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Abstract

Physics Department
Universitat Autdnoma de Barcelona

Doctor in Physics

Development of Low Gain Avalanche Detectors (LGAD) for high- and
low-penetrating particles in silicon

by Jairo Antonio Villegas Dominguez

This thesis presents the development of Low Gain Avalanche Detectors (LGAD) at
the Institute of Microelectronics of Barcelona (IMB-CNM). The work is primarily fo-
cused on the design, optimization and fabrication of LGAD sensors for High Energy
Physics (HEP) experiments and, specifically, for High-Luminosity Large Hadron
Collider (HL-LHC) experiments at CERN. The HL-LHC aims to upgrade in the next
few years, increasing its luminosity to enable the collection of more data in shorter
time frames which, in turns, will increase the likelihood of new particle discoveries.
Consequently, the silicon detectors used in HL-LHC experiments must demonstrate
exceptional radiation tolerance as well as tracking and timing performance to pre-
vent pile-up effects, being the LGAD a great candidate to fulfill such zealous task.

While the primary focus of LGAD development has been HEP experiments,
these detectors also offer potential applications beyond this field. Specifically, LGADs
hold promise for detecting low-penetrating particles in silicon. To accommodate
these applications, a redesign of the LGAD was necessary, as it was originally opti-
mized exclusively for HEP experiments. As a result, the nLGAD was first developed
at IMB-CNM, which retains the excellent performance of traditional LGAD devices
while being specifically optimized to detect low-penetrating particles. The design,
optimization and fabrication of IMB-CNM nLGAD sensors represent a significant
aspect of this thesis.

Additionally, an LGAD or nLGAD can be technologically tailored to achieve a fill
factor of 100 %, which is crucial for applications requiring enhanced silicon detector
sensitivity. This thesis will specifically address the potential of the Trench iLGAD
(TiLGAD) in achieving this goal.

Overall, this work will cover the design, simulation, optimization, fabrication
and characterization of IMB-CNM LGAD sensors across various technological con-
figurations, each tailored to address specific key issues in the realm of particle detec-
tion.
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Introduction

The drive to unveil the origins of mass, the nature of dark matter, and the fundamen-
tal forces shaping the universe led to the establishment of CERN (Conseil Européen
pour la Recherche Nucléaire) in Geneva, Switzerland, and the development of the
Large Hadron Collider (LHC), the most powerful particle accelerator on Earth [1].
Operational since 2008, the LHC is able to accelerate protons to nearly the speed of
light and make them collide in high-energy events. These collisions simulate the
conditions that existed just after the Big Bang, enabling scientists to investigate the
fundamental building blocks of matter. The construction of the LHC and its ex-
periments involved extensive international collaboration with thousands of scien-
tists, engineers, and technicians from around the world. One key project within this
context is the RD50 collaboration [2], which focused on overcoming the limitations
of standard silicon detectors in the extreme radiation environments inherent to the
LHC experiments. Specifically, part of the RD50 collaboration worked on designing,
fabricating, and testing silicon detectors for the ATLAS (A Toroidal LHC Apparatus)
and CMS (Compact Muon Solenoid) phase-II upgrades, which is intended to pre-
pare these detectors for the High-Luminosity LHC (HL-LHC) [3], [4]. The HL-LHC
will increase the rate of proton-proton collisions by ~10, allowing for the collection
of more data in shorter periods and enhancing the potential for new particle discov-
eries. This upgrade inevitably requires that the silicon detectors used in HL-LHC
experiments exhibit unprecedented radiation tolerance and timing performance to
avoid pile-up phenomena.

This technological challenge in the realm of High Energy Physics (HEP) exper-
iments led to the development of Low Gain Avalanche Detectors (LGADs), which
use the principle of avalanche multiplication to enhance the signal generated by in-
cident radiation. Initially designed and fabricated at the Institute of Microelectronics
of Barcelona (IMB-CNM) [5], LGADs swiftly demonstrated their potential to over-
come the limitations of standard silicon detectors to be functional at the HL-LHC
environments. The optimization of LGAD design and fabrication at IMB-CNM for
HEP experiments is a central focus of this thesis.

In addition to HEP experiments, LGADs have potential applications in physics
experiments that require the detection of low-penetrating particles in silicon, such as
low-energy protons, alpha particles, and soft x-rays. Traditional IMB-CNM LGADs
are not suitable for detecting these particles because their performance is limited
by their design, which is optimized for HEP experiments. To address this limita-
tion, the nLGAD was developed at IMB-CNM [6] as a redesign LGAD optimized for
the detection of low-penetrating particles in silicon, which introduces another cen-
tral topic of this thesis. Conversely, NLGADs are not suitable for HEP experiments,
as their performance degrades when detecting high-penetrating particles in silicon.
The main difference between an LGAD and an nLGAD is the substrate used for their
fabrication. LGADs are built on p-type substrates, while nLGADs are manufactured
on n-type substrates.

Beyond the nature and energy of the particle to be detected, enhancing the sen-
sitivity of LGADs through improved fill factor has been a significant focus within



the RD50 collaboration. Typical segmented LGADs inherently have regions where
the aforementioned avalanche mechanism is not triggered by design. These regions
are intended to isolate the pixels and preserve spatial resolution during the detec-
tion. Thus, addressing the fill factor challenge involves designing and fabricating
LGADs with uniform performance regardless of the particle interaction point. To
achieve this, Trench iLGADs (TiLGADs) were first designed and manufactured at
IMB-CNM, which constitutes the last central focus of this thesis. In TILGADs, the
pixels are fabricated on the opposite side of the detector compared to traditional pix-
elated LGADs, and includes a trench termination to guarantee proper device func-
tionality. This design ensures that no part of the detector area is excluded from
avalanche multiplication, achieving a 100% fill factor. Additionally, the TILGAD de-
sign has the potential to overcome the limitations of LGADs and nLGADs, making
it suitable for detecting both high- and low-penetrating particles in silicon.

This thesis is organized in nine chapters, each focusing on a different topic, as
hereunder detailed:

¢ Chapter 1 offers a didactic approach to the theory of solids for semiconductors,
a crucial topic for understanding the importance of silicon sensors in particle
detection experiments.

¢ Chapter 2 delves deeper into the detection of radiation with silicon sensors,
highlighting the differences between a standard PiN detector and an LGAD.

¢ Chapter 3 focuses on the design and fabrication of LGADs at IMB-CNM. It
offers a detailed outline of the manufacturing techniques used at IMB-CNM to
transform a design into a tangible detector.

¢ Chapter 4 provides a comprehensive overview of using TCAD Sentaurus sim-
ulations for LGAD optimization.

¢ Chapter 5 provides a chronological overview of LGAD development at IMB-
CNM for the ATLAS and CMS experiments phase-II upgrade, highlighting the
latest findings that are central to this thesis.

¢ Chapter 6 introduces the LGAD fabrication on n-type substrates (nLGAD), an
innovative LGAD design extending beyond HEP experiments. Specifically, it
is designed to address the limitations of traditional LGADs for applications
requiring the detection of low-penetrating particles in silicon.

¢ Chapter 7 presents another novel LGAD design, the TILGAD, which not only
aims to overcome the limitations of traditional LGADs for low-penetrating
particles detection but also achieves a fill factor of 100%.

* Finally, the main findings, conclusions and potential future lines of work on
LGAD design, fabrication, and applications will be addressed.



Chapter 1

Semiconductors as radiation
detectors

1.1 Brief history of radiation detectors

The development of quantum mechanics during the 20th century led to a deeper
understanding of the underlying physics, along with many other fields of science, of
solid-state materials. In turn, it gave rise to a long period of technological upgrade
and development of electronic devices. Particularly, the design and performance of
radiation detectors was highly enhanced during these times onwards, being it still
an open field of research.

The most rudimentary radiation detector ever used by science researchers were,
oddly, their own bodies. Unaware of the (nowadays known) fatal health risks that
radiation exposure may lead to, Walkoff and Giesel (1900), among others, would
spread radium salt over their bare skin to estimate the level of radiation: the higher
it was, the redder the burn [7]. By then, the first scintillator able to detect individ-
ual radiation-matter interactions was being fashioned by Crookes (1903) [7]. Along
with skin reddening, scintillation counting with the naked eye was one of the oldest
radiation detection techniques [8]. No wonder that, deprived from the sophisticated
techniques that were about to start up developing, human senses were the primary
means to carry out experiments of this sort.

Little after that, the primitive version of the Geiger-Miiller counter (Rutherford
and Geiger, 1908) was being built [7]. Both gaseous ionization chambers and scin-
tillators were tested and developed during the following decades, giving rise to few
challenges to deal with. It was already known that a solid medium was more effi-
cient than a gaseous one in absorbing the incident radiation due to its larger density.
Despite scintillation crystals seemed to overcome this drawback, they brought an-
other in. In a scintillator, the energy of an incident particle is converted into light,
that in turn generates an electrical signal to be read out. Having a middle step be-
tween the particle incidence and the output signal, along with the crude amplifiers
of those times, made scintillators quite unefficient. With the development of photo-
multipliers from 1935 onwards [7] it was possible to turn a scintillation photon into
many charge carriers (electrons) rather than only a few, so counting particles became
much more efficient.

Even with the addition of upgraded photomultipliers, the number of photoelec-
trons that generate the pulse in a scintillator is not large enough to deal with the
statistical fluctuations inherent to spectrometry, resulting in a poor resolution when
measuring the particle energy. The only means to improve energy resolution is the
boost of available charged carriers to create the output signal, fact that pushed the
development of semiconductor detectors (available from 1960 [7]). In a semiconduc-
tor detector, the incident particle generates a large number of charged carriers that
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are collected under the application of an external electric field without the need of a
middle step as it’s the case of scintillators. Among all materials, silicon is one of the
best semiconductors for charged particles detection and spectroscopy, as we will be
discussing within this chapter.

1.2 Band theory of solids

A solid-state piece of material can be described as an arrangement of atoms forming
a crystalline lattice. Applying the Pauli exclusion principle to this lattice, electrons
on it cannot occupy energy levels with the same quantum numbers, resulting in a set
of allowed atomic orbitals for each one of them. In a macroscopic solid, the number
of orbitals is so large (of the order of the Avogadro’s number) and their difference in
energy so slight that it’s acceptable to mathematically treat the energy spectrum as
continuous: an energy band.

In solids, the electronic levels split up into two bands: the valence (VB) and the
conduction (CB) ones. The VB has the lower energy levels and is firstly filled by
electrons, while the CB can be partially filled or empty depending on the solid. In
between there’s a forbidden energy bandgap. The energy width of such bandgap,
defined as the difference between the highest energy level in the VB and the low-
est energy level in the CB: E; = Ec — Ey, gives rise to the familiar classification of
solids according to their conductivity: conductors, semiconductors and insulators.
In a conductor Ej is so small (or even null) that the CB is partially filled at room tem-
perature, so the electrons on it can move freely throughout the crystal. On the other
hand, in an insulator E, is large enough so the CB is empty at room temperature and
electrons have a negligible probability of being promoted to such band by thermal
excitation.

In the middle ground we classify semiconductors, which E, is moderate enough
so few electrons can be thermally excited from the VB to the CB and migrate through-
out the semiconductor causing conduction. Likewise, the empty bond in the crystal
lattice left behind by the electron can be seen as a positive charge (a so-called hole)
that can also contribute to conduction. In silicon E; = 1.12 eV. It can be shown
that the concentration of electrons (n) and holes (p) for any semiconductor can be
approximately given as [9].

(1.1)

n = neEr—E)/kT
p = njelEiEr)/KT

where n; a function of temperature and Eg4(n; o e~Es/2kT) ¥ is the Boltzmann

constant, T is the temperature and Er is the Fermi level, defined as the energy level of
the atomic orbital at which the occupation probability is 0.5 (an extensive derivation
of Equation 1.1 can be found in [9], [10]). In turn, E; is defined as the Fermi level
for an intrinsic semiconductor, i.e. without impurities or a negligible amount of
them, and lies close to the middle of the bandgap E; ~ (Ec + Ev) /2. It’s clear from
Equation 1.1 that for a pure semiconductor the concentration of the different charge
carriers are equal: n = p = n;. The latter identity only tells us that the semiconductor
must be electrically neutral in equilibrium. Thus, n; is defined as the concentration
of free charge carriers (p) in an ideal intrinsic semiconductor. In the case of silicon,
n; ~ 1019 /cm3 at room temperature.

As we will discuss later in this section, having the same concentration of elec-
trons and holes in a semiconductor is not useful for practical applications. Instead,
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intrinsic semiconductors are doped with a certain amount of impurities to break the
balance. For silicon, with four valence electrons, we have two scenarios. In one
hand, let’s replace a silicon atom of the lattice by a dopant atom with five valence
electrons, such as phosphorus (Figure 1.1). Four of these electrons will bond to the
neighboring silicon atoms, but the fifth does not fit into the bonding arrangement of
the crystal structure and is weakly bound to the lattice site. Thus, at room tempera-
ture this electron can easily be excited to the CB, becoming a charge carrier available
for conduction and leaving behind a positive ion fixed in the lattice. On the other
hand, let us think about the same procedure but with an atom with three valence
electrons, such as boron (Figure 1.1). In this case the dopant atom is missing one
electron to complete the 4-bond lattice structure. However, dopants are chosen such
that it’s energetically more favorable to have the dopant-silicon bonds completed
than the silicon-silicon ones. Thus the latter bonds tend to break to give away an
electron to create the first ones, creating a hole available for conduction and leaving
behind a fixed negative silicon ion. Dopants that increase the electron concentration
are called donors, and the silicon obtained after doping is called n-type. Analo-
gously, if the hole concentration is increased, the dopant is called acceptor and the
silicon obtained is called p-type.

Intrinsic silicon n-type silicon p-type silicon

FIGURE 1.1: Schematics of the electron bonding arrangement in an
intrinsic, n-type and p-type silicon crystal lattice.

The main effect in the band structure of semiconductors after doping is the dis-
placement of the Fermi level Er from its intrinsic value E;. Donors tend to shift Er
closer to the CB, while acceptors displace it towards the VB, as Figure 1.2 shows. This
is a direct consequence of the creation of energy levels within the bandgap when im-
purities are introduced in a pure semiconductor. Donors create levels that lay very
close to Ec, so electrons in these states are easily promoted to the CB at room tem-
perature. Similarly, acceptors create levels laying quite close to Ey, so they are easily
occupied by electrons from the VB via thermal excitation. From Equation 1.1 we can
see that

Er — E; = kTin (”> — _KkTin <p> (12)

n; n;
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which is just 0 for intrinsic silicon (n = p = n;). For doped silicon the latter
identity no longer holds but still the semiconductor as a whole is electrically neutral.
Then

n+ Ny =p+ Np (1.3)
Intrinsic silicon n-type silicon p-type silicon
-E, E
E E, E,

VB VB VB

FIGURE 1.2: Band diagram and Er level for intrinsic, n-type silicon
and p-type silicon.

where Np (N,) is the donor (acceptor) concentration, equal to the concentration
of fixed positive (negative) ions within the crystal if all dopant atoms are ionized,
which is the usual case at room temperature. For n-type silicon Ny = 0 and p < n,
hence n ~ Np. Likewise, for p-type silicon Np = 0 and p > n,so p >~ N4. Thus

E; intrinsic silicon

Er = { Ei +kTIn b ) p-silicon (1.4)

nj

E; —kTIn IX—;‘ p-silicon

1.3 The PN junction

As we’ve discussed, for doped silicon we obtain a semiconductor with an excess of
charge carriers available for conduction (electrons for n-type and holes for p-type).
In the general case the doping concentration largely exceeds the intrinsic concen-
tration 7;, hence the concentration of majority charge carriers is nearly equal to the
doping one: n ~ Np and p >~ N4 (Equation 1.3). When a p-type and a n-type semi-
conductor are brought into contact, the system acquires a set of physical properties
that makes it optimal for radiation detection, as well as for nearly every applica-
tion in electronics. This system is called the PN junction, and its main features are
discussed below.

When the two pieces of semiconductor are joined, the concentration gradient
that appears at the vicinity of the junction makes charge carriers diffuse throughout
it (electrons from the n to the p-side, and holes the other way around). Most of
the diffused electrons and holes will recombine with their analogous of opposite
charge, leaving a region of fixed nuclear positive charge in the n-side and a region
of fixed nuclear negative charge in the p-one. These regions are called, as a whole,
the space charge region, and as it grows larger, an electric field € is generated within
it that grows more intense until it counteracts completely the diffusion process. At
this point the semiconductor has reached equilibrium and the space charge region
has been completely depleted of mobile charge carriers, hence it’s also called the
depletion region. The potential difference thus created between the edges of the
depletion region is proportional to the difference of the Fermi levels between the
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n and p semiconductors before their joint ref5. Using equations 1.4 this built-in
potential can be obtained as

v, = EF(n) —Ee(p) _ kT (NDQ’A) (15)

e e n;

The natural emergence of Vj,; across the PN junction ensures that the Fermi level
is constant throughout the system, required condition for reaching equilibrium.

For the seek of simplicity, we will assume that the fixed nuclear charge is ho-
mogeneously distributed at both the p and n-sides (despite this approach is quite
approximate, it gives a clear insight of the PN junction functionality). Thus, the
charge density can be expressed as

eNp X, <x <0
p(x) = ! (1.6)
—eNy 0<x<x,
where x, and x, are the widths of the depletion region at the n and the p-side,
respectively. Applying the Poisson’s equation to this charge distribution: V2¢ =
—VEé = —p/e one obtains [8]

e(x) = BD (x + x,) —x; <x <0 17)
—FA (x—xp) 0<x<xy .
—No (x4 x,) 2+ V) —x,<x<0
(P(x):{g]\]fe(x_x)Z 0<x<x (18)
2e p - p

where the boundary conditions ¢(x,) = &(—x,) = 0 (that is, that the electric
filed is limited within the depletion region) and ¢ (—x,) — ¢ (x,) = Vj; (definition
of built-in potential) have been taken. The values of the widths x,, and x, can also
be estimated by taking into account that, in equilibrium, both the electric field and
the potential must be continuous at the junction (x=0). This condition leads to an
equation system for x,, and Xp which solution is ref5

X, = 2€Vbi NA
n— e ND(NA+ND)

_ 2eVy; N
Xp = / €eb NA(NAa‘ND) (1.9)

_ _ 2eVyi Nao+Np
w= xn + xp - e NDNA

As we will explain in detail in Chapter 2, silicon detectors are designed such that
one side of the junction is much more doped and is way thinner than the other, so
the depletion region extends almost entirely on the less-doped and larger side (the
so-called bulk). This way the width of the depletion region can be easily expressed

as
2€Vbi
= 1.10
=13 (1.10)

where N corresponds to the dopant concentration of the bulk.

