extent, be tuned by means of the technology process 
ow [88].

In addition, the signal propagation on then++ implant results in a resistive charge

division of the signal, allowing for a reconstruction of the impact position of a particle

by interpolating the signal from di�erent channels. The reconstruction requires a

detailed knowledge of the propagation of the signal on then++ layer, which also

pushed the development of dedicated software [89, 90].

FBK in collaboration with the Torino division of Istituto Nazionale di Fisica Nu-

cleare (INFN) [91], the Universit�a di Trento [92] produced a number of batches of

AC-LGADs/RSDs to prove the concept and their e�ectiveness as 4D-tracking detec-

tors. Test beams demonstrated excellent results with positional resolution as good

as 14� 1 µm and timing resolutions of about 49� 6 ps [93{95].

3.3.4 n-Type Multiplication Layer

Figure 3.9: Schematic view of a n-
LGAD implemented in a n-
type doped substrate. The
red solid line depicts the
electric �eld before irradia-
tion. The one expected after
irradiation is in dashed red.
From [96].

The Institut de Microelectronica de

Barcelona (IBM-CNM) [97] proposed a n-

LGAD. The working principle is the same

as in the standard LGADs, but an n-type

gain layer is implanted between the p-

type electrode and the high resistivity n-

type bulk [98]. A thin entrance window

is, however, required for these detectors.

The basic features of the detector are vis-

ible in Figure 3.9. Since the electrons and

holes drift in opposite directions with re-

spect to standard LGADs, a better per-

formance is expected for low penetrating

particles.

During the last few years, several charac-

terization campaigns took place to better

study the n-LGADs. The evolution of the

depletion voltage, the breakdown voltage,

and the capacitance was investigated at increasing irradiation 
uence [96], together

with the impact of annealing in mitigating radiation-induced damage [99]. The ra-

diation damage was observed (and expected) to induce a charge sign inversion in
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the bulk of the detector, altering the electric �eld structure.

3.4 Space LGADs

As already introduced in Chapter 1, many space missions are currently operating to

observe Charged Cosmic Rays (CCRs) in a broad energy spectrum. Upgrades and

future observatories are pushing the requirements to improve the tracking recon-

struction capabilities. Timing was shown to be of great importance to achieve these

requirements without a�ecting the power budget of the instruments. Simulations

proved that a time separation between events better than 100 ps could address this

problem [17].

Among the technologies under investigation for the purpose, there are LGADs

thanks to the success they had in ground-based experiments in both very fast time

tagging and spatial resolution. Before LGADs can be deployed on a space mission

as part of a timing/tracking layer, a feasibility study has to be made.

The �rst step is to successfully manufacture LGADs with a channel area comparable

to that of the typically used silicon detectors for trackers in space. The micro-strip

silicon sensors commonly adopted by trackers in space are connected via Daisy-Chain

to obtain channels as long as 60-100 cm. Having a pitch of about 100-200µm, the

resulting channel size is approximately 100 mm2 [10, 11, 100].

Therefore, the objective is to scale up the size of the LGADs from the one im-

plemented in HGTD and ETL (1.3 mm � 1.3 mm) by a factor of 100, without

decrementing their timing resolution more than a factor of 10. The state of the art

prior to the contributions speci�c to this thesis is reported from [101], emphasizing

the simulations and the fabrication details that led to the detectors.

3.4.1 Simulation

To ensure the required timing capabilities, the sensor must have minimum intrinsic

noise, while keeping the slew rate of the output signal as high as possible, to reduce

the contribution of jitter (see Section 2.4.3).