Since the depletion region has been stripped from charge carriers, it forms a ca-
pacitor limited by the conductive n and p-sides. Assuming valid the parallel plate
model, the capacitance per unit area of the depletion region can be calculated as




Chapter 1. Semiconductors as radiation detectors 8

€ eeN
Cn=— = 1.11
D= \/ 2V, (1.11)

Generally, the built-in potential is not high enough to deplete the bulk from car-
riers. However, one can achieve that by applying a reverse bias at both the far edges
of the p and n-sides, as Figure 1.3 illustrates. Thus, electrons will diffuse further to
the p-side and holes to the n-one, increasing both the electric field and the depletion
region width until a new equilibrium has been reached.

n-type silicon p-type silicon
@ @ © oeh @ ©
a)le © o o © o
9% o @ 0 o
e o o O
b) o © o o
e © © o
—
c) @ | depletion region ..

I 1
— |
+-
\')

FIGURE 1.3: a) n and p-type silicon pieces. b) joint of n- and p-type
silicon, where a built-in potential creates a small depletion region. c)
widening of the depletion region by reverse bias application.

The same mathematical treatment that for V = 0 can be carried out but replacing
Vpi for Vi + V, obtaining ref5

2¢€ (Vbi + V)
= =2 "/ 1.12
w N (1.12)
cA eeN
Cp=- =y 1.13
b= 2(Vyi + V) (1.13)

V can be increased until the depletion region has covered the entire bulk (w = d,
being d the thickness of the bulk) and the detector capacitance has reached a sat-
uration minimum value. The bias voltage at which this happens is called the full
depletion voltage Vrp and is one of the most important parameters in silicon detec-
tors design.

Equation 1.6 is a good first approximation to understand the main electrical fea-
tures of the PN junction in a qualitative way. However, in the real case, the doping
concentration of both the p- and n-sides is not constant throughout the PN junction
system but a function of the three spatial coordinates (N = N(x,y,z)). Hence, so-
lutions of the Possion’s equation are not as straightforward as Equations 1.7 and 1.8
and numerical methods are needed to get the mathematical problem solved. TCAD
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(Technological Computing Aided Simulation) Sentaurus is a powerful tool to do so,
as we will discuss in Chapter 4.

1.4 Interaction of ionizing radiation with semiconductors

When ionizing radiation traverses the depletion region of a PN junction, a certain
number of electron-hole pairs is created within it along the particle track. Due to
the electric field present in the region, these charge carriers are quickly drifted away
from it. If we are able to collect these charges, the resulting signal will inform us
that a particle has just went through the system. This is the key to semiconductors
as radiation detectors.

Ionization in the semiconductor can occur in a different way for charged particles
or photons. In the case of charged particles, they directly ionize the atoms of the
material by losing part of the energy along their track, which is approximately linear.
Apart from ionization, which results from interaction of the charged particle with the
electronic atoms of the material, nuclear reactions may also occur. Interactions with
the nuclei of the material cause a damage in the semiconductor structure that needs
to be taken into account for an optimal detector design and performance. This will
be briefly discussed in Chapter 1 and comprehensively addressed in Chapter 5.

The mean energy loss by unit length (the so-called stopping power) for a rela-
tivistic heavy charged particle (8 > 0.1) of charge z and relative velocity B = v/c
impinging in a material of density p, atomic number Z and mass number A is given
by the Bethe-Bloch formula [11]:

o pS i | S (R mex - 1.14
where m, is the electron rest mass, Ty is the maximum kinetic energy that can
be transferred in a collision, I is the mean excitation energy of the material, ¢ =

[1—p?] % and f(By) is a correction factor for high energies. A heavy charged
particle with a energy such that the stopping power is minimum is called a minimum
ionizing particle (mip).

Regardless of the material, the Bethe-Bloch formula has a minimum at fy ~ 3,
which corresponds to v ~ 0.95c. After this minimum is reached, the stopping power
barely changes over a wide rande of relativistic velocities, as Figure 1.4 shows. Thus,
any relativistic particle in the range 3 < By < 1000 (0.95¢ < v < 0.9995¢) can be
treated as a mip, as the difference in energy lost as ionization of the material by the
former and the latter differ little. In silicon, a mip has an average stopping power of
~ 400eV /um [11]. Since the energy required to create an electron-hole pair in silicon
is Egp =~ 3.6 eV [8], a mip crossing a detector with a typical thickness of ~ 100um is
able to generate ~ 10* electron-hole pairs.

In the case of photons, they are not able to cause direct ionization as there’s no
Coulomb interaction between them and the atomic electrons. Instead, they can in-
teract with the material in three different ways [7]. For low energy photons such as
x-rays or visible light, the main interaction is the photoelectric effect: the photon is
absorbed by an atom, that in turn releases an electron. For gamma rays up to ~ 10
MeV the main interaction is the scattering of the photon with an electron, losing
the former a fraction of its energy and leaving the latter with a certain recoil energy
(Compton scattering). Also, for gamma rays over 2m,c* = 1.022 MeV, the photon
can be absorbed to produce a electron-positron pair. In any of these interactions,
electrons (and positrons in the latter case) are released within the semiconductor
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FIGURE 1.4: Absolute minimum of the function F(By) =
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that cause the actual ionization, producing the electron-holes pairs composing the
detectable signal.

1.5 Signal formation

As discussed in section 1.3, the concentration gradient inherent to a PN junction
is translated into a movement of the charge carriers by means of diffusion. How-
ever, the detectable signal that allows us to determine whether a particle has crossed
the depletion region of a silicon detector is caused by another sort of charge carrier
transport phenomena: the so-called drift [7].

In the absence of an external field, most of the PN junction is non-depleted and
its existing charge carriers can only undergo a thermal motion governed by fortu-
itous collisions with scattering centers, such as pure silicon or dopant atoms. This
randomness leads to a net zero displacement of the free charge carriers. Moreover,
any electron-hole pair that is generated by an external particle crossing an unbiased
and non-depleted junction is quickly recombined before it can form a detectable sig-
nal. When an external reverse bias (electric field) is applied, the situation is quite
different.

For the seek of pragmatism, we will assume that the applied voltage exceeds
Vrp (Equation 1.13), so the space-charge region of the PN junction is at its maxi-
mum width. In the absence of akin carriers to recombine with, electrons and holes
generated by impinging ionizing particles are accelerated along the direction of the
field. Despite random collisions still occur, the superimposed drift motion that adds
the application of the external voltage combines to give a net displacement of the
charges. Electrons and holes drift in opposite directions until they reach, respec-
tively, the N and the P electrodes (e.g. the edges of the depletion region) as Figure
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1.5 illustrates. With the appropriate electronics, the readout of this signal will inform
us that a particle has just crossed our PN junction.

/mip
edrift @ / © h drift

/-,
;i

V>V

FIGURE 1.5: Schematics of the drift of electrons and holes generated
by a mip in the space-charge region of a fully depleted PN junction.

In silicon, and at moderate intensities of the electric field (up to ]?| =10*V/cm
[12]), the drift velocity is proportional to the field and can be described as [13]:

D= (n+ 1) € (1.15)

where i, and i, are, respectively, the carrier mobility of electrons and holes. In
a nutshell, the mobility is a parameter that gives information about the the prob-
ability of collision of a carrier with a scattering center, and it strongly depends on
temperature and doping concentration: the higher the both of them, the greater the
collision probability, hence the lower the mobility either for electrons or holes [14].
When the intensity of the electric field is high enough, the collision probability is
enhanced within the lattice, so mobility is no longer an increasing function of the
reverse bias. In fact, it’s been observed and widely proven that the drift velocity in
silicon saturates at a given value of 1| > 10* V/cm [8].

It is worth mentioning that the fact that the mobilities are different for electrons
and holes arises from the very nature of the carriers. A conduction electron is ex-
cited from the outermost atomic shells of the dopant atom. Once this happens, such
electron is free to move towards the N electrode under the application of the exter-
nal field, being its motion only perturbed by random collisions with the scattering
centers. In contrast, the motion of a conduction hole starts when a Si-Si bond breaks
and its electron occupies the vacancy left behind by the electron that firstly drifted.
This bond breaking and vacancy occupation mechanism continues until the hole (va-
cancy) has been pushed away from the depletion region to the P electrode. In short,
either electron and hole drift is caused by the motion of electrons, but they are not
free in the latter case. Transitioning between vacancy states is not as fast or straight-
forward as freely drifting, hence conduction holes move slower than electrons.

As we will discuss in detail in Chapter 2, a silicon based detector generally op-
erates at voltages such that both electrons and holes drift at their saturation velocity.
This is done to minimize, as much as possible, the signal pileup phenomenon [8].
In real-world experiments, silicon sensors do not detect a single particle but a great
number of them over a specific period of time. The rate of this particle flux is known
as luminosity. Certain applications in HEP experiments aim to be able to detect and
identify separately every particle that has generated a signal in the silicon detector,
for which the timing response of the sensor is crucial. The faster the generated signal
is collected, the lower the probability of consecutive signals from different particles
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piling up, which would prevent them from being distinguished. Figure 1.6 depicts
a representation of the pile-up phenomenon. Two identical particles pass through
the detector under the same incidence conditions, thus creating two identical out-
put signals in terms of amplitude and generated charge (e.g. integral of the pulse).
The time between events is set to 0.25 ns. If the time response of the detector is
fast enough (A in Figure 1.6), the events can be genuinely distinguished in the com-
pound output signal. However, if the time response is poor with respect to the time
between events (B in Figure 1.6), it will not be possible to make such a distinction.

14 A 14 B
Event 1 Event 1
12 Event 2 12 Event 2
. Compound signal = . Compound signal
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FIGURE 1.6: Representation of the pileup phenomenon.

1.6 Leakage current in silicon detectors

As we have already seen, in order to detect ionizing radiation using a semiconductor
detector it is essential to have a charge-depletion region large enough for the imping-
ing particle to generate an electrical signal that can be measured. Nevertheless, it is
also crucial that such signal can be genuinely distinguished from the background
noise intrinsic to any electrical setup. In order to achieve this, the so-called signal-
to-noise ratio (SNR) must be maximised.

Excluding any other components composing the detection measurement setup
as a whole (cables, amplifiers, oscilloscopes, etc), the noise of a silicon sensor is fully
determined by its leakage current. Also referred to in the literature as dark current,
it is the current that naturally flows through a silicon detector when it is operated in
reverse bias mode. Despite most charge carriers are swept away when the detector
is fully depleted, a small number of them can still be excited from the valence to the
conduction band to contribute to the leakage current. The magnitude of it can vary
depending of several factors.

1.6.1 Temperature dependence

The most straightforward is the strong temperature dependence of leakage current,
which is exponential and approximately described as [8]:

I [exp <—i¥> — 1} (1.16)
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where ¢ is the electron charge, V the reverse bias, k is the Boltzmann constant
and T the very temperature. Typical values of the reverse bias and temperature
for most of the radiation detection applications are on the order of 100 V and tens
of degrees Celsius (both below and above zero), respectively. Within this range of
values, exp(—%%) < 1 and Equation 1.15 can be approximated by

kT
[ — «T 1.17
iy (1.17)

1.6.2 Impurity concentration dependence

As aforementioned, doping with impurities is an essential technique in silicon detec-
tors fabrication for constructing the PN junction. However, an undesired excess of
donors or acceptors in the active volume of the detector can significantly increase its
leakage current. This effect is due to the rise in available charge carriers that can eas-
ily transition between the valence and the conduction bands when the Fermi level
gets close to any of them. (Figure 1.2).

Moreover, the presence of other unintended impurities (apart from the desired
acceptor and donors to create the PN junction) can also have adverse effects on the
leakage current. These impurities not only may add extra charge carriers available
for conduction, but also alter the semiconductor’s crystalline lattice, introducing
new energy levels within the bandgap. Particularly critical are those that introduce
energy levels close to the middle of the bandgap (the so-called deep-level impuri-
ties), as they serve as stepping stones for charge carriers to transition between bands
(Figure 1.7). An extensive study of such impurities can be found in [15].

n-type silicon p-type silicon

[ ] [Cos ]

E:
E E.

VB VB

E.

FIGURE 1.7: Illustration of mid-gap energy states (Eq) within the
bandgap.

It is worth mentioning that not only the SNR is diminished in the presence of
undesired impurities due to the leakage current increase, but also the time resolu-
tion of the detector. Mid-gap energy levels can temporarily trap any charge carrier
regardless of it being thermally excited or generated by the particle that the silicon
sensor aims to detect. Consequently, the signal that apprise us of the passage of such
particle experiences a delay on its path to the electrodes, increasing the likelihood of
pileup between detection events.

To minimize the risk of contaminating the semiconductor by these deep-level
impurities, all fabrication processes for silicon detectors are performed in clean-room
environments with controlled levels of particulate contamination.
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1.6.3 Geometrical effects

Despite Figure 1.5 being an intuitive schematics of the silicon detector functionality,
it does not give us information about the physical edge of them. At the microscopic
level, silicon surfaces on any of the three-dimensional directions have imperfections
and dangling bonds (e.g. micro-cracks due to dicing processes or physical manip-
ulation during the fabrication). This alters the crystalline lattice periodicity of the
sensor, that in turn may modify the energy levels within the bandgap on the de-
tector surfaces. As in the case of unwanted impurity contamination, such surface
defects may serve as leakage paths for charge carriers, reducing both the SNR and
the time response of the detector. Minimization of these surface effects is seriously
taken into account during fabrication, as we will discuss in Chapter 3.

In addition, another geometrical parameter that increase the leakage current is
the very active volume of the detector: the bigger it is, the greater the number of
available charge carriers that can cause conduction. In terms of the SNR, reducing
the entire volume of the detector is crucial to minimize the leakage current. Nonethe-
less, the time response is mostly determined by the thickness of the detector, propor-
tional to the physical length from the charge generation points to the electrodes. This
is the reason why silicon detectors are fabricated with an active thickness on the or-
der of micrometers, while their active area varies on a wider range depending on the
application.

1.6.4 Radiation damage dependence

Last but not least, the very purpose of a silicon sensor (detecting radiation) causes
an impact on its leakage current and overall performance. As in the previous cases,
this is due to the introduction of energy levels within the bandgap. However, they
are not due to impurities occupying lattice sites or surface defects, but as a result of
the so-called displacement damage. The term refers to the structural damage and its
resulting introduction of defects in the crystalline lattice caused by the interaction of
high-energy particles with the atoms composing such lattice. That is, if the particle
to be detected has sufficient energy when traversing the sensor, it will be able to
physically displace the atoms from their lattice sites, hence modifying the energy
band structure where the damage has taken place.

The means by which the damage occurs depends on the nature of the very radi-
ation, namely [9]:

* Heavy charged particles, such as protons of alpha particles, typically cause dis-
placement damage via Coulomb interactions with the nuclei of the lattice atoms,
creating vacancies (e.g. when the interaction is strong enough to pushed the
atom away from its lattice site) and interstitials (atoms located in positions be-
tween lattice sites). In much less frequent occurrences, nuclear interactions
can also take place between the impinging particle and the nuclei of the lattice
atom, fragmenting them or creating unstable isotopes. Either case, that results
in the creation of additional charged particles within the semiconductor which
can cause further damage as they pass through it.

* Electrons do not undergo nuclear interactions but, if they are energetic enough,
their Coulomb interaction with the nuclei can displace atoms from their lattice
positions just as heavy charged particles do.



Chapter 1. Semiconductors as radiation detectors 15

* While x and Gamma rays are are not charged, they are highly energetic and
ionize atoms in their path through the detector. The resulting ejecting elec-
trons can lead to displacement damage if they are energetic enough. Moreover,
Gamma rays can trigger nuclear reactions that lead to new damaging particles
being created within the semiconductor.

* Neutrons are not charged either, but they can cause displacement damage in
two different ways. As they have mass, they are able to undergo scattering
with the nuclei of the lattice atoms, displacing them and creating vacancies and
interstitials just as heavy charged particles do. On the other hand, neutrons can
be captured by lattice atoms nuclei, forming unstable isotopes that will decay
in other ionizing radiation fragments that may cause damage.

The extent of radiation damage caused by any of the mentioned particles de-
pends on several factors such as their energy and flux, the duration of exposure
and, most importantly for this work, on the specific strategy in designing and man-
ufacturing the silicon detector. It is important to highlight that, conventionally, the
radiation damage in silicon is scaled to irradiating with 1 MeV neutrons [9]. The
reasons behind that will be addressed in Chapter 5.

1.7 The choice of Silicon

As the reader may have noticed, we started this chapter discussing the role of semi-
conductors as radiation detectors without focusing in any semiconductor in partic-
ular. However, as the sections progressed, the discussion has become focused on
silicon. That is not trivial, since silicon is undeniably the most widely used material
for detecting neutrons, charged particles and photons over a wide range of energies
[9]. Other semiconductors, such as germanium and gallium arsenide (GaAs) are
widely employed in the detection of those particles to which silicon is not so sen-
sitive to, such as gamma radiation, soft x-rays or low-penetrating charged particles
[8]. However, in the realm of R&D (Research and Development), there is always an
effort to make silicon-based semiconductor detectors increasingly versatile. Particu-
larly interesting are those approaches where the goal is to enhance their performance
beyond the detection of particles that traditional silicon detectors are naturally sen-
sitive to.

As an illustration, Chapters 6 and 7 offer an overview of how silicon detectors
can be upgraded to be more sensitive to low energetic charged particles and x-rays,
a scope traditionally dominated by germanium detectors. The challenge of develop-
ing silicon sensors able to compete in terms of performance with germanium ones
has several benefits. The most straightforward is the ease of processing. Silicon is a
well-established material with mature fabrication techniques and has a moderately
large bandgap (=~ 1.1eV), making it easy to process in clean-room environments.
Conversely, germanium fabrication is more challenging due to its lower bandgap
(= 0.7eV), that makes it more sensitivity to impurities. Not only this difference in
bandgap makes silicon easier to process high-purity semiconductor substrates, but
it also makes an impact on the thermal noise once the detector is integrated with
a readout electronics. Germanium detectors can be integrated with electronics as
well as silicon ones, but they generally require additional precautions due to its
sensitivity to thermal noise (e.g. by cooling them during operation in order to re-
duce their leakage current and improve the SNR). These arguments can be applied
to other semiconductors detectors beyond germanium (GaAs, CdTe, diamond, etc).
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Despite their bandgap varies up and down with respect to silicon’s [8], processing
and integrating in a read-out electronics is generally simpler for the latter from an
engineering standpoint.

Apart from the pure technical benefits of using silicon, there is another advan-
tage, last in line, but not in significance. It is the production cost. Tracing back to the
very extraction of the materials, understood as natural resources, that comprise the
detector, we find that silicon constitutes about 28% of Earth’s crust. In contrast, the
other semiconductors (Ge) or composing elements of them (Ga, As, Cd, Te, etc) are
rare elements with a relative abundance down to 0.001% and below. As an integral
part of society as a whole, science R&D is not exempt of being affected by the most
well-established economical premises, being two of them the law of supply and de-
mand and the optimization of the total factor productivity (that is, the efficiency of
labor and capital resources in generating a market output.) Long story short, the
scarcity of other semiconductors compared to silicon makes the latter much cheaper
to obtain. Along with it, the ease of process and integration in readout systems
makes the manufacturing of silicon detectors more profitable than other semicon-
ductors when having the same investment. While this argument opens a discussion
that goes beyond the scope of this thesis, not mentioning it would partially miscon-
ceive the actual range of R&D.
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Chapter 2

The Low Gain Avalanche Detector
(LGAD)

2.1 Introduction

In Chapter 1 we have established the fundamental concepts for what a silicon detec-
tor is and its intended purpose. That is, to be capable of detecting particles with high
sensitivity (e.g having an optimal SNR) and with a time response that is suitable for
the specific application.

As we discussed in previous sections, having a thin detector is determinant to
improve the time response and reduce the leakage current. However, thinning de-
vices does not translate by itself into improving the SNR since, depending on the
particle absorption depth or range, the less the silicon atoms that the impinging
particle interacts with, the smaller the amount of charge of the composing output
signal. Moreover, the electronics of the detector read-out system or its inner capac-
itance value are also a source of noise. Thus, when the average noise introduced
by the leakage current falls below the level of these other contributions, it does not
matter how much further the device thickness is reduced for an improvement of
the time response. The challenge of overcoming this drawback was the motivation
of conceptualizing and developing Low Gain Avalanche Detectors (LGAD). To un-
derstand why that is so and what are their performance features, one needs to start
introducing silicon detectors from the simplest structure: the PiN diode.

2.2 The PiN diode

From this section and the ongoing ones in this chapter, only the active volume of the
detector will be addressed. That is, only the part of the device that is sensitive to
detect radiation will be discussed, while the periphery of it and its optimization to
reduce leakage current and early breakdown will be treated in Chapter 3.

The principle of operation of a PiN diode is intuitively represented in Figure 1.5.
The term PiN refers to having intrinsic silicon (the zone that gets depleted) within
low resistivity p-type and n-type silicon that serve as the P and N electrodes, re-
spectively. In reality, the depletion region cannot be merely intrinsic, and the purest
obtainable silicon has an active charge carrier concentration that exceeds one of two
orders of magnitude the intrinsic value of n; ~ 10'° at/cm?® [8]. The discussion in
this section will be focused on the performance of a n-type PiN diode of an active
area and thickness of 1.3x1.3 mm? and 50 ym, and an doping concentration of the
order of 10! at/cm?, which corresponds to a resistivity of ~ 10k(2. The choice of
these parameters is not arbitrary, but most of the silicon detectors studied in this
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FIGURE 2.1: 2D TCAD Sentaurus simulation of the net active doping
concentration of a n-type PiN diode of 1.3x1.3 mm? of active area and
50 pm thickness.

thesis (either on p or n-type silicon) were built up having such geometry and con-
ductivity. Picture (A) in Figure 2.1 depicts the active doping concentration of a 2D
cross-section of the mentioned PiN diode, simulated with TCAD Sentaurus.

While on Figure 1.5 we have an impinging particle traversing the detector in a
random direction, in practical applications the silicon sensors are positioned with
the active area (of bigger dimension than the active thickness) facing the radiation
source direction. That is done to geometrically enhance the sensor sensitivity. The
electrode that serves as the entrance window for the radiation depends on both the
conductivity type of the active thickness (n or p) and the type of wafer used as the
substrate for the detectors fabrication. Let us talk through it.

When manufacturing thin silicon detectors, make it on wafers of thickness under
300 um is not reliable from a mechanical point of view, since such slim wafers can
easily break when being handled. Instead, the commercially available wafers have
a greater thickness than the one of the desired active thickness, which provide me-
chanical protection from potential crack. This "excess" of silicon wafer is often called
in literature handle wafer, and it is growth with a very low resistivity (e.g. a very
high doping concentration) to aid having a good contact between the actual metal-
lized electrode and the edge of the active area. Regardless of it being p or n-type,
the handle wafer never gets depleted, hence it does not modify the preferred silicon
detector thickness. This is illustrated in Figure 2.1 (picture (B)), where we depict a
50 ym n-type PiN diode built up on wafers having a handle wafer thickness of 250
pm.

Thus, the entrance window is always chosen as the opposite face to that of the
handle wafer as long as the impinging particle does not have enough energy to
completely traverse the full thickness of the sensor. Otherwise, the charge gener-
ated by it will be partially recombined and lost within the handle wafer. Conversely,
if the target particle to be detected has enough energy to traverse the full thickness
of the detector, the entrance window can be either electrode.

Refocusing on the matter, let us now evaluate the response of the n-type PiN
diode displayed in Figure 2.1, along with other with the same active area but larger
active thickness (300 um), when being traversed by ionizing radiation. To do so, we
will continue being aided by TCAD Sentaurus simulation. While the nature of the
impinging particle do cause an impact on how the charge composing the detectable
signal is generated, it is much more intuitive to asses the response of PiN diodes

300
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of different thicknesses from the point of view of the depth at which the particle
is likely to generate that charge. That is, two scenarios will be considered, one in
which the impinging particle(s) are completely stopped or absorbed close to the en-
trance window (let us call them low-penetrating particles), and another in which the
particle(s) can traverse the full thickness of the sensor (high-penetrating particles).

To illustrate this, we will simulate the irradiation of the PiNs with a focused
photon-beam pulse of 0.25 mm width and intensity Iy = 5 - 10'® photons/(cm? - s),
impinging perpendicularly to the P electrode during 0.5 ns and for two different
wavelengths: 404 nm (blue light close to the UV range) and 1064 nm (near-IR light).
It is worth reminding that photons of such wavelength create charge carriers in sili-
con via electric photo-effect.

A visible photon of 404 nm, with an absorption depth of ~ 0.1 ym in silicon [16],
will be either absorbed within the N electrode (not causing any detectable signal)
or close to the PN junction. However, an IR photon of 1064 nm, with an absorption
depth of ~ 1 mm in silicon [16], will be absorbed at any depth of the 50 ym LGAD
with the same probability. The same applies for a sensor with a thickness of 300
pm. Thus, the IR pulse will generate a uniform distribution of e”-h* pairs within
the active depth of the detector. In a nutshell, all photons from the 404 nm beam
will be absorbed within the detector, while most of the photons from the 1064 nm
beam will traversed the detector without noticing it, being only few of them photo-
absorbed to create e”-h" pairs. Figure 2.2 shows a 2D TCAD Sentaurus simulation
of the optical generation (number of e~ -h ™ pairs generated by unit volume and time)
of light-beam pulses of different wavelength in our n-type PiN diode of 1.3x1.3 mm?
of active area and 50 ym thickness. In such figure, the straight brown line represents
the PN junction.
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FIGURE 2.2: 2D TCAD Sentaurus simulation of the optical generation
for light pulses of 404 nm (A) and 1064 (B) wavelength in an n-type
PiN diode of 1.3x1.3 mm? of active area and 50 ym thickness

50
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In our evaluation, we work at room temperature (20°C) and the n-type PiNs are
reverse biased at 450 V to ensure having the devices fully depleted while keeping
the electric field always above 10* V/cm (Figure 2.3), hence securing that the charge
carriers are drifting at or close to their maximum velocity in silicon (Equation 1.15).
On the other hand, since the leakage current of a 2D simulated PiN diode is never
going to resemble the one of a real 3D device, for our analysis we will scale the
leakage current to that of a 50 ym PiN. This is also displayed in Figure 2.3, showing
that the leakage current is directly proportional to the active thickness.

1x1 05_Electric Field @ 450 V reverse bias & 20°C Leakage current @ 20°C
50 um 6-

= =300 pm i)
E 8x10% ¥ 5 5]
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FIGURE 2.3: TCAD Sentaurus simulation of the electric field (at 450
V reverse bias and 20°C) and leakage current dependence on active
thickness for an n-type PiN diode.

Figure 2.4 shows the simulated output signals when two beam-pulses (being its
features mentioned above) of wavelengths 404 and 1064 nm impinge on the detector
as shown in Figure 2.2. The signal current is scaled so the leakage current of a 50 ym
PiN is 1. To study the quality of the signals as we reduce the active thickness from
300 ym to 50 um, the SNR will be evaluated.

Output Signal for a 404 nm beam-pulse @ 20°C Output Signal for a 1064 nm beam-pulse @ 20°C
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FIGURE 2.4: TCAD Sentaurus simulation of the output generated sig-

nal, at 450 V reverse bias and 20°C, dependence on active thickness

for an n-type PiN diode when illuminated with light pulses of 404
and 1064 nm wavelength.
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FIGURE 2.5: Generated output signals displayed along with different
noise levels N > 1. If N exceeds certain limit, some of the signals
cannot be processed.

The SNR (signal to noise ratio) is a measure of the quality of the signal generated
in the detector in relation to the level of noise N. It can be estimated as SNR ~ S/N,
being S the signal amplitude and N the total noise. Considering the leakage current
as the sole source of noise, the SNR of the signals displayed in Figure 2.4 can be
estimated as SNR ~ S(d)/[d/50] being d the thickness of the PiN diode in ym.

In very ideal conditions, the leakage current (i;,) would be the sole source of noise
and N = iy (recalling that we have defined i; = 1 for the 50 ym n-type PiN diode
displayed in Figure 2.1, at 450 V and 20°C). This idealization is far away from reality,
in which the read-out electronics noise contribution generally exceeds the leakage
current a few orders of magnitude. That is, in the real case, N > 1, which can
significantly alter the signal processing analysis as schematically depicted in Figure
2.5.

While the total noise present during the measurements can be affected by many
factors, let us generalize so the noise is divided in three contributions, one dependent
on the sensor capacitance (N¢), other dependent on the leakage current (N;, ) and
other depending on the electronics (N;). Thus, N> = N(Z: + NiZL + N2 [17].

It has been shown that Noc « C « d~1 [17]. Thus, in general, a thin silicon
detector will contribute more to the total noise level than a thick one. Studies have
reported that for thicknesses under 50 pm, the decrease in SNR due to and increase
of N¢ does not trade-off for a better time response of the silicon detector [18]. That
is the reason why our evaluation will be narrowed to sensors of 300 ym (standard
in silicon detector fabrication) and 50 pm, being the latter the specified thickness for
the HEP applications that will be discussed in Chapter 5.

Let us assume that Nc, N. < N;, (so N = N;, o iy) and evaluate how the SNR
changes for every sensor thickness. Whit this approximation, we can estimate an
upper limit to the SNR for a given noise level set by the leakage current, as long as
the experiments are conducted under the same conditions. Figure 2.6 shows SNR ~
S/N as a function of N ~ N;, for the two different wavelengths. The SNR was
inferred by analysing the signals shown in Figure 2.4. For the low-penetrating 404
nm beam, the SNR is greater for a 50 ym PiN. This results is a direct consequence of
the increasing physical distance that the charge carriers (electrons in this case) have
to go through till they reach the N electrode. The thicker the device, the longer such
distance, hence the amplitude of the output signal decreases at a given N.
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FIGURE 2.6: SNR dependence on the background noise level N ~ N;;

On the other hand, for the 1064 nm beam, the result is just the opposite. In
contrast to the 404 nm case, the charge carriers are not generated within the first few
microns of the device, but all along the active thickness with the same probability.
Thus, the amplitude of the signal is greater for 300 ym devices.

If now N¢ and N, are included within N, the SNR values displayed in Figure 2.6
can only be further reduced, and such reduction will be greater for a 50xm PiN due
the relationship Nc « C o d~! . For a low-penetrating particles, the SNR for a 50
pum PiN might or might not be poorer than for a 300 ym PiN depending only on the
specific N¢ value as N,. is assumed to be identical for both sensor thickness values
(i.e. the same electronics is assumed). However, for a high penetrating particle, we
can assure that the SNR for a 300 ym PiN will always be larger than for a 50 m one.

This result lead us to conclude that for high-penetrating particles, the SNR is de-
graded when reducing the active thickness from 300 ym to 50 ym. In another words,
for a PiN detector, it is not possible to enhance both the SNR and the timing re-
sponse for high-penetrating particles by means of active thickness reduction from
300 to 50 ym. The idea of developing a silicon detector that enhances both the SNR
and time response simultaneously for high-penetrating particles was the germ of the
LGAD conception.

The discussion in this section has been limited to n-type PiN detectors, so it is
worth pointing out the existing differences with respect to p-type ones. For high-
penetrating particles, such as 1064 nm wavelength IR photons, a p-type and an
n-type detector will have the exact same performance as long as they are identical
in terms of absolute conductivity of the active thickness, P and N electrode con-
struction and device volume. This is due to the inherent symmetry in the optical
generation for light beam pulses of such kind (Figure 2.2).

For low-penetrating particles, such as 404 nm wavelength photons, the main dif-
ference in the generated signal is the type of charge carrier that has to cover a longer
distance while drifting to the electrode opposing the entrance window. For an n-type
PiN, these are electrons, that drift to the N electrode (Figure 2.1) while for p-type
PiNs, they are holes drifting to the P one. As we will discuss in section 2.3.4, holes
have smaller mobility than electrons which, in a nutshell, means that their motion to
the electrodes is slower. This translates into longer signals with smaller amplitudes
so, for a given value of N, the degradation in SNR and time response for a thick 300
pum is greater when using a p-type PiN rather than an n-type one.
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From this point forward, the discussion will focus on strategies to enhance the
SNR of a 50 ym thin p-type silicon detector for high-penetrating particles.

2.3 Silicon detectors with intrinsic multiplication: LGAD con-
cept

Let us address another issue regarding particle detection with PiN diodes. The anal-
ysis carried out in the previous section do not contemplate changes in the beam-
pulse intensities, that is, in the number of electron-hole pairs generated by the ioniz-
ing radiation. However, this is also crucial to be able to obtain an output generated
signal given a noise level. This is depicted in Figure 2.7.
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FIGURE 2.7: TCAD Sentaurus simulation of the signal dependence on
IR beam intensity, at 450 V and 20°C. Iy corresponds to the intensity
used in the simulations shown in Figures 2.5 and 2.6.

As the number of ionizing radiation particles reduces, so does the amount of
generated charge carriers, hence the SNR with it. The amount of charge generated
by the impinging particles can be inferred as the Collected Charge (CC), defined as
the integral of the signal pulse. If the beam intensity is too low, the signal will not
be distinguishable for a given noise level. This is illustratively shown in Figure 2.7),
where N = 100, being 1 the leakage current at 450 V and 20°C. It is worth noting
that in this evaluation, Nc and N, are assumed to be constant so N depends only on
Nj, o ir . Nevertheless, Figure 2.7 has to be understood as an informative illustration
rather than an actual example with realistic N values.

Let us focus to find the solution of having a p-type silicon sensor that is sensitive
to a low intensity (picking the value I = 10731y ~ 10'® photons/cm?s in Figure 2.7)
1064 nm IR beam pulse. Let us also toss the timing response aside and empathising
on SNR and CC. As we pointed out, the discussion on the previous section was
considering the beam-pulse intensity as a fixed parameter, but also was the reverse
bias. While the response of a p-type PiN diode is linear in SNR with reverse bias
[12], there is a voltage point at which such linearity is broken to start an exponential
behavior.

This is depicted in Figures 2.8 and 2.9. In both cases, and to avoid losing com-
parability with previous figures, the signal current is scaled to the leakage current at
450 V and 20°C. As the reverse bias rises from 450 V in steps of 25V, the generated
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FIGURE 2.9: TCAD Sentaurus simulation of the CC and SNR depen-
dence on reverse bias for an p-type PiN diode illuminated with a low
intensity 1064 nm IR pulse-beam.

signal shape barely changes, while the SNR and CC slightly increases and decays lin-
early, respectively. After ~ 750V, the leakage current starts exponentially growing,
the signal shape drastically changes and the CC boosts while the SNR plummets. In
semiconductors argot, we say that the PiN detector transitions from linear mode to

Geiger or Avalanche mode [12].
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FIGURE 2.8: TCAD Sentaurus simulation of the generated signal and
electric field dependence on reverse bias for an p-type PiN diode illu-
minated with a 1064 nm IR pulse-beam and at 20°C.

When the PiN detector is operated in Geiger mode, the electric field is so high
(E 2 1.5-10° V/cm in Figure 2.9) that the charge carriers generated by the imping-
ing ionizing radiation have enough acceleration (i.e. energy) to ionize the silicon
atoms that they encounter on their way to the electrodes. This causes a cascade or
avalanche of generated and hence collected charge. In turn, the SNR is drastically
reduced, since the charge (either generated thermally or by radiation) is being mul-
tiplied all along the active thickness of the detector. The avalanche phenomenon can
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be mathematically described with the so-called impact ionization rate [12]:

o o exp(—%) (2.1)

where « is defined as the number of electron-hole pairs that a charge carrier (elec-
tron or hole) can generate when traversing 1 cm of silicon. For low values of the
electric field, « « E and we are working on the linear mode: the carriers are not
accelerated enough to ionize many (if not any) silicon atoms. In the case of the sim-
ulated PiN results shown in Figure 2.9, « = 0 up to =~ 500 V (e.g. CC is constant).
However, for V>500 V , E exceeds a certain value in contrast to  (parameter that
depends on temperature and charge carrier type, among others), the exponential
function cannot longer be approximated by a linear function of E, and we enter the
Avalanche or Geiger mode. Despite the CC is boosted in this regime, the SNR
degrades due to the high leakage current present all along the device.