An LTspice [103] simulation was performed to estimate the jitter for di�erent combi-

nations of gain and thickness when the channel size is increased from approximately

1 mm2 to 100 mm2 [104]. The initial ionization is assumed to be uniform along

the sensor thickness, and its magnitude is given by the most probable value of the

energy deposition of a MIP. This assumption excludes the Landau term of the time

resolution; therefore, only the jitter of the sensor is calculated. The signal shape is

modeled, accounting for the drift of the primary ionization electrons and holes and
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Area (cm2) Gain (M) Excess Noise Factor (F)

0.01
10 3
20 6

1
10 3
100 30
500 150

Table 3.1: Simulation parameters considered for the scaling of LGAD channel
size [102].

the multiplication holes, assuming saturated drift velocity. The current pulse is then

shaped by the RC circuit formed by the sensor capacitance and the impedance of the

input of the readout electronics. The noise contribution of the sensor is restricted

to the shot noise, calculated accounting for the multiplication (M) and excess noise

factors (F), and the bandwidth of the RC circuit. The values of F are assumed to

scale with M, with the value of F=3 for M=10 referring to [72]. Finally, the noise

of the readout electronics is assumed to be constant for all conditions and �xed at

0.4 µA, using a commercial broadband ampli�er as reference [105]. The slew rate

was calculated by determining the ratio between the amplitude and the signal peak-

ing time. The peaking time refers to the time it takes for the signal to reach its

maximum level after charge carrier generation in the sensor. The slew rate was then

used to determine the jitter of the sensor by dividing the noise for it. The simulation

parameters are reported in Table 3.1. Since the peaking time is used, the value of

the slew rate represents an average over the signal's leading edge, which will result

in an overestimation of the jitter of the sensors, as points with a larger slew rate

can be used to determine the time of arrival of particles.

Figure 3.10: LTspice simulations of slew rate (left) and jitter (right) as a function of
the sensor thickness, for di�erent area (A), gain (M) and excess noise
(F). The black and purple markers represent the standard LGADs used
in HEP. Adapted from [104].

Figure 3.10 illustrates the correlation between sensor thickness, slew rate, and jitter

37



3 LGAD Technology

values. For a given sensor area, the slew rate increases with higher gain values, while

the shot-noise remains una�ected by the active area, depending only on the sensor

thickness, gain (M), and excess noise factor (F) [72]. Therefore, the jitter decreases

with increasing gain values for a given noise level.

The simulation also shows that jitter below 50 ps can be achieved for a channel

size of 100 mm2 having a sensor thickness above 100µm and a gain around 100.

Behind the worsening of the slew rate for increasing area, and of its improvement

with the thickness, there is the change in the capacitance of the detector. Since pixel

and strip diodes can be modeled as a parallel plate capacitor, their capacitance will

follow Equation 2.17. The outcome is a stronger shaping of the signal for larger

areas, which can be fought with an increase in the thickness of the detector.

To obtain the best timing performance, the drift velocities of the charge carriers

must be saturated. This requires an electric �eld of at least 20 kV/cm [106] to

be present in the whole thickness of the sensor. To achieve this condition, a bias

voltage of 100, 200, and 300 V must be added on top of the depletion voltage for 50,

100, and 150µm thick sensors, respectively, determining the operation point of the

sensors. For the current work, a bias of about 100 V is considered to be su�cient

for the depletion of the gain layer and the bulk at any of the thicknesses mentioned

above, resulting in a desired gain of 100 at 400 V bias for 150µm thick sensors. A

further increase in sensor thickness would require an increase in the bias voltage,

both for the sensor depletion (which grows quadratically with thickness for a given

resistivity) and the drift velocity saturation (which grows linearly with thickness).

The thermal generation current also scales linearly with the sensor thickness for a

given area, and together with the bias voltage determines the sensor power con-

sumption. As space experiments can have strong constraints on their power budget,

limiting the power consumption of the sensors is a desirable feature.

Another challenge of scaling up the channel size is to avoid non-uniformities in the

signal shape when particles traverse the sensor at di�erent positions over the channel

area. A possible source of this non-uniformity can be the resistivity of then++ layer

through which the signal propagates towards the readout electronics. The design

of the sensor metallization and the positions at which it contacts then++ layer can

help in reducing this e�ect by providing a low impedance path between the particle

impact position and the readout electronics.

3.4.2 Fabrication

A �rst batch of LGADs for space applications was produced in 2021 by FBK in

collaboration with INFN [91], with the name Space LGADs for AstroParticle Physics
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(SLAPP). A total of 16 wafers with active thicknesses of 50µm, 100µm, and 150µm

were produced, following the results of the previous simulations. The goal was to

achieve a gain of about 100 and measure how the timing performances of the detector

e�ectively change with thickness and area.