This last drawback can be solved by re-designing the PN junction so « has a
smoother transition from 0 to Geiger values. As said, having a high electric field all
along the active thickness of the detector causes the leakage current to boost when
operated in Geiger mode. However, we can tune our sensor so the electric field is
only high in a small restricted region of such thickness (this is called the multipli-
cation layer), so charge carriers get multiplied only when they traverse it. This can
be achieved by diffusing a thin and highly doped layer of boron in between the N
electrode and the active thickness, as Figure 2.10 shows. The addition of such layer
creates a very high electric field region around the PN junction, that drops below
avalanche values (E = 1.5 - 10° V' /cm) as soon as we reach low values of the doping
concentration, hence avoiding a boost of leakage current all along the active thick-
ness. The resulting device is a silicon detector with intrinsic amplification .

Multiplication layer
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FIGURE 2.10: TCAD Sentaurus simulation of the doping profile of
an p-type detector with intrinsic amplification and its electric field at
20°C and 100 V.

Instead of the CC, let us start evaluating a crucial parameter for silicon detectors
with intrinsic amplification: the so-called gain. Given a noise level for every voltage
point (picked as N = i, in the discussion), the gain is defined as the ratio between
the CC of a detector with intrinsic amplification and a PiN. Figure 2.11 shows the
simulated gain of the detector displayed in Figure 2.10 when being illuminated by
our low intensity IR beam-pulse. For the voltage range shown in the graph, the



Chapter 2. The Low Gain Avalanche Detector (LGAD) 26

detector works in linear mode (with & > 0 in this case) to a certain bias, to then
starting to exhibit Geiger behavior at ~ 500 V. In contrast to the p-type PiN, this
detector as a larger operational voltage range for which both the SNR and gain (o
CCQ) increase due to a moderate level of «. In this regime, the detector is working on
Low Gain Avalanche mode. Conversely, for V' > 500 V, the device starts working in
Avalanche Photodetector (APD) mode.
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FIGURE 2.11: TCAD Sentaurus simulated gain and SNR for a p-type
silicon detector with intrinsic amplification.

Thus, the SNR for low-intensities of a high-penetrating photon beam in 50 ym
thin p-type detectors can be improved by means of operating them in LGAD mode.
Despite the means of ionization are different, the results shown in Figure 2.11 can
be extended for a mip, which also generate small signals in thin p-type silicon de-
tectors. Thus, p-type LGAD devices of 50 ym active thickness were chosen by
the HEP community as the baseline for tracking and timing application for LHC
experiments at CERN. This will be fully addressed in Chapter 5.

2.3.1 Gain and shot noise

In the previous sections, only the leakage current, detector capacitance and electron-
ics were considered as a source of noise. For detectors with intrinsic amplification,
their inner gain suposses an extra source of noise by itself. This is defined as shot
noise, and will be briefly addressed in this section. To introduce the shot noise, we
first need to bring up the concept of mobility and understand it fully from its roots.
Mobility is a physical constant of charge carriers that gives information about a prob-
abilistic event: the collision with a silicon atom. Introducing the impact ionization
rate in LGAD devices, such probabilistic event involves the ionization of a silicon
atom within the collision. In the very mathematical context of statistics, a proba-
bilistic event does not have an exact outcome, and there is always some degree of
uncertainty or randomness involved with it. To cut to the chase, the drift of an
electron through the multiplication layer of an LGAD can result in two possible out-
comes, each with an associated probability of occurring during the carrier journey
to the N electrode. The choices are: either the electron ionizes a silicon atom, caus-
ing impact ionization, or it simply does not. Moreover, in the absence of intrinsic
amplification (e.g a PiN detector), the shot noise is also present during the particle
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detection, since the ionizing radiation might or may not generate an electron-hole
pair tied to a certain probability of such event occurring.

This uncertainty is translated into a fluctuation of the output generated current
signal in a silicon sensor when detecting ionizing radiation. In turn, this introduces
a noise contribution that is what we call shot noise. Statistically, it can be described
as [19], [20]:

Napot & ir./2QG2F (2.2)

where 7], is the leakage current, G the gain of the detector, Q the number of radi-
ation generated electron-hole pairs (before they trigger impact ionization) and F is a
gain dependence correction factor described as [19]:

ap 1 Xy
F_Goce+(2 G)(l lXe) (2.3)
where o), and «, are the impact ionization rate of holes and electrons, respectively.
We may notice that, for G = 1 (the case of a PiN diode in linear mode), F = 1 and
the gain contribution disappears from the shot noise.

For a given photon beam intensity, Q is defined as the number of photo-generated
electron-hole pairs in the active volume. For a mip, the evaluation of Q is different
due to the nature of its interaction with silicon. As stated, a charged particle gen-
erates electron-hole pairs all along its track within the sensor. In this case, the shot
noise is related to the fluctuations in the number of charge carriers that the imping-
ing particle is able to generate to cause impact ionization. Assuming that the ioniz-
ing particle direction is perpendicular to the entrance window surface, a minimum
ionizing particle (mip) will be able to generate Q ~ 5 - 10° electron-hole pairs [8].

Being all that set forth, we can define the LGAD shot noise for the detection of a
mip as:

N;, b ~70.7i, V2G2F (2.4)

Thus, the replace of a PiN for an LGAD brings with it a source of noise that
is directly proportional to the nominal gain. Not only the SNR will be affected by
it, but also the CC and the time response. This shortcoming also discarded silicon
detectors with intrinsic amplification to work in APD mode.

Figure 2.12 shows an actual example of this issue. All the features of the dis-
played measurement will be explained in Chapter 5 so, for now, let us just hold onto
the main result. The gain of the LGAD shown in Figure 2.12 was tested when irradi-
ated with a high-flux (Q > 1) 15 keV x-ray beam. Photons in this energy range have
a penetration depth in silicon of the order of the mm [21], so it is a high-penetrating
particle just as a 1064 nm IR photon or a mip. The error bars in the plot are the stan-
dard deviation when performing five gain measurements per bias point. The LGAD
gets fully depleted at ~ 30 V and, as long as it is working on linear mode (up to
~ 100 V), the gain is well defined with a negligible error. Nevertheless, as soon as
the detector enters Geiger mode, the shot noise gets boosted and the precision of the
gain measurement worsens, which is due to the boost of shot noise.
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FIGURE 2.12: Gain measurements on a 50 ym thick LGAD when irra-
diated with a high-flux 15 keV X-rays beam at Diamond Lightsource
[22].

2.3.2 Time resolution in LGADs

As stated, LGAD detectors with a moderate gain supposes and upgrade on the per-
formance of high-penetrating charged particles detection in terms of SNR. Let us
now address how the time response is also improved using such silicon detectors
for high-penetrating particles.

For any kind of silicon detector, the time resolution can be expressed as [23]:

> 2 2 2 2
Ot = jitter + OLandau t ODistortion + ITDC (2.5)

where every term takes into account a time uncertainty arisen from different
contributions:

® Ujitter: this term represents the time inaccuracy due to the presence of noise (ei-
ther coming from the detector or the electronics used during a measurement).
It can be expressed as 0jister ~ tyise/ SNR [23], where the risetime ¢, is defined
as the time it takes for a signal to go from 10% to 90% of its net maximum value
(amplitude)

® OrLanday: the Landau term is directly related to the nature from which the shot
noise arises. The number of electron-hole pairs (Q in Equation 2.4) that a
charged particle or a photon pulse beam generate in the detector can vary from
one detection event to another. Such variations in Q produce fluctuations in
the output signal (the so-called Landau noise [23]) that in turn degrade the
time resolution.

® Opistortion: the generated current inside the detector depends on drift velocity
v (Equation 1.15) and electric field E as i « vE. Hence, non-uniformities of v
and E along the active volume of the detector implies a distortion of the signal
between successive detection events. As discussed earlier, an uniform drift
velocity can be achieved by biasing the detector so the charge carriers move
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with their saturation velocity in silicon. In terms of electric field, their non-
uniformities are more related to fabrication features, such as non-homogeneity
of the boron concentration in the multiplication layer.

* orpc: the time resolution is lastly limited by the precision of the time-to-digital
(TDC) converter that digitizes the output signal. This term is directly propor-
tional to the time bin width of the TDC system orpc o AT.

TCAD Sentaurus simulation calculates the output generated signal in very ideal
conditions. That is, the shot noise is not taken into account and the drift velocity
and the electric field are completely uniform during successive events. Also, the
time bin width can be picked as small as we wish. Thus, the evaluation of the time
response of an LGAD will be illustrating not by TCAD Sentaurus, but by using an
actual example. This is shown in Figure 2.13, where a IMB-CNM fabricated LGAD
from the 6LG3-v1 run was tested. Information about these measurements can be
found in [24], and the features of 6LG3-v1 detectors will be discussed in Chapter 5.

For the moment, we can focus on the important result: LGADs improve time
resolution (specifically, the jitter term in Figure 2.13) for high-penetrating particles
as their inner gain increases within moderate values.
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FIGURE 2.13: Gain, SNR, risetime and 07y, for an LGAD while being
illuminated with a 1064 nm beam pulse of high intensity (Q > 1).

2.3.3 Breakdown and depletion voltages: finding the best trade

The discussion presented so far include the features of an LGAD when detecting a
certain type of high-penetrating particle. However, the first filter that an LGAD must
pass to confirm its reliability after manufacturing is the determination of its voltage
operation range. While this range varies depending on the target experiment, we may
define it plainly as the difference between the breakdown and the full depletion
voltage of the detector.

The breakdown voltage (Vpp) is determined as the bias at which a significant
increase in the leakage current occurs due to the avalanche multiplication of charge
carriers. In another words, it is the bias point at which the detector performance
switches from linear (LGAD) to Geiger (APD) mode. Measurements of the leakage
current vs reverse bias help easily determine the breakdown voltage, as Figure 2.14
shows.

c7jitter (S)
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FIGURE 2.14: Leakage current and capacitance vs reverse bias mea-
surements, at 20°C, for three IMB-CNM manufactured LGADs, each
one corresponding to a different fabrication batch.

On the other hand, the full depletion voltage (Vrp) determines the bias at which
the entire active volume of the detector is fully depleted of free charge carriers. Op-
erating an LGAD over full depletion voltage ensures that the electric field extends
across the entire thickness of the detector, enabling optimal performance in terms of
particle detection. Another key parameter is the multiplication layer depletion volt-
age, often labelled as Ve in the literature. It is defined as the bias at which the multi-
plication layer gets fully depleted of charge carriers. The multiplication layer always
gets depleted before the high-resistivity layer, as it has a higher dopant concentra-
tion. To put it another way, Vpp is always greater than Vy, so the high-resistivity
active thickness will never get depleted if the multiplication layer has not.

Generally, greater values of V; lead to lower values of Vpp (Figure 2.14), as it
implies that either the multiplication layer is wider or has a higher doping concen-
tration, hence leading to a higher electric field peak at a given reverse bias. Finding
a good trade between Vel and Vpp is crucial in LGAD design and fabrication in or-
der to optimize the voltage operation range. To illustrate this, we may analyse the
curves in Figure 2.14. For the LGAD labelled as (C), the difference between Vp and
Vrp is great enough to ensure an operation voltage range of about 300 V. For LGAD
(B), Vp is closer to Vrp, but the device is still operational within a voltage range of
about 100 V. The actual problem arises when we have a look at the results for LGAD
(A), as its full depletion voltage is so close to Vpp that the voltage operation range is
practically none.

Both V,; (Vep) and Vpp depend on a great deal of fabrication parameters that
have to be carefully chosen to optimize the voltage operation range. This will be
discussed in Chapter 4.

2.3.4 Avalanche mechanism for electrons and holes

To close this section, it is worth making a brief stop to address how the LGAD
avalanche mechanism differs for electrons and holes. In Chapter 1, we discussed
how electrons have a greater mobility than holes (Equation 1.15). Such fact trans-
lates into the electrons having a bigger likelihood to collide with a silicon atom lattice
when drifting inside silicon. The impact ionization rate, « (Equation 2.1), is directly
linked to mobility, since the greater the probability of collision, the bigger the chance
for a charge carrier of ionizing a silicon atom. It has been widely proven that the
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impact ionization rate is smaller for holes than electrons. An extensive analysis
about this topic can be found in [25]. With this knowledge, it appears to be that an
LGAD will work more efficiently to improve their SNR and time response when the
radiation-generated electrons (and not the holes) are the main contributors to trigger
the avalanche mechanism.

To illustrate this, let us evaluate the electron drift when a 404 nm and a 1064 nm
wavelength photon beam impinges on a n-type LGAD and on a p-type LGAD (both
of 50 um active thickness) through the electrode located at the opposite side of a
thick handle wafer (Figure 2.15). For a n-type LGAD, the entrance window will be
the P electrode (where holes drift to be collected), while for a p-type LGAD it will be
the N electrode (where electrons do).
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FIGURE 2.15: 2D TCAD Sentaurus simulation of the active doping
concentration profiles of an n a p-type LGAD. The optical generations
for a 404 nm and 1064 nm beam-pulse are also displayed.

While the IR photons will be absorbed with the same probability all along the
active thickness of a 50 ym LGAD (regardless of its type), the generated electrons
will always chose to drift to the N electrode. This is displayed in Figure 2.15. For a n-
type LGAD, electrons will drift opposing the multiplication layer side (close to the P
electrode) with independence of the depth at which the IR photon got absorbed and
hence the carrier generated. In contrast, for a p-type LGAD, electrons will always
drift towards the multiplication layer (close to the N electrode). Since, for a IR beam,
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electrons are equally generated all along the thickness of the sensor, the number of
electrons traversing the high electric field region will be much greater for a p-type
LGAD than for a n-type LGAD. Let us change the IR photons for another high-
penetrating particles with the same generated-charge distribution. The qualitative
results will be the same.

In short, for high-penetrating particles, the SNR is enhanced for a p-type LGAD
rather than an n-type one. Conversely, the opposite of the latter statement is true
for low-penetrating particles, such as 404 nm wavelength photons (Figure 2.15).
Since they are absorbed close to the PN junction surface, more photo-generated elec-
trons will cross the multiplication layer for a n-type LGAD. Let us remark that, for
low-penetrating particles, this argument is only valid if we are constructing thin 50
pum LGADs on thick low resistivity handle wafers with an entrance window on the
PN junction side.

24 Applications

2.4.1 Tracking and timing in High Energy Physics experiments

The first Low Gain Avalanche Detector (LGAD) were designed and fabricated at the
IMB-CNM [5]. Since then, the LGAD technology has been gradually established as
the baseline technology for certain High Energy Physics experiments.

Regarding those, the most noteworthy and ambitious are indeed the experiments
carried out in the Large Hadron Collider (LHC) at CERN [26]. Apart from being the
largest particle collider ever built, it is also powerful enough to accelerate charged-
particles to energies of the order of few TeV. For a proton (the most common particle
used at the LHC) that supposes having relativistic velocities asymptotically akin to
the speed of light in vacuum. By colliding protons at such unprecedented energies,
the LHC experiments aim to bring about extreme conditions that lead to the dis-
covery of new particles (such as the forever-sought dark matter [27] or the already
found Higgs Bosson [28]) or contribute to a better understanding of the underlying
physics right after the Big Bang [29]. The probabilities of having collision events in-
volving such zealous endeavors are derisory, hence the LHC has recently planned
an upgrade, to be implemented by 2025, to increase its luminosity by a factor of 10.
As defined in Chapter 1, the luminosity is directly proportional to the number of
particle collisions occurring per unite time. Thus, by increasing it by a factor of 10,
we are also multiplying the probability of a non-likely collision event to happen by
such factor.

Nevertheless, striving to make such rare collision events happened is useless if
there are no means to properly record and analyse them. In order to do so, we
do need to be able to detect the remnants of the proton-proton collisions in both
time and space. That is, we need to locate in space and time the fragments of the
collision to reconstruct the event. For high luminosity values, this needs to be done
with a very precise timing resolution to avoid pile-up phenomena and fail to record
the desired events. Moreover, as discussed in Chapter 1, high radiation fluences
(also linked to luminosity) lead to a degradation of conventional silicon detectors
by increase of their leakage current (hence their SNR). Such radiation damage may
imply a complete insensitivity of the silicon sensors over a range of the experiment
lifespan.

With all that set forth, it appears evident that the LHC experiments do need parti-
cle detectors with a great time resolution and radiation hardness, so the probability
of missing out an already non-probable event is further reduced. LGADs are the
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best candidate for such venture. The discussion and measurements presented in
the previous section remark the outstanding time resolution and SNR that can be
achieved by an LGAD before being irradiated (Figure 2.13). Furthermore, the pres-
ence of intrinsic amplification counterbalances the loss of SNR by radiation damage,
increasing their sensitivity over a longer period of the experiment lifespan in com-
parison to a standard PiN detector. It is worth remarking that the enhancement of
the LGAD radiation resistance for very high fluences is still a current work, and
means to improve it will be discussed in Chapter 5.

2.4.2 Detection of low-penetrating particles in silicon

Discarding some remnants from particle decays, sensors for the LHC at CERN are
mainly sought to detect high-energetic ions (mips), which are high-penetrating par-
ticles in silicon. Nevertheless, detecting low-penetrating particles in silicon is of vital
importance for a wide range of applications in the fields of industry, medicine, and
pure research, such as x-ray monitoring in synchrotron facilities [24], alpha particle
sensing for indirect neutrons detection [30] or radiation therapy dosimetry [31].

As discussed earlier in this chapter, LGADs built up on n-type silicon (nLGAD
for short) point out to be promising on the detection of low-penetrating particles.
As well as traditional p-type LGADs, nLGADs were first conceptualized and fabri-
cated at IMB-CNM [6]. Although their manufacturing was not tied to a project as
specific as the LHC one, the great performance of the first nNLGADs prototypes to
low-penetrating particles detection opens the door to countless applications. This
will be addressed in Chapter 6.
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Chapter 3

Design and fabrication of LGADs

3.1 Introduction

As pointed out in previous chapters, the manufacturing of silicon devices, regardless
its intended application, is a well-established engineering technique. In the partic-
ular case of the LGADs studied in this work, they are fabricated using a method
known as planar technology [32]. The term refers to a manufacturing technique in
which all layers composing the device are constructed on the flat, or nearly flat, sur-
face of a substrate: the silicon wafer. The manufacturing of such layers require the
use of several sub-techniques comprised within planar technology, including pho-
tolitography, material deposition and etching or ion implantation. They will all be
addressed in section 3.2. The Institute of Microelectronics of Barcelona (IMB-CNM)
offers, since its opening in 1985 [33], a clean-room environment with all necessary
equipment for planar technology fabrication. All LGADs studied in this thesis were
manufactured at IMB-CNM and their fabrication process will be fully discussed in
sections 3.3 and 3.4.

The symmetry that working with flat structures offers (i.e., without the presence
of complex three-dimensional structures) not only facilitates the fabrication of de-
tectors from a technical standpoint, but also makes their simulation design simpler
from a mathematical point of view. This will be discussed in Chapter 4, along with
the calibration of TCAD Sentaurus simulation with actual fabricated detectors at
IMB-CNM.

3.2 Engineering fabrication techniques for planar technology

Every silicon detector batch that is fabricated begins with a silicon wafer of any sort.
The IMB-CNM does not count with the necessary equipment to manufacture silicon
wafers, so they are always purchased from an external vendor. Nevertheless, it is
worth giving a brief description of the process. For a more extensive one, the reader
may refer to [32].

3.2.1 From crust to silicon wafer: an overview

It all starts with a relatively pure piece of the so-abundant SiO; (quartzite when
referring to it as a mineral), that undergoes a series of chemical reactions that help
removing the majority of its impurities by distillation. The result is a piece of bare
silicon, that is then melted in a vessel to start the so-called Czochralski (CZ) process
(Figure 3.1), which is hereunder summarized.

A specific amount of dopant (typically boron or phosphorus) is introduced into
the melt to obtain the desired doping concentration and conductivity type of the
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FIGURE 3.1: Schematics of how a CZ ingot is created, to thereafter go
through a FZ process and obtain a high-purity silicon ingot.

final wafers. Subsequently, a seed is brought into contact with the melt to start grow-
ing a silicon ingot. The seed is a small piece of silicon of a certain orientation that
serves as a starting point for the growth of the ingot. In other words, the seed can
be understood as a template for the orientation of the growing crystal. At the mi-
croscopic level, the first silicon atoms from the melt that interact with the seed align
with the orientation of the latter, to be further solidified. This process continues as
the crystal grows and it is pulled out of the equipment vessel. The outcome is a
silicon ingot with a certain conductivity, that can be either diced to obtain wafers or
further purified via Flat Zone (FZ) technique.

The first step of such technique is holding the CZ silicon ingot downside from
the seed (Figure 3.1) within an inert atmosphere (typically argon). Then, a mobile ra-
diofrequency heating system is swept from the seed upwards, locally melting the CZ
silicon as it passes through. Many of the silicon impurities, either electrically neutral
as carbon or oxygen, or critical for the semiconductor conductivity as niquel, iron
or copper, tend to stay in liquid silicon rather than solid. Thus, as the molten zone
moves through the silicon ingot, such impurities are swept along with the liquid
phase and concentrated at the top of the ingot. In a nutshell, a great number of im-
purities can be squeezed out of the original CZ ingot by applying the FZ technique
to it. As a result, a high-purity silicon of a certain conductivity ingot is created, that
can be further diced in wafers. It is worth remarking that the molten zone has been
oversized in Figure 3.1 for clarification of the process, and such zone is generally
quite narrow when compared to the CZ ingot length. An extended review of the CZ
and FZ methods can be found in [32].

Silicon wafers for LGAD manufacturing at IMB-CNM are always fabricated with
the FZ technique and a seed orientation of (100), which is known for providing a bet-
ter charge carrier mobility compared to other crystal orientations [34]. Since silicon
detectors rely on the movement of charge carriers generated by incident radiation,
a higher mobility is advantageous for faster signal collection. This is particularly
important for application where the timing response is crucial, such as the ones
mentioned in section 2.3.3. As discussed in Chapter 1, the carrier mobility is in-
versely proportional to its recombination probability. That is, the higher the latter,
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the smaller the amount of charge that, once generated by an external ionizing par-
ticle, can reach the electrodes. Moreover, the number of dangling bonds existing
in the surface of a silicon detector manufactured on a (100) oriented wafer is the
smallest when compared to any other crystal orientation [35]. As we will address
in section 3.2, the latter statement translates into having a smaller leakage current at
the Si — SiO, interfaces existing in the detector. Thus, having a silicon sensor with a
crystal orientation of (100), with a relative higher mobility, not only provides a bet-
ter time response, but also enhances the amount of charge that can be collected to
compose the radiation-generated signal while reducing the leakage current. In other
words, silicon detectors with a crystal orientation of (100) also provide a better SNR.

As discussed in Chapter 2, most of the wafers that were used as a substrate for
LGAD fabrication at IMB-CNM had a ~ 50 ym high resistivity active thickness plus
a handle-wafer of low resistivity to offer protection from potential mechanical crack
(Figure 2.1). The thickness of the handle-wafer varies depending on the manufactur-
ing batch, but it is selected so that the total wafer thickness is always greater than 300
pum. The first paragraph of this section describes how a silicon ingot of a certain dop-
ing concentration and conductivity can be manufactured to then be diced in wafers.
However, we have not yet address how to engineer wafers with ~ 50 ym high re-
sistivity active thickness plus a handle-wafer of low resistivity (that is, a wafer with
two layers of different thickness, doping concentration, or even conductivity). Let
us talk through it.
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FIGURE 3.2: Schematics of how Si-Si and epitaxial wafers are pro-
cessed.

The most straightforward method to do so is by fusing two already processed
wafers of different doping concentration. Such pair of wafers is brought into contact
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at high temperature, close to the melting point of silicon, to ensure a solid bond
between them (Figure 3.2). The final wafer can be then thinned by any of their sides
to achieve the desired thickness of its layers, which are further polished to enhance
planarization. The high-resistivity side is the one typically undergoing the thinning
process if we aim to obtain a ~ 50 ym active thickness in the fabricated detectors. In
the literature, wafers processed with this method are referred to as Si-Si wafers.

Another known technique to obtain wafers with layers of different doping con-
centration is by epitaxial growth, that is, by physically tailoring one of the layers
onto another wafer (Figure 3.2). This is typically achieved through a process called
Plasma Enhanced Chemical Vapor Deposition (PECVD) [36]. In a nutshell, the PECVD
technique consists in introducing the handle-wafer in a reactor chamber containing
a combination of vaporized chemicals, including both silicon and acceptor/donor
compounds in a certain concentration. By bringing the system to a sufficiently high
temperature, the plasma aids the vaporized compounds in undergoing reactions that
result in the deposition of a layer with controlled thickness and doping concentra-
tion onto the handle wafer. An advantage of this technique, in compared to wafer
bonding, is that the deposited layer can be grown to the desired thickness, so no
further thinning is typically needed. However, a polishing is generally carried out
to assure planarization. As a result, one obtains a so-called epitaxial wafer.

The techniques described in this section give as a result a set of wafers that mark
the starting point of the manufacturing process of silicon detectors at IMB-CNM. Let
us know address the engineering steps that take us from a raw wafer to a detectors
wafer.

3.2.2 Outline of engineering techniques for silicon detector fabrication at
IMB-CNM

Figure 3.3 shows a very simplistic but illustrative depiction of the beginning and the
end of a silicon detector wafer fabrication process. By starting with a raw wafer of
a certain size and conductivity type of the substrate (generally p-type for standard
LGADs), one ends with a wafer containing several detectors. While the geometry
of the latter is typically varied along the wafer, for the seek of simplicity we have
picked a detector wafer where most of its sensors have an area of 3.3 x 3.3 mm?. The
choice is not trivial, but one the first LGAD wafers fabricated at IMB-CNM had such
geometry configuration [24].

The color code in Figure 3.3 indicates different layers manufactured on top of
the high resistivity p-type layer (SiO,, metal, doped silicon, etc). Nevertheless, let
us forget about the nature of such layers for a moment and focus on an evident but
very important feature. When fabricating a detector wafer, one starts with a blank
pattern on the surface (in Figure 3.3, the high-resistivity p-type silicon) to end with a
specific pattern that repeats across the wafer and shapes the structure of the devices
(3.3 x 3.3 mm? sensors). We may notice that every layer reading a color code in Figure
3.3 has a precise design that also repeats for every individual detector on the wafer.
Drawing such patterns on an original raw wafer is achieved through an engineering
technique called photolithography.

Photolitography

Figure 3.4 shows an outline of a photolitography process to create a pattern on the
surface of a wafer. Firstly, a thin layer (1-2 ym thickness) of photoresist is deposited
on top of the wafer surface (step 2 in Figure 3.4). A photoresist is a light-sensitive
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FIGURE 3.3: Illustration of the beginning and end of a silicon detector
wafer fabrication process.
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FIGURE 3.4: Outline of a photolitography process to create a pattern
on the surface of a silicon wafer.
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material that can change its chemical properties when illuminated with photons of a
certain wavelength (typically in the UV range) [32]. Then, a mask designed with the
desired pattern is aligned onto the wafer surface (step 3 in Figure 3.4). The mask is
made of materials highly absorbent to photons of wavelength which the photoresist
is sensitive to. Subsequently, the surface is illuminated with light of such wavelength
(step 4 in Figure 3.4) through the mask. Here is where the pattern is physically
created on the surface, as the photoresist will change its chemical properties only in
those parts where the mask allows the light to pass through. In those sites hit by
the incident light, the photoresist will be either more (positive photoresist) or less
(negative photoresist) soluble to a chemical solution developed to selectively etch it
(step 5 in Figure 3.4). Ultimately, one ends up with a pattern on the wafer surface in
which some sites are covered with the photoresist, while others are not.

It is worth noting that masks are not fabricated at the IMB-CNM clean-room.
While they are designed at IMB-CNM, their manufacturing is outsourced to an ex-
ternal vendor, as is the case with raw wafers. However, apart from wafer and mask
fabrication, the IMB-CNM facilities have all the necessary equipment to develop sil-
icon detectors.

Deposition/oxidation and selective etching

Despite Figure 3.4 shows a photoligraphy process made on the raw high-resistivity
silicon layer, in reality it is always made to create a pattern on an already existing
layer of a different material type. Such layers, regardless its nature, are typically
created by deposition (a review of deposition techniques can be found in [32]), with
the exception of SiO; layers. When tailoring a SiO, layer onto a silicon surface, it
is common to do it with a thermal process called oxidation. Essentially, it consists in
placing the wafers on a clean furnace, at a certain temperature and gas flow (oxygen
of water vapour) and for a given time, so a layer of SiO, can naturally be grown in
the surface of the silicon wafer. It is worth mentioning that SiO, layers may also be
deposited, particularly when it has to be done onto layers that do not only contain
silicon but other materials (e.g. metal).

Once a layer is deposited (or growth) onto the wafer, a photolitography process
is carried out to create the desired pattern on it (Figure 3.5). The use of chemicals
that can selectively etch a layer without affecting others is here critical. For instance,
the solution used in step 6 in Figure 3.5 to etch the illuminated photoresist has to be
inert to SiO; and the non-illuminated photoresist. Subsequently, the chemicals used
to etch SiO; in step 7 must be unreactive to the bare silicon of the high-resistivity
layer and the non-illuminated photoresist. A review of the most common chemical
solutions for selective etching can be found in [32].
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FIGURE 3.5: Outline of a photolitography process to create a pattern
on a deposited/growth SiO; layer tailored onto the surface of a sili-
con wafer.

Dopant implantation

When a layer of silicon of different doping concentration or conductivity type that
the one of the high-resistivity layer is needed, the most common technique is the ion
implantation [32]. The method consist on accelerating a beam of ions of the desired
dopant (typically boron for p-type silicon and phosphorus for n-type one) that im-
pinges on the wafer surface, traverses it and is stopped at a certain depth. By tuning
the ion energy and dose (number of ions per unit area) of the beam, a layer of doped
silicon of a certain active doping concentration, conductivity type and thickness is
created from the wafer surface inward.

The ion implantation technique always involves pre-implantation photolitogra-
phy processes to grow a relatively thick S5iO, layer where the creation of the doped
silicon layer is not desired (step 1 in Figure 3.6). Such oxide layer serves as a shield-
ing mask to stop the accelerated ions before they reach the high-resistivity layer, so
its thickness depends on the energy and dopant species of the implantation beam.
It is worth mentioning that using SiO, as a shielding mask for ion implantation
is the technique generally used at IMB-CNM, but not the only one. Another typi-
cal method consists in using the very photoresist as a mask. Nonetheless, this can
be counterproductive from a technical view, as some photoresist materials (such as
the ones used at IMB-CNM) tend to change its chemical properties when doped af-
ter irradiation with ions, making its subsequent etching quite difficult. Conversely,
doped SiO, generally has a smaller etching resistant when compared to SiO,, avoid-
ing the aforementioned technical issue.
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FIGURE 3.6: Outline of the dopant implantation and activa-
tion/diffusion onto the surface of a silicon wafer.

On the other hand, ion implantation is typically carried out through a thin layer
of SiO, (referred to as screen oxide in the literature) at the wafer surface sites where
the doped silicon layer is aimed to be built (steps 2 and 3 in Figure 3.6). The utiliza-
tion of a screen oxide instead of implanting directly into the high-resistivity layer
has its justification. Firstly, the screen oxide serves as a barrier that prevents contam-
ination from the ion implantation process itself [37], [38]. Some parts of acceleration
chambers contain metallic elements (such as Fe or Ni) that can be sputtered during
the implantation process and reach the silicon wafer surface. Such metallic elements
suppose critical impurities for silicon, as they tend to create midgap energy levels
when introduced into the crystal lattice [39]. As discussed in Chapter 2, the addi-
tion of midgap energy levels alters the electrical properties of the final fabricated
detector, increasing its leakage current and reducing the carriers mobility. By using
a screen oxide, most of the sputtered metallic elements are stopped within it before
reaching the high-resistivity layer, so they can easily be removed from the wafer by
SiO; etching.
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FIGURE 3.7: Schematics of a boron ion implantation on a <100> sili-
con wafer, with a growth screen oxide and a tilt of 7° and without.
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Following that, the presence of a thin screen oxide helps preventing the chanelling
effect during ion implantation [32], [40]. The term channelling refers to a phe-
nomenon where implanted ions penetrate more deeply into certain directions within
the crystalline silicon lattice. For instance, if an accelerated ion impinges on the bare
<100> silicon surface perpendicularly (or almost) to it, there is a probability for the
ion to go through the space between two atomic rows in the lattice (Figure 3.7). In
the presence of a screen oxide, such probability is reduced, as the ion can be scattered
by a SiO, molecule (bigger than a silicon atom) before entering the high-resistivity
layer. The scattered dopant ion will change its direction, so the likelihood of collid-
ing with a Si atom once in the silicon bulk is also enhanced. Moreover, and despite
this is not displayed in Figure 3.6 to avoid losing simplicity, ion implantation is nor-
mally carried out with the wafer slanted at a certain angle (traditionally 7° [32]). This
tilt, along with the use of a screen oxide, reduces even more the probability of an ion
being channelled during implantation (Figure 3.7). As a direct consequence of it, the
doped silicon layers that are built are more uniform, both in doping concentration
and depth [37], [40], [41]. The latter fact is crucial if we aim to reduce the disper-
sion in the electrical performance of the silicon detectors along the wafer, as such
performance mainly depend on the conductivity (e.g. physical shape) of its layers.
Ultimately, the use of a screen oxide also mitigates the silicon crystal damage that
involves the ion implantation process itself. That is, part of the beam energy is ab-
sorbed within the screen oxide by ion-5iO, atom collisions (Figure 3.7), reducing the
number of radiation-induced defects on the silicon lattice.

Annealing and activation/diffusion of dopants

Let us make a pit stop to address the nature and effects of the cited radiation-induced
defects that ion implantation brings with it. When a charged particle (e.g. a boron
ion) traverses matter (e.g. silicon), it can lose its energy by colliding with electrons
(via Coulomb interaction) or atomic nuclei (via both Coulomb or nuclear interac-
tion). As discussed in Chapter 2, only the latter involve sufficient energy transfer so
that the silicon atoms may be displaced from its lattice positions. Furthermore, the
recoil atom may even have enough energy to dislodge other silicon atoms, gener-
ating a cluster of displacements. When such phenomenon happens in abundance,
as often in the case of ion implantation, the displacement damage (i.e. the ratio of
radiation-induced dislodge atoms) is significant enough to degrade the quality of
the silicon where such damage has taken place. Such degradation is linked to a rise
of mid-gap levels introduced in the energy band structure of the crystal, and is trans-
lated into an increase of leakage current and a reduction of the carrier mobility [32].
While having a thin layer of SiO, helps to mitigate this effect, it is often not enough
to reduce it to a reasonable level. In order to do so, the silicon wafer needs to be
annealed.

An annealing process, as in the previously mentioned oxidation, is no more than
a thermal process in a clean furnace at a given temperature, time and gas flow, but
with a different purpose: the repair of the implantation damage. In simple terms,
maintaining an implanted wafer in a furnace for a given time and temperature helps
silicon atoms to move back to their lattice positions, recovering the original crystal
structure. For boron and phosphorus, core dopants for LGAD fabrication at IMB-
CNM, an annealing at T ~ 1000C and t ~ 1h is sufficient to repair more than 90% of
the displacement damage, regardless of the implantation dose [32]. The use of this
thermal step is not only necessary to mitigate damage effects, but also to activate
dopants.
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When implanted, dopants do not generally occupy an optimal lattice site to func-
tion as donors or acceptors. In other words, they are not bonded to other silicon
atoms in a way that they are able to give away a electron or hole to conduct. An
activation (e.g. an annealing) helps such dopant atoms to move to interstitials or
vacancies where the atomic bond to the silicon atoms ensure their functioning as
donors or acceptors, hence achieving the aim of their preceding implantation: to
construct a doped silicon layer with a different conductivity. Furthermore, an acti-
vation/annealing can also be understood as a dopant diffusion. This is schematically
represented in Figure 3.6 (step 4). Doped silicon layers frequently need their depth
and doping concentration to be tuned in order to achieve their desired performance.
The motion of the dopant atoms do not stop once they have encountered a lattice site
to be activated, but can keep jumping into activation sites based deeper in the high-
resistivity layer. As a result, the doping concentration of the layer is redistributed
within a certain depth, that strongly depends on the time and temperature of the
thermal process [32].

As we will discuss in Chapter 5, there are certain applications that require doped
silicon layers to be activated while avoiding dopant diffusion as much as possible. In
those cases, the implanted wafers are treated with thermal processes of times of the
order of seconds instead of hours (a so-called Rapid Thermal Annealing or RTA [32]).
In order to have both the dopants activated and the implantation damage reasonably
repaired with such short annealing, a trade-off has to be made with temperature.
That is, the temperature of an RTA tends to be greater than that of an annealing that
also implies diffusion.

Wafer cleaning

Every planar technology process addressed so far involves the physical contact of
the wafers with certain equipment that may add impurities to their surfaces. More-
over, and despite the safety measures to maintain a clean-room environment are ex-
tensive, there is always a non-zero chance of organic contamination, either from the
very operators or from outside the facilities. In order to avoid that, wafers undergo
several cleaning processes during the detectors fabrication.