Wafer Thickness ( µm) n++ Dose Gain Dose Gain Energy
1

50

1 0.98 1
2 1 1 1
3 3 1 1
4 3 0.98 1
5

100

1 1.04 1
6 1 1.08 1
7 1 1.12 1
8 1 1.4 0.5
9 1 1.46 0.5
10 1 1.52 0.5
11

150

1 1.4 0.5
12 1 1.46 0.5
13 1 1.52 0.5
14 1 1.04 1
15 1 1.08 1
16 1 1.12 1

Table 3.2: Normalized process parameters used in the fabrication of the SLAPP
batch. 50µm thick sensors are realized on epitaxially grown silicon, while
the others are on silicon-to-silicon bonded wafers. Adapted from [101].

The choice of the fabrication parameters of the sensors was guided by Technology

Computer-Aided Design (TCAD) simulations [107] that were performed to optimize

the gain layer of the LGADs for the working points discussed above [101]. The

fabrication parameters are summarized in Table 3.2. The gain layer dose is varied

around the points indicated by the simulation to account for possible uncertainties

in the simulation models. Two values for the implant energy of the gain layer were

selected: 0.5 and 1, normalized to the highest using the energy.

The �rst four wafers are intended as a reference since their parameters are commonly

used in HEP applications. Due to their active thickness, they are produced on high-

resistivity silicon grown epitaxially on a low-resistivity handle wafer. The 100 and

150µm thick sensors are realized using silicon-to-silicon bonded wafers, where a high

resistivity wafer is bonded to a low resistivity handle wafer to allow for its thinning

to the desired active thickness.

To study the e�ect of capacitance on the timing performance of the LGADs, pad

sensors with three di�erent dimensions were designed. Each wafer contains combi-
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(a) LGAD Type-1 (b) LGAD Type-2 (c) LGAD Type-3

Figure 3.11: Schematics of the corner of LGAD layouts used in this study, where
the metallization and the contacts with then++ layer are highlighted.
Blue color represents the metal layer, and the black color represents the
contact between the metal andn++ layer.

nations of three di�erent areas and three layouts for each area. The sensors have an

active area of 6.25 mm2, 25 mm2, and 100 mm2. A GR composed of a thick charge

collection ring and four thinner structures was included to isolate the active area

from the periphery of the sensor.

In addition, to investigate the e�ect of the n++ layer's resistivity on timing per-

formance, three di�erent layouts were designed for each active area as shown in

Figure 3.11. Type-1 has no metallization on top of its active area, and contacts

between the metal andn++ are placed along the perimeter of the device,Type-2

has metallization on the active area and the contacts at the periphery, whileType-3

has a matrix of contact openings between the metal andn++ layer spread over the

whole active area, in addition to those along the perimeter. The metallization on

the latter two types has nine small openings of 100µm� 100 µm to allow for laser

light illumination.

3.4.3 Electrical Characterization on Wafer

Upon the manufacture of the detectors, a �rst electrical characterization was per-

formed to assess the success of the production. An automatic probe station measured

the photocurrent with a 930 nm LED in several Test Structures (TSs) placed on the

wafers [101, 104] for this purpose.

The average gain as a function of the bias voltage is calculated and plotted in

Figure 3.12. Wafers 13, 15, and 16 with 150µm thickness (in blue) go into an early

breakdown, indicating an overly doped gain layer, making the sensors in these wafers

unusable. Wafers 6, 7, and 10 (in red) are the next to show a premature breakdown.

As desired, the 50µm thick wafers, represented in green, maintain a consistent gain
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Figure 3.12: Gain of the wafers vs bias voltage obtained from the IV measurement
of the SLAPP production. From [101, 104].

of O(10) at lower bias voltages and reach breakdown between 200 and 300 V. For

the same bias voltage, the gain values of Wafers 9 and 14 are larger than the ones

of 50 µm wafers, while Wafers 8, 11, and 12 demonstrate a wider operating range,

with a lower gain.
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