Just as the aforementioned etching techniques, cleaning methods consist of im-
mersing the wafers in a chemical solution for a certain period of time. The most
common cleaning solution is a mixture of sulfuric acid and hydrogen peroxide, also
known as piranha etch in the literature [42]. Such chemical is able to oxidize and dis-
solve most organic contaminants. Also, it helps removing photoresist residues that
may have kept adhered to the wafer surface during the photolithographic processes.
Ultimately, the piranha solution oxidizes some metals such as aluminum and cop-
per (typical elements composing engineering equipment), facilitating their removal
in the event of contamination.

Other techniques for quality control during fabrication

Last but not least, it is important to mention a few techniques available at the IMB-
CNM clean room that facilitate quality control during the fabrication process. As
aforementioned, wafers for LGAD manufacturing are purchased from an external
vendor. Typically, wafer features such as its thickness and the resistivity of their
layers are given within a certain range. On the other hand, the thickness of the
oxide layers that are thermally grown during the fabrication play a crucial role when
tailoring the different elements of a detector. This is particularly critical regarding
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the screen oxide prior to implantation. As we will address in section 3.4, knowing
the actual values of these parameters before the fabrication process is essential to
make accurate predictions of the LGAD performance by means of TCAD simulation.
The IMB-CNM clean room counts with equipment able to measure these important
parameters.

The wafer thickness is determined at IMB-CNM with a Proforma 300 equipment,
which has a micrometer able to measure the distance between probes when they
touch both sides of the wafer. The resistivity is determined with a Chang Min Tech
4-probe station, that measures the surface current-voltage of the wafer and calculates
the sheet resistance R;, that can be further translated into resistivity by applying the
formula p = R - D, being D the thickness previously measured with the Proforma
300. Lastly, the oxide thickness after an oxidation or deposition is measured with
a Nanospec 6100 equipment. This is done via interferometry, that is, by analyzing
light reflected off the wafer surface to determine the thickness of oxide films over it.

3.3 Fabrication process of single-pad LGADs at IMB-CNM

Let us start by describing the fabrication process that lead us to manufacture an
p-type LGAD wafer containing only single-pad diodes (Figure 3.8), which are the
simplest form of detector. From a basic classification perspective, a single-pad de-
tector has two parts: the active volume or core and the periphery. In a nutshell, the
active volume is the device element where a current will flow when the particle to
be detected impinges on the detector, while the periphery serves as the termination
element. Typically, the periphery sub-elements and the core are designed and opti-
mized independently, but their manufacturing is carried out simultaneously.

Despite the periphery does not play a role in the particle detection, its fabrication
is crucial for the device functionality as a whole. Their main elements are the channel
stopper, the Junction Termination Extension (JTE) and the guard ring. In the event
of manufacturing LGADs for high-energy physics applications, a p-stop will also be
needed in the periphery. On the other hand, the active area is composed of the
multiplication layer, the bulk and the ohmic contacts. There is a last element that covers
both the periphery and the core. These are the passivation layers, that serve as a back-
end element to prevent degradation from the ambient. All these device elements and
their fabrication processes are described in this section.

It is worth remarking that the mask used to didactically addressed the features
of IMB-CNM LGAD fabrication was design to fulfill the specific requirements of the
CMS experiment at the LHC. LGADs fabricated this way will be comprehensively
studied in Chapter 5. Thus, any single-pad LGAD parameter numerically indicated
in this section is subjected to change with dependence on the specific application.
An example of it can be seen in Figure 3.8, where the active area of the detectors
is 1.3x1.3 mm?. The numerical value of such area is a requirement for the CMS ex-
periment sensors, so a different application may require larger or smaller pad areas.
Nevertheless, the main aspects of how an LGAD must be manufactured to be func-
tional are hereunder addressed.
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FIGURE 3.8: Cross section of a single-pad LGAD of active volume

1.3x1.3 mm? x 50 pm fabricated on a high resistivity p-type wafer on

a low-resistivity handle wafer of 350 ym. The device elements are not
scaled in order to better distinguished each part.

3.3.1 The field oxide

The first step in the fabrication process is the growth of a field oxide of 8000 A thick-
ness all along the wafer surface. This is done by placing the wafer in a furnace
during a certain time, temperature and gas flow. On one hand, the field oxide serves
as a protective layer on the surface of the silicon wafer, passivating the underlying
silicon and reducing surface defects, as well as blocking potential contaminants from
reaching the silicon surface. Oh the other hand, it also acts as a barrier that impedes
ions from subsequent implantation processes to reach regions where they are not de-
sired. It is worth mentioning that the field oxide is always constructed in two steps.
First, a thin layer of oxide of the order of ~ 100 Ais growth at the Si0,-Si interface
via dry oxidation, that is, in an atmosphere of bare O, flow. The rest of the field ox-
ide is growth on top of it via wet oxidation (within a water vapour atmosphere). The
reasons for that are hereunder summarized.

On one hand, oxide layers grown by dry oxidation typically have a higher den-
sity and quality, which is beneficial for the inner part of the field oxide, where the
primary concerns are insulation and isolation. On the other hand, wet oxidation
tends to introduce more defects in the oxide layer due to the incorporation of hy-
drogen, which may in turn disrupt the quality of the SiO,-Si interface and introduce
leakage current paths on the device surface. However, the growth of 5iO, via wet
oxidation is way faster than doing so in a dry environment. Moreover, the outer part
of the field oxide is generally aimed to just isolate from the ambient. Hence, a thick
enough (8000 A) field oxide growth by wet oxidation is sufficient to play its role,
despite the lower quality of the grown SiO,.
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3.3.2 The Channel Stopper and the P-stop

As previously discussed, it is always desirable to operate silicon detectors at reverse
biases above the full depletion value. This ensures that the entire active volume is
available for particle detection and, in the case of LGADs, also guarantees having
an electric field high enough to trigger the avalanche mechanism so a certain gain is
obtained. However, working an LGAD at overdepletion biases may induce leakage
current problems if the periphery is not optimized to do so.

On one hand, a silicon detector does not only deplete its charges vertically (that
is, from N*F to P™" in Figure 3.8) as a bias is applied, but it also does it laterally.
On the other hand, when an LGAD is cut and removed from the wafer, its dicing
edge contains a great amount of defects (i.e. dangling bonds or even conductivity
inversion) that can serve as paths or channels for leakage current to flow. These
two statements together translate as it follows: if the depletion region in the bulk
reaches the dicing surfaces, the defects present on them will induce an extra source of
leakage current. In order to prevent that, masks for LGAD fabrication are designed
so the core is sufficiently far from the edges. As Figure 3.8 shows, in the examples
given in this section the core is 0.5 mm away from the edges. An overview of how
such distance was optimized can be found in [12].

Furthermore, the leakage current path from cutting edge defects to the bulk is
also blocked by implanting and activating a highly-doped layer of dopants of the
same type as the high-resistivity layer. In doing this, any carrier that is generated
in the very periphery of the LGAD has a higher probability of being recombined
before reaching the core. Such layer is known as the channel stopper. The first pho-
tolitographic step in any LGAD fabrication run at IMB-CNM is done to construct
this element on the device periphery (Figure 3.9). To sum it up, in the event of the
depletion region laterally extending to the outermost periphery, the channel stopper
acts as a barrier to prevent the aforementioned defect charges carriers from reaching
the core.
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FIGURE 3.9: Front view and cross section of a single-pad LGAD
where a channel stopper and a p-stop have been constructed.

This first manufacturing step has an extra purpose in the event of fabricating
detectors to be used in harsh radiation environments. If that is the case, a narrow
window around the active area is also opened in the field oxide for the implantation
of a highly-doped boron layer (Figure 3.9) of the same characteristics as the channel
stopper. This device element is the p-stop, and helps preventing the generation of an
effective n-type conductivity layer by the SiO,-Si interface by means of high levels of
irradiation [43]. The physics that lead to such phenomenon will be comprehensively



Chapter 3. Design and fabrication of LGADs 47

addressed in Chapter 5. In order to understand why this can suppose a problem in
the device functionality, it is intuitive to discuss it along the next periphery elements:
the JTE and the guard ring.

On the other hand, the channel stopper also has a p-stop intent when the detector
is irradiated. This is due to a phenomenon known as conductivity type inversion, an
effect occurs when the majority carrier type in a region of the detector changes due to
the presence of high levels of irradiation induced defects [44]-[46]. As n-type silicon
more readily to be converted to p-type than vice versa when irradiated [44]-[46],
any LGAD mean to be used in harsh radiation environments is fabricated on p-type
wafers rather than n-type ones. Along with other radiation damage phenomena, the
conductivity type inversion will be addressed in Chapter 5.

3.3.3 The Junction Termination Extension (JTE) and the guard ring

As discussed in previous chapters, a high value of the leakage current can degrade
the performance of an LGAD, as it introduces noise and reduces the detector sensi-
tivity. The periphery current (also known as surface current) is an important source
of noise that needs to be separated from the total leakage current during particle
detection measurements. To do so, a guard ring is constructed in the second pho-
tolitographic step (Figure 3.10). It withdraws the surface current of the sensor while
biased along with the active area (Figure 3.8), reducing the baseline noise level.

Along with the guard ring, a Junction Termination Extension (JTE) is also manufac-
tured at this photolitographic level. This extension creates a graded doping profile
at the edges of the PN junction that will be constructed in the next fabrication steps
(multiplication and N layers in Figure 3.8). By extending the PN junction and
creating a gradual drop from the highly doped region (N ) to the lightly doped
JTE region, a smoother transition for the electric field is reached around the active
area, which in turn reduces the risk of early voltage breakdown at the edge of the
core [12]. Thus, the JTE is not a distinctive element for LGADs, but standard PiN de-
tectors also need it to avoid edge breakdown. In other words, no PN junction can be
manufactured without having a proper termination around it, as the absence of one
will unavoidably lead to an increase in leakage current and a likely early breakdown
of the device as a whole.

It is worth remarking that the term guard ring, despite often used in high energy
physics detectors argot, may be misleading. Historically, JTE elements were not im-
plemented in silicon detectors to avoid edge breakdown. Such task (along with the
one of subtracting the periphery current) was given to ring elements manufactured
around the active area, as the one depicted in Figure 3.10. That is the reason why
the term guard was coined to them, as they were "guarding" the potential effects of
high electric fields at the device edge. However, the avoidance of edge breakdown
was delegated from guard rings to the JTE as the latter was introduced in detectors
fabrication, leaving the first with the sole task of extracting the periphery current. In
a nutshell, while the term guard ring has been established within the argot, its actual
function is to serve as a surface current extraction ring, as long as a JTE is properly
manufactured to avoid edge breakdown.

The presence of the guard ring and the JTE gives a sharper insight of the p-
stop purpose (Figure 3.10). This highly-doped p-type layer helps preventing the
creation of the aforementioned n-type conductivity layer by the SiO,-Si interface in
between the core and the guard ring when the device is irradiated, assuring a good
isolation between them during high-energy physics experiments. To put it another
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way, the p-stop helps maintaining the guard ring functionality (withdrawing the
surface current from the bulk one) even in harsh radiation environments [12].
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FIGURE 3.10: Front view and cross section of a single-pad LGAD
where a JTE and a guard ring have been constructed.

Last but not least, it is important to mention that the implantation of a narrow p-
stop is not the only technique to preserve the guard ring functionality. Particularly, a
method known as p — spray [47] is also commonly used in LGAD detector manufac-
turing [48]. In short, the p-spray technique consists in implanting a shallow boron
layer all over the raw wafer surface (and not only at the narrow areas typical of p-
stop) before starting the fabrication. While implementing the p-spray method would
save ourselves from a photolitoprahic step, it was discarded for its use at IMB-CNM
due to non-uniformities observed in its shallow boron concentration layer [47].

3.3.4 The multiplication layer

Following the aforementioned periphery elements, the next photolitographic step is
to build the key active volume element of an LGAD: the multiplication layer. Tra-
ditional IMB-CNM LGADs have the multiplication layer implanted at 100 keV and
1.9 - 10" at/cm? and annealed at 1100°C for 180 min. This creates a moderately
doped p-type layer that extends a few micrometers into the bulk. As Figure 3.11
shows, this photolitographic level and the previous have a 3 ym lateral overlap.
This is done to promote an inter-diffusion between boron and phosphorus at the
active area periphery that ensures the JTE functionality [12].
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FIGURE 3.11: Front view and cross section of a single-pad LGAD
where a multiplication layer has been constructed.
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On the other hand, another important parameter in LGAD periphery optimiza-
tion is the distance between the edge of the multiplication layer and the middle of
the p-stop (40 ym in Figure 3.11). In the case of pixelated detectors, the parameter
to optimize is the distance between the edge of the multiplication layers in adjacent
pixels. The importance of such parameter will be addressed in section 3.3, while the
optimization of the multiplication layer fabrication will be discussed in section 3.4.

3.3.5 The electrodes

Following the multiplication layer, the next fabrication step is the construction of
the electrodes. For the Nt layer, phosphorus is implanted at relatively high doses
(~ 10" at/cm?) to ensure having a layer with a sufficiently low resistivity so a good
ohmic contact can be built in the following photolitographic steps. An annealing is
then carried out at 1000°C for 30 min in order to activate and diffuse the phosphorus.
This procedure is done both in the active area and the guard ring, which are the
elements that get biased during measurements (Figure 3.12). In the example given
in this section, the P™ electrode is already present in the device (handle wafer). In
the event of manufacturing the P™" from scratch, the strategy is the same as in the
case of the N+ but exchanging the dopant type.

In the case of standard PiN detectors, there is little more to say about the N
function. However, such layer has an additional purpose when manufacturing LGADs.
As Figure 3.11 displays, traditional IMB-CNM LGADs have its multiplication layer
implanted and annealed just by the very surface of the active area. As we move to
Figure 3.12, we notice that there is a portion of such layer that has been covered by
the N™T one. The selection of the phosphorus implantation dose and energy, along
with the annealing time and temperature of the layer, are key parameters to ensure
having a device with linear gain. In other words, the way that the N** covers the
multiplication layer may determine whether we have an LGAD, and APD or even a
device with no gain at all. A discussion about this will be held in section 3.4.
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FIGURE 3.12: Front view and cross section of a single-pad LGAD
where an N7 electrode has been constructed.

Once the N and P electrodes have been constructed, an extra photolitographic
step has to be made to etch the oxide where the metal and the mentioned layers will
make physical contact. This is depicted in Figure 3.13. While the oxide in the P
(uniform and without structural elements) is completely etched, the one of the guard
ring and the N is only selectively etched with a specific pattern. The technological
reasons for that are the following.
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First, this selective removal helps to preserve the integrity of the oxide layer in
the remaining regions, maintaining its insulating properties and protecting the un-
derlying silicon. Also, with a patterned etch it is easier to precisely define the di-
mensions and shapes of the contact openings. Along with that, the etch time is
additionally reduced, minimizing over-etching in critical areas such as the gap be-
tween the active area and the periphery. This accuracy is crucial for ensuring proper
alignment and spacing of metal contacts, minimizing the risk of short-circuiting the
core and the guard ring after metallization.
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FIGURE 3.13: Front view and cross section of a single-pad LGAD
where contacts have been opened on the electrodes and the guard
ring.

3.3.6 Metallization: the ohmic contacts

After the contacts have been opened, the entire wafer is metallized with a 1.5 ym
layer of an alloy of aluminum (99.5%) and copper (0.5%). This process is done via
sputtering. A review of this technique can be found in [32]. In a nutshell, it is a
process where a target material (Al and Cu as the case in point) is bombarded with
energetic ions in a vacuum chamber. These ions are generally of a chemically inert
species such as argon, that does not react either with the target material or silicon.
The collisions eject atoms from the target, which then condense onto the wafer sur-
face to form a thin, uniform metal layer.

The doping of aluminum with a small portion of copper is a common technique
in semiconductor devices fabrication, and has few reasons to be. Firstly, it enhances
the electrical conductivity of the aluminum, which is always desirable for ohmic con-
tacts creation. Secondly, the addition of copper improves the mechanical strength of
the aluminum film and aids to avoid micro-cracks on it during wafer handling or
even further LGAD operation after fabrication. Lastly, the presence of copper within
the metal layer helps reducing the effects of electromigration [32]. In short, electro-
migration is a phenomenon where the electrons drifted to the electrodes transfer
enough energy to the metallic atoms so they are displaced. To put it another way,
the very passage of current through the metal layer can push away the aluminum
atoms to certain regions. The higher the current and the thinner the metal layer, the
more critical this effect will be, even causing aluminum atoms to pile up in some re-
gions while leaving voids in others. This may result in local short-circuits within the
metal layer, which in turn will increase the leakage current of the fabricated LGAD.
The addition of copper, even in small amounts down to 0.5%, makes the metal layer
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much more resistant to suffer electromigration, as it reduces the aluminum atoms
mobility and blocks diffusion paths for them. Furthermore, the choice of deposit-
ing a metal layer of 1.5 ym is not trivial, as electromigration is further prevented by
using such a relatively large thickness.

Following the Al:Cu film deposition, a thermal process of 20 minutes at 350°C is
performed. During such annealing, a slight inter-diffusion of aluminum into silicon
and vice versa occurs, forming a thin Al-Si alloy layer at their interface that enhances
the electrical connectivity, hece the quality of the ohmic contacts. It is important to
point out that, once the metal has been annealed, any further thermal process at tem-
peratures beyond 400°C should be avoided, due to a phenomenon known as spiking
[32]. In a nutshell, spiking refers to the formation of deep, pyramid-like bulges of
aluminum into the silicon (or the N** layers, as the case in point) by diffusion of Al
atoms during a thermal process. The depth of these spikes is an increasing function
of temperature, and they start to appear at Al-Si interfaces at temperatures of 400°C
and beyond. This phenomenon can locally short-circuit the ohmic contacts if the
spikes traverse completely the highly-doped N layers (either in the core or the
guard ring), hence boosting the leakage current of the manufactured LGAD.

Back to the matter at hand, the Al:Cu alloy deposition is followed by another
photolitographic step to selectively etch the metal on the front side of the device.
The result is depicted in Figure 3.14. Apart from the bias contacts (backside and
N** in the core and guard ring), the metal is also maintained close to the outer-
most periphery, which helps to visually determine the dicing edge between adjacent
devices.
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FIGURE 3.14: Front view and cross section of a single-pad LGAD
where the metallization process has been done.

The regions where the metal is physically touching the low resistivity electrodes
form the ohmic contacts of the LGAD. That is, these are the parts where the inter-
face between the metal and the semiconductor allows a low-resistance, bidirectional
connection with linear I-V characteristics, which ensures that the signal generated
by any impinging particle can be withdrawn and analyse.

3.3.7 DPassivation

The final step in the fabrication process is the construction of the passivation layers
on the metal surface. A thin layer deposition of silicon dioxide (4000 A) and sili-
con nitride (7000 A) is carried out all over the wafer surface via Plasma-Enhanced
Chemical Vapor Deposition (PECVD). A review of this technique can be found in
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[32]. In short, in the PECVD process gaseous precursors of the desired layers are
introduced into a vacuum chamber, and a plasma is generated by applying a high-
frequency electric field. Having such precursors in the plasma phase provides the
energy needed so they can react and form a thin film onto the silicon. While the
passivation layers can also be deposited via Chemical Vapor Deposition or CVD
(addressed in Section 3.2), it is not feasible to use such technique when the wafers
are metallized.

On one hand, the Al:Cu alloy previously deposited has its melting point at around
~ 660°C, while the CVD process has an operational temperature in the range 700°C-
800°C for nitride deposition and 450°C-900°C for oxide deposition. Thus, a chemical
vapour deposition of the nitride layer will unavoidably damage the Al:Cu layer, as
the latter will melt during the process. Conversely, the PECVD technique allows
for such layer deposition onto the metal within a lower temperature range (<400°C),
maintaining the integrity of the metal layer. Despite oxide layers might be deposited
using a CVD method at 450°C (away from the melting point of the Al:Cu alloy), it
is not recommended to expose metal-silicon interfaces to temperatures over 400°C
due to the spiking phenomenon explained in the last subsection. Consequently, the
oxide passivation layer is always deposited via PECVD technique at temperatures
below 400°C.

After the passivation layers have been deposited, they are selectively etched in
the last photolitographic step (Figure 3.15), opening bias points in the active area
and the guard ring. As in the metal photolitographic step, the passivation layers
are not etched close to the outermost periphery to properly demarcate the dicing
edges. The reasons of using silicon dioxide (4000 A) and silicon nitride (7000 A) for
the passivation layers are hereunder summarized.
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FIGURE 3.15: Front view and cross section of a single-pad LGAD
where the passivation process has been done.

The SiO; layer protects the metal surface from external contaminants. Particu-
larly critical are those that can oxidize the metal, as it can degrade the ohmic contact
performance over time. The SizNy further enhances this protection with its prop-
erties against moisture. Furthermore, the Si3Ny layer adds mechanical strength to
the passivation layer as a whole, protecting the metal and underlying silicon from
physical damage and mechanical stress during the LGAD handling and operation.
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3.3.8 Overview of the etching techniques at IMB-CNM

All along this section, we have been claiming that the different layers (growth or de-
posited) are etched to create the desired pattern on the LGAD upper surface. How-
ever, it is worth making a last brief stop to briefly discuss the etching techniques
that are used depending on the nature and purpose of such layers. For a more ex-
tensive review, the reader may refer to [32]. To wrap it up, the manufacturing of a
single-pad LGAD involves the etch of photoresist, oxide (either thermally grown or
deposited), Al:Cu and silicon nitride layers. From a basic classification perspective,
an etching process may be wet or dry. In wet etching, the wafers are immerse into
a liquid chemical solution that selectively dissolves and removes the components of
the desired layer. In dry etching, the wafers are placed in a vacuum chamber where
reactive gases or ions etch away the target layer. While there are few dry etching
techniques [32], the one used in LGAD manufacturing at IMB-CNM for photoresist,
oxide and nitride layers is plasma etching (PE).

As long as it is possible, PE is always desirable than wet etching. The main
reason for that is the inherent isotropic nature of wet etching in contrast to PE. In an-
other words, the PE technique etches in a preferred direction (vertically), while the
immersion into a liquid solution etches uniformly in all directions. This is schemati-
cally depicted in Figure 3.16. When immersed into the chemical solution, the oxide
layer suffers an unavoidable lateral etch, that is drastically reduced when placing
the wafer in a PE chamber. Controlling the lateral etch is critical in photolitographic
steps that involve implantation/annealing in narrow areas, such as the p-stop (~ 5
pum) or the JTE-Multiplication layer overlap (~ 3 um), as the doping concentration
may extend beyond the desired zone by dopant diffusion and cause device malfunc-
tioning.

Chemical solution Chemical solution Wet etchin
result
Wafer
Plasma Plasma .
00 %0 @ 00 %00 Plasma etching
00 ¢%04000 00 ¢%0g000 result

FIGURE 3.16: Schematics of how the lateral etch changes from wet to
plasma etching.

Conversely, wet etching is always picked for the metal layer. On one hand, the
chemicals used for aluminum and copper etching are well studied, so they are ex-
tremely selective. That is, the damage to the underlying silicon or oxide is highly
reduced when compared to PE for metal. On the other hand, such chemicals are
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able to etch the 1.5 ym of Al:Cu alloy with an exceptional etch rate (of the order of
~1 min). Moreover, even though lateral etch always takes places in wet etching, the
areas where the metal is aimed to remain (guard ring and N ) area large enough
to consider this effect negligible.

3.4 Fabrication process of pixelated LGAD detectors

Now that we have addressed in detail how to fabricate a single-pad LGAD, we can
extend the discussion to a pixelated one. For the seek of simplicity, we would con-
sider a matrix of 2 x 2 LGAD pixels (Figure 3.17). As discussed in section 2.3.3,
LGADs with a pixel array are the backbone technology for some high energy physics
experiments. This will be comprehensively covered in Chapter 5.
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FIGURE 3.17: Cross section of a detector of 2 x 2 LGAD pixels.

In essence, the periphery elements and the photolitographic steps for a pixelated
LGAD (Figure 3.18) are the same as in the case of a single pad. The only difference
is that now we have a new region to consider for optimization: the interpad (IP),
defined as the distance between the multiplication region in adjacent pixels. In order
to understand the importance of the IP region, we need to introduce the fill factor
concept. In the context of LGADs, it is defined as the ratio between the active area
where the multiplication layer takes shape and the total active area. In other words,
the fill factor is the percentage of LGAD active area able to provide gain in a particle
detection measurement. Ideally, one would want to have a fill factor of 100%, but
such goal is impossible when fabricating pixelated detectors as the ones depicted in
Figures 3.17 and 3.18, as it will lead to having a single-pad LGAD. While there are
other LGAD fabrication techniques that lead to pixelated detectors with 100% fill
factor, this discussion will be left for Chapter 7. Studies on how the IP region design
has an impact on an LGAD performance can be found in [24], [49]-[51]. Its main
features are reviewed in this section.

In regard to the detector stability during operation, a limitation when shortening
the IP distance to optimize fill factor is found. If the p-stop is too close to the JTE
surrounding the active area of adjacent pixels, a leakage current channel is formed
between these periphery elements that lead to an early breakdown of the detec-
tor. The phenomenon responsible for such event is known as punch-through [52].
In a nutshell, its mechanism is as it follows. The electric field existing between the
JTE and the p-stop increases as both the doping concentration of the bulk and the



Chapter 3. Design and fabrication of LGADs 55

IP distance decrease. This unavoidably lead to an early breakdown of the device
if such electric field value is sufficiently high so a large leakage current can flow
through the IP surface. Increasing the doping concentration of the high-resistivity
layer wafer would be counterproductive to avoid this problem since, for particle de-
tection applications, we need a bulk that "easily" depletes of charge with a relatively
low reverse bias. This leaves us with the IP distance as the parameter to enlarge
to elude punch-through. Studies about that were reported in [49], [51], finding safe
operational bias ranges (far from breakdown) for pixelated LGADs when IP > 30
pm.

Channel stopper &

p-stop Guard ring & JTE mutiplication layer
photolitography photolitography photolitography

| 4
Passivation Metal N" and contacts
photolitography photolitography photolitography

FIGURE 3.18: Schematics of the photolitographic steps for the manu-
facturing of a detector of 2 x 2 LGAD pixels.

The stability during operation is not the only concern when optimizing the IP
region. Even though an early breakdown of the LGAD can be avoided with an IP
distance of about 30 ym, some charge carries may still punch through from the JTE
to the p-stop, generating spurious signal-like pulses that increase the baseline noise
level and degrade the particle detection measurement. This is known as popcorn
noise [49] and is strongly dependent on the IP distance. As a case in point, IMB-CNM
LGADs with an IP of 47ym were tested before and after being irradiated, founding
high levels of popcorn noise before their breakdown voltage in both cases [50]. In ad-
dition, an increase in the boron concentration peak in the p-stop layer also enhances
the punch-through effect [51]. Reducing such boron peak during fabrication may
look like a plausible solution to avoid this issue. However, for devices thought to be
operated in harsh radiation environments, it can be counterproductive. This is due
to the aforementioned radiation-induced effect, that generates a n-type conductivity
layer by the SiO,-Si interface. That is, if the p-stop boron concentration peak is too
low, the IP region may invert from p to n-type during irradiation, short-circuiting
adjacent pixels. Being all that set forth, one can conclude that the IP region needs
to be carefully optimized for particle detection applications, so a good trade-off is
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found between fill factor, detector stability, popcorn noise and (avoiding) conduc-
tivity type inversion. This is an ongoing hot topic in the field of detector fabrication
for HEP experiments (at the juncture when this thesis is being written) [51].

Refocusing on the subject of manufacturing pixelated LGADs of a certain array,
the discussion presented in this section can be extended to any pixel array beyond a
2 x 2 matrix.
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Chapter 4

Optimization of LGAD core using
TCAD Sentaurus

4.1 Introduction

TCAD Sentaurus simulation is a powerful tool when testing the LGAD functional-
ity before starting its fabrication. This was thoroughly studied in [12] and [24] to
optimize all the periphery elements present in single-pad LGADs. A contribution of
how to optimize and calibrate TCAD simulation for a good prediction of the LGAD
core performance is presented in this chapter. Thus, from now on, just the active
volume of the detector will be considered. Additionally, only 2D simulations will be
addressed, as the inherent symmetry of the planar technology of LGADs allows for
it.

4.2 TCAD Sentaurus simulation of dopant activation and dif-
fusion in silicon

To understand the potential of TCAD in predicting the electrical behavior of an
LGAD, we first need to halt for a bit to discuss how the layers that make up its core
are formed during the fabrication process. These are the N** and the multiplication
layer (Figures 3.11, 3.12), which form the PN junction responsible of triggering the
avalanche mechanism when the LGAD is reverse biased. As presented in the pre-
vious section, such layers are formed by ion implantation, that get further annealed
to activate and diffuse its dopants in a certain manner. The steps that lead us to
construct the core of a traditional IMB-CNM LGAD are listed below. This procedure
was optimized in [12] and [24].

o Growth of a screen oxide of ~100 A via thermal process (85 minutes at 950°C)
during the multiplication layer photolitography level.

¢ Boron implantation at 100 keV, 1.9-10'3 at/cm? and 7° wafer tilt to avoid the
channeling effect (Figure 3.7).

¢ Annealing of the implanted boron with a thermal process at 1100°C for 3 hours.

e Once again, growth of a screen oxide of ~100 A via thermal process (85 min-
utes at 950°C) during the Nt layer photolitography level

 Phosphorus implantation at two different energies and doses: 70 keV and 10
at/cm?, and 150 keV and 5-10'# at /cm?. The wafer is also tilted 7° to avoid the
channeling effect.
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* Annealing of the implanted phosphorus with a thermal process at 1000°C for
30 minutes.

Figure 4.1 shows the TCAD Sentaurus simulation of the impurity concentra-
tion after the implantation and annealing processes for such traditional IMB-CNM
LGAD core. It is important to notice that, while phosphorus for the N** is only
annealed once (30 minutes at 1000°C), boron for the multiplication layer suffers a
few consecutive annealing steps: 3 hours at 1100°C (Annealed Boron in Figure 4.1 (A)
and Annealed Boron (1) in Figure 4.1 (B)) and 84 minutes at 950°C plus 28 minutes at
1000°C (Annealed Boron (2) in Figure 4.1 (B)). As a result, one obtains an overlap of an
and p-type silicon layers which charges compensate around the PN junction to give
a certain profile to the multiplication layer (Net Active in in Figure 4.1 (B)). As long
as the device periphery is well optimized, it is precisely such net active doping pro-
file that is responsible for determining the electrical performance of the LGAD core.
The physical phenomena that gives shape to this impurities concentration during a
thermal annealing are the dopant diffusivity and activation.
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FIGURE 4.1: TCAD simulation of the net active doping concentration
of an LGAD core.

Dopant diffusivity [53] refers to the ability of impurity atoms to move within the
silicon lattice when subjected to high temperatures. This motion occurs as a conse-
quence of the thermal energy provided to the wafer during the annealing process.
The phenomenon is highly temperature-dependent, following an exponential rela-
tionship with it described as [53]-[55]:

oN; E; 02

= Dierp(— ) 2 s (5, N @)

The solution of equation 4.1, where N; is the active doping concentration of the
species j (typically boron or phosphorus), k is the Boltzmann constant, T is the tem-
perature, t is the time, 1y, is the net number of charge carriers in the bulk and
x is the depth in the silicon wafer, are strongly dependent on two parameters that
are empirically obtained by fitting experimental data [53]-[55]. These are the diffu-
sivity pre-factor D; and the activation energy E; of the species j. It is worth noticing
that, if there is only one impurity diffusing into high-purity silicon, np,(x,t) can
be approximated by the average doping concentration of the bulk, eliminating the
dependence of this factor on time and depth. However, if two species of different
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type are co-diffusing in silicon, as is the case during LGAD fabrication (Figure 4.1)
npuik(x, t) will be strongly dependent on time and space around the PN junction. To
put it simply, the diffusion of boron through the LGAD fabrication will be subjected
to the presence and amount of phosphorus (and viceversa) at any instant and depth
during the annealing process, as both impurities are competing to move through
activation sites.

On the other hand, dopant activation [53], [54] refers to the process by which
dopant atoms become electrically active, contributing to the conductivity of the sil-
icon layer where they are present. In order to do so, the impurity atoms need to
locate (by diffusion) in lattice sites, such the aforementioned vacancies or intersti-
tials, where they are able to ionize and contribute to the generation of charge carriers
(electrons in the case of donors, and or holes in the case of acceptors). Regardless of
the chosen annealing time and temperature, TCAD Sentaurus always assumes that
100% of the dopant atoms get activated. This approximation is very close to real-
ity considering the temperatures and times involved in the IMB-CNM core fabrica-
tion process. Regarding diffusivity, TCAD Sentaurus features advanced calibrated
models fitted with experimental data. However, these models are adjusted to diffu-
sion processes carried out in clean-room equipment that are not those of IMB-CNM
[55]. As a result, they do not accurately reproduce the electrical characterization of
LGAD:s fabricated at IMB-CNM, and adjustment and calibration of the models are
necessary for TCAD Sentaurus to be a reliable prediction tool.

4.3 Optimization of the LGAD core design

A real example of a IMB-CNM traditional LGAD batch will be used in order to illus-
trate this fact. Such LGADs correspond to the 6LG2-v2 fabrication run, that will be
extensively studied in Chapter 5. The detectors were manufactured on 150 mm Si-Si
wafers with a 50 ym active thickness on 350 ym low resistivity handle wafer. Figure
4.2 shows the predicted leakage current and capacitance vs reverse bias, along with
actual measurements, at 20°C, for 20 samples of the aforementioned LGAD batch.
A quick look is enough to determine that none of the used Advanced Calibration
versions of Sentaurus is able to reproduce the actual results.
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FIGURE 4.2: TCAD Sentaurus simulation prediction, for different Ad-
vanced Calibration version and at 20°C, of the IV and CV curves for
LGAD:s of the 6LG2-v2 fabrication run.
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Every one of such versions counts with a set of calibrated values for D; and E;
(4.1), among many other parameters. They are listed in Table 4.1. As we may notice,
Ep and Ep barely change from version to version, while Dg and Dp may suffer major
changes. Phenomenologically, the activation energy has always been found to fit
experimental data in a narrower range than the diffusivty pre-factor does. In the
case of boron and phosphorus, values for Eg and Ep were reported in the range [3.25
- 3.87]eV and [3.3 - 3.7]eV, respectively [53]-[55], while values for both D and Dp
may span within few orders of magnitude in the range [~ 0.01 - ~ 10]cm? /s [53]-
[55]. Taking such fact into account, the calibration of diffusivity parameters with
actual measurements was first approached by tuning the pre-factor. Additionally, it
is important to point out the difference in the physical meaning attributed to both
parameters. The activation energy represents the minimum thermal energy required
for dopant atoms to migrate from one site in the silicon lattice to another, while the
pre-factor is defined as the maximum diffusivity that such dopant can achieve when
T — oo. In other words, while the activation energy represents a threshold, the
pre-factor represents an asymptote.

Sentaurus Advanced Calibration - Diffusivity values
Version Dg (cm?/s) Eg (eV) Dp (cm?/s) Ep(eV)
2005.10 0.297 3.57 0.453 3.482
2006.06 0.291 3.57 0.6 3.482
2009.06 0.123 3.57 1 3.55
2013.12 0.123 3.57 0.34 34
2018.06 0.123 3.57 0.23 3.35

TABLE 4.1: Diffusivity pre-factor and activation energy of boron and
phosphorus for different Sentaurus Advanced Calibration versions.

Figure 4.3 shows a 2D sweep on the difference between the simulated and mea-
sured V,; (depletion voltage of the multiplication layer), for IMB-CNM LGADs of
the 6LG2-v2 fabrication batch, for values of [Dp, Dp] in a subrange of the span re-
ported in [53]-[55]. While a great deal of [Dg, Dp] sets lead to Geiger (breakdown
voltage > V) or PiN behavior, a clear linear trend Dg o« Dp is observed, which val-
ues reasonably predict the measured Vg;. A selection of these [Dp, Dp] are listed in
Table 4.2. Furthermore, also the capacitance curves as a whole (and not only the V)
are well predicted for values within such linear trend, as Figure 4.4 shows.
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FIGURE 4.3: Color code mapping of the Dg, Dp sets that better fit the
measured Vg, for IMB-CNM LGADs of the 6LG2-v2 fabrication batch.

A distinction on how a set of values [Dg, Dp] can predict the Ve (or the overall
capacitance) and the Vpp (or the overall leakage current) is also highlighted in Figure
4.4. While different values of [Dg, Dp] result in similar capacitance curves, the same
is not true for leakage current and breakdown voltage Vgp. The nature of this effect
can be understood by examining Figure 4.5.
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FIGURE 4.4: TCAD Sentaurus simulation prediction, for different dif-
fusivity sets (listed in Table 4.2) and at 20°C, of the IV and CV curves
for LGADs of the 6L.G2-v2 fabrication run.
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Sentaurus IMB-CNM Calibration - Diffusivity values
Version Dg (cm?/s) Eg (eV) Dp (cm?/s) Ep(eV)
Set 1 0.5 3.57 0.2 3.35
Set 2 1.0 3.57 0.3 3.35
Set 3 1.51 3.57 0.4 3.35
Set 4 2.01 3.57 0.5 3.35
Set 5 2.48 3.57 0.6 3.35
Set 6 3.0 3.57 0.7 3.35

TABLE 4.2: Diffusivity pre-factor and activation energy of boron and
phosphorus that predict the Vg, of CNM-6LG2-v2 LGADs.

On one hand, the depletion voltage of the multiplication layer depend on the
trade between the peak of active boron and the width of such layer. As the dif-
fusivity of the dopants increase (i.e. Dp or Dp increase), the peak of boron gets
reduced which, in principle, should reduce the voltage at which the layer gets de-
pleted. However, the increase in diffusivity is also translated into a widening of
the multiplication layer, that raises the depletion voltage. As a result, a zero-sum
outcome is obtained, and the V; is kept constant for different shapes of the multi-
plication layer. In Figure 4.5, the widths are calculated as the difference between the
position of the the PN junction and the position at which the doping concentration
reach the bulk one.
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FIGURE 4.5: (A): Simulated doping profiles for the different [Dg, Dp]
sets listed in Table 4.2. (B): peak of active boron and width of the
multiplication layer as a function of the [Dp, Dp] set.

On the other hand, the charge integral of the multiplication layer (that is, the
actual amount of net charge within it) do changes for every one of the [Dg, Dp] sets,
as Figure 4.6 shows. This has a direct effect on the electric field present around the
PN junction when the detector is reverse biased: the higher the integral of charge, the
higher the electric field for a given bias. As a result, the transition between linear and
Geiger mode (e.g. the Vpp) is reached at a lower voltage for higher charge integrals.
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layer for the different [Dp, Dp] sets listed in Table 4.2.(B): Charge in-
tegral of the multiplication layer as a function of the [Dp, Dp] set.

Having discussed this, we may conclude that the breakdown voltage and the
charge integral of the multiplication layer are directly related to the avalanche phe-
nomenon. However, the Vq, is a geometric parameter that is not necessarily linked
to the detector’s gain. Thus, a fit of the diffusivity parameters with the CV mea-
surements only tell us a part of the story. In order to properly calibrate simulation
and reality, we need to have an idea of how the shape and the charge integral of the
multiplication layer is. If our LGAD is modelled as a parallel plate capacitor, this

information can be inferred from the capacitance vs reverse bias measurements as
[56]:

2 9(1/C%*), ., €A
Nw) = ey v ="¢
where N is the doping concentration of the layers that get depleted in the parallel
plate capacitor (the multiplication layer and the bulk for LGADs), w is the depletion
width, A is the area of the capacitor, C is the capacitance, e is the electron charge and
€ is the dielectric permittivity of silicon. It worth remarking that this approach does
not allow us to know the depth or the doping concentration of phosphorus in the
N+ layer, as it never gets depleted.

Figure 4.7 shows the average multiplication layer profile, extracted via Equation
4.2, for IMB-CNM LGADs of the 6L.G2-v2 fabrication batch. The CV curves used to
obtain the profiles are the ones depicted in Figure 4.4. Along with it, the simulated
multiplication layer profiles for the [Dg, Dp] sets listed in Table 4.2 are also shown.
Both graphs display the same data but in linear scale and logarithmic scales. The
profiles are scale in depth so the doping peaks are all shown at the same depth
position.

(4.2)
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FIGURE 4.7: CV extracted boron profiles (via Equation 4.2) for

LGADs of the 6LG2-v2 fabrication batch, shown along with the sim-

ulated profiles obtained via TCAD Sentaurus with the [Dp, Dp] value
sets listed in Table 4.2.

By examining how the simulated leakage current and doping profiles fit with
the measured (Figure 4.4) and the CV-extracted ones (Figure 4.7), respectively, we
may infer that a good prediction is likely to be obtained with a set of diffusivity
parameters [Dp, Dp] in between set 1 and set 2 (Table 4.2). A proper tuning of such
parameters by following the color code map shown in Figure 4.3 gives away that
the set [Dp, Dp]=[0.82, 0.26]cm? /s is able to predict the Ve1, the breakdown voltage
Vap and the shape of the multiplication layer for IMB-CNM LGAD:s of the 6LG2-v2
fabrication batch. The results are shown in Figures 4.8 and 4.9.
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fabrication batch, shown along with the TCAD Sentaurus simulation
obtained with the calibrated set [Dg, Dp]=[0.82, 0.26]cm?/s.
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FIGURE 4.9: IV and CV measurements, at 20°C, for LGADs of

the 6LG2-v2 fabrication batch, shown along with the TCAD Sen-

taurus simulation obtained with the calibrated set [Dg, Dp]=[0.82,
0.26]cm? /s and the Van Overstraeten - De Man avalanche model.

For the simulation of the leakage current and breakdown voltage Vgp, TCAD
Sentaurus offers different avalanche models fitted with experimental data [55]. While
each model may have added or scaled parameters, the avalanche phenomenon is
modeled in each of them with the mathematical expression described in equation

2.1. Thatis, a; o exp(—@), where i refers to the charge carrier type (electrons
or holes), E is the electric field at a given bias, B;(T) is a temperature dependent
parameter, and a; is the impact ionization rate, defined as the average number of
electron-hole pairs that are created within the detector via avalanche mechanism by
unit length.

In all the figures shown in this section, including the calibration displayed in
Figure 4.9, the avalanche model used is the one by default in TCAD Sentaurus: the
Van Overstraeten - De Man model. An overview of how such model was parame-
terized and fitted with experimental data can be found in [25]. Despite all avalanche
models in Sentaurus follow the same qualitative behavior (e.g. the higher the boron
peak in the multiplication layer, the lower the predicted Vpp), the Van Overstraeten
- De Man model is the only one able to predict all the IMB-CNM experimental data
presented in Figure 4.9. Moreover, the parameters of such model did not need to be
tuned, as it was the case of the diffusivity model parameters. It is worth remarking
that this is not a common occurrence, and typically the avalanche model parameters
need tuning from its original fitted values in order to predict the behavior of LGADs.
An great review of how this is done can be found in [57]. The difference between
the fit of the avalanche parameters found in such studies and the one presented in
this section (e.g. no fit) lies solely on the experimental data it was done through.
While in both cases the starting point is a CV-extracted boron profile of the multi-
plication layer, in [57] such fit was done by using the measured gain response to IR
light illumination under certain conditions, while in here we are just adjusting the
breakdown voltage.

Having said all that, one may conclude that the fitted parameters in any simula-
tion model (either diffusivity or avalanche) is always subjected to the experimental
data we are trying to reproduce. In other words, TCAD Sentaurus is a tool that needs
to be fed with data in order to give away a reasonable prediction of what to expect
of future measurements of the same kind.
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4.4 The importance of quality control during the fabrication
process

The work presented in the previous section becomes meaningless if we do not know
in advance certain parameters related to the manufacturing process. In particular for
the LGAD core performance, the screen oxide prior implantation, the wafer thick-
ness and the temperature ramps during the annealing steps are the most critical. As
stated in section 3.3, the construction of the multiplication and N** layers is done
via ion implantation through a screen oxide of a certain thickness (typically of the
order of 100 A). The presence of the screen oxide helps to mitigate surface damage
and the channeling effect, but it can also change the shape of the LGAD PN junc-
tion with dependence on its thickness. For the IMB-CNM LGADs of the 6LG2-v2
fabrication batch that were studied in the previous section, the average screen oxide
thickness across the wafer was 206 A for boron implantation (multiplication layer)
and 105 A for phosphorus implantation (N*++). Figure 4.10 shows how the doping
profile, breakdown voltage at 20°C and Vj; for such IMB-CNM fabricated LGADs
can change as a function of the screen oxide growth prior to the multiplication layer
implantation when the one of the N*+ is kept fixed at 105 A.
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FIGURE 4.10: TCAD Sentaurus simulation of the doping profile,

breakdown voltage at 20°C and V,; for IMB-CNM LGADs of the

6LG2-v2 fabrication batch, as a function of the screen oxide growth
prior to the multiplication layer implantation.

The simulation shown in Figure 4.10 (and all the upcoming in this subsection)
was performed with the diffusivity calibrated set [Dp, Dp]=[0.82, 0.26]cm?/s and
the Van Overstraeten - De Man model avalanche model. Let us discuss the results in
such figure.

Thicker screen oxide causes the implanted boron ions to lose more energy through
it before they reach the silicon. Thus, their penetration depth into the bulk gets re-
duced or, in another words, the implanted boron ions will be more piled-up near the
oxide-silicon interface for thicker screen oxide windows. As a result, the following
annealing will lead to boron profiles that are more peaked near such oxide-silicon
interface. Given this scenario, the subsequent implantation and diffusion of phos-
phorus (NT) into the multiplication layer will neutralize the boron p-type effect
in a greater extent, effectively reducing the peak of boron concentration around the
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LGAD PN junction. In short, a thicker screen oxide for the multiplication layer im-
plantation will reduce the boron peak of the further fabricated PN junction, hence
reducing the V,; and increasing the Vpp of the manufactured LGAD.

The opposite occurs in the case of the the N+ layer implantation. As thicker
screen oxides will stop the phosphorus ions closer to the wafer surface, the neu-
tralization of the boron p-type effect is less pronounced in this case. As a result, a
thicker screen oxide for the N will enhance the boron peak in the multiplication
layer, hence increasing the V,; and reducing the Vpp of the manufactured LGAD.
This is depicted in Figure 4.11, where the screen oxide growth prior to the multi-
plication layer implantation was kept fixed at 206 A while the one for the N** was
swept.
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FIGURE 4.11: TCAD Sentaurus simulation of the doping profile,

breakdown voltage at 20°C and V,; for IMB-CNM LGADs of the

6LG2-v2 fabrication batch, as a function of the screen oxide growth
prior to N* layer implantation.

The thickness of the raw wafer (i.e. before fabrication) is also a key parameter to
determine before planning the manufacturing process. As thinner detectors require
a smaller bias to reach the same electric field intensity compared to thicker detectors,
the first will tend to have a lower breakdown voltage than the latter when they are
fabricated in the same way. This is shown in Figure 4.12. It is worth noticing that the
Vi1, in contrast to the breakdown voltage, is not dependent on the bulk thickness.
The wafers used for the IMB-CNM 6LG2-v2 fabrication batch had an average high-
resistivity bulk of 50 ym.
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FIGURE 4.12: TCAD Sentaurus simulation of the breakdown volt-
age at 20°C and Vg for IMB-CNM LGAD:s of the 6LG2-v2 fabrication
batch, as a function of the raw bulk thickness.

Throughout the chapter, we have been stating that the annealing processes are
carried out for a certain temperature and time (i.e. the annealing of the multiplica-
tion layer, at 1100°C for 3h). Nevertheless, we have overlooked a very important
detail about these processes, which are the time ramps for heating up and cooling
down. The shape of the diffused PN junction is highly sensitive to such ramps, as
implanted dopants will diffuse for longer or shorter depending on the time that it
takes to reach the desired annealing temperature. This is depicted in Figure 4.13,
where the ramp time to 1100°C for the multiplication layer annealing is evaluated vs
the electrical performance of the manufactured LGAD. While every furnace may op-
erate with specific ramps provided by the manufacturer, knowing them in advance
is essential to make a good simulation prediction. The time ramp during the an-
nealing of the multiplication layer for the IMB-CNM 6LG2-v2 fabrication batch was
10°C/min.
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FIGURE 4.13: TCAD Sentaurus simulation of the doping profile,

breakdown voltage at 20°C and V,; for IMB-CNM LGADs of the

6LG2-v2 fabrication batch, as a function of time ramp to reach 1100°C
in the multiplication layer annealing of 3h.
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4.5 Future work on TCAD Sentaurus simulation

So far we have covered the means to calibrate TCAD Sentaurus simulation models
for it to become a reliable prediction tool. However, it is worth highlighting that the
content presented in this section is merely a first stepping stone for future work.

The furnaces at the IMB-CNM were replaced with new equipment during the
period 2020-2022. As aforementioned, the tune of parameters included in physical
models (e.g. diffusion) with experimental data is highly subjective to the fabrication
conditions. In other words, we may empirically obtain the same result twice only
if the same conditions are replicated twice. LGADs of the 6LG2-v2 batch have been
the first manufactured with this new IMB-CNM furnace equipment and for which
all the fabrication parameters stated in the last subsection are known. That is, the
validation of the calibrated diffusivity parameters presented in Figures 4.8 and 4.9
will have to be tested with new LGAD productions fabricated in the same way as the
6LG2-v2 batch was. Moreover, LGADs from such batch were carbonated, a typical
technique for High Energy Physics experiments that will be discussed in the follow-
ing chapter. For the moment, we will just point out that the addition of carbon within
the PN junction alters the diffusivity of both boron and phosphorus through intersti-
tials. Consequently, the diffusivity parameters tuned during Section 4.3 correspond
only to those of boron and phosphorus diffusion through interstitial lattice sites. In
the event of evaluating the electrical performance of LGADs via TCAD Sentaurus,
the calibrated simulation shown in Figures 4.8 and 4.9 may be obsolete if either the
devices are not carbonated or the implantation strategy for carbon is not identical as
the one used for the 6LG2-v2 batch.

Lastly, not only the manufacturing conditions can determine the trustworthiness
of an empirical tune of diffusivity or avalanche models. The sort and the conditions
of the measurements to do so are also crucial. In particular, only leakage current
at 20°C, capacitance and CV-extracted doping profile measurements were evaluated
in the simulation calibration presented in the previous section. The availability of
more data, such as gain response to different particle species, leakage current de-
pendence on temperature or doping profiles extracted by other means different of
CV-extraction may re-adapt such calibration for it to portray a more consistent pre-
diction tool.
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Chapter 5

LGADs for High Energy Physics
experiments

5.1 Introduction

In Chapter 2, the importance of LGAD technology in the field of HEP experiments
was briefly discussed. In this chapter, we will delve deeper into this topic, with
special emphasis on how IMB-CNM fabricated LGADs have gradually improved
their hardness for high-radiation environments. Before we get into it, it is worth to
itemize the reasons why LGAD technology is highly valued for HEP experiments.
It is important to note that all the enhancements listed below are attributed to an
LGAD when its performance is compared with that of a standard PiN detector (see
section 2.2).

LGADs employ the avalanche multiplication mechanism to increase the num-
ber of radiation-generated charge carriers, hence amplifying the output signal. Ad-
ditionally, LGADs are designed to operate at a moderate gain (5-30), which mini-
mizes the excess noise factor associated with higher levels of charge multiplication
(e.g. APD-like detectors). Having an amplified radiation-generated signal without a
striking noise increase results in an improvement of the SNR. In contrast, PiN detectors
do not have this internal amplification mechanism, resulting in a lower output sig-
nal for the same incident radiation, which often cannot be resolved when compared
to the noise contribution from external electronics.

As the SNR improves, so does the ability of an LGAD to precisely determine the
location where particles interact, which leads to an enhancement of the space resolu-
tion. In another words, the chances of missing the signal that pinpoints the location
(i.e. the pixel) of an interaction event within a pixelated LGAD are diminished when
compared to a pixelated PiN detector.

Furthermore, the charge multiplication mechanism inherent to LGADs allows us
to reduce the thickness of its active volume without compromising its SNR perfor-
mance in a drastic manner. For instance, a typical LGAD has a thickness of ~50 ym,
while standard PiN detector are generally 300 ym thick. A reduced thickness of the
detector allows a swifter collection of the radiation-generated charges as, in average,
they have to cover less distance to the electrodes. Additionally, the high electric field
present in an operational LGAD enables an acceleration of such charges, fastening
the signal collection ever further. As a result, an improvement on the time resolu-
tion is obtained, which is a key parameter to avoid the pile-up phenomena between
interaction events (see section 1.5).

Lastly, LGADs suppose a great improvement in terms of radiation hardness. It
is worth emphasizing that, while there are strategies to further enhance it, LGADs
are more radiation resistant than PiNs by very design. In order to understand why



Chapter 5. LGAD:s for High Energy Physics experiments 71

is that so, we need to address the nature and effects of radiation damage in silicon
detectors.

5.2 Radiation damage in LGAD and PiN detectors

As discussed in Chapter 1, the semiconductor properties of silicon make it one of
the best candidates for particle detection applications, and its features can be fully
understood in terms of the band theory of solids (see section 1.2). In short, it is the
specific bandgap of silicon, along with the particular energy levels that certain impu-
rities (such as boron or phosphorus) add within such bandgap, that make it effective
to create PN junctions able to deplete and function as a radiation-generated signal
collectors. These properties have its nature on how the silicon atoms, or its added
impurity ones, arrange in the semiconductor crystalline lattice. If such arrangement
is altered, the potential of silicon as a particle detector material may be drastically cut
down. Its exposure to high levels of irradiation has this precise effect, as it induces
physical changes in the crystalline lattice that lead to the degradation of the detector
functionality. This phenomenon is the so-called radiation damage, and its main effects
in an LGAD or a PiN performance are briefly discussed in this section. Typically,
radiation damage is categorized in bulk and surface damage, understanding the first
as the one suffered at the very silicon bulk and the latter as the one suffered at the
interfaces of silicon with other materials (mainly at the SiO,-Si interfaces). From a
microscopic point of view, the nature of radiation damage is as it follows.

On one hand, bulk damage is caused by the collision of the incident radiation
particles with the silicon atoms, displacing them from their regular sites in the crys-
talline lattice (the so-called displacement damage). Elastic nuclear collisions of imping-
ing charged ions or neutrons with the silicon nuclei are the most damaging reaction
for detectors [58], [59]. In a lesser extent, high energetic electrons may also displaced
silicon atoms from its lattice sites. This high energy particles may be primary, under-
stood as being the radiation aimed to be detected by the sensor, or secondary, as the
products of another reaction occurring within the bulk of silicon under the incidence
of primary radiation. A few examples are listed below, and a more comprehensive
reading of the matter can be found in [58]-[60].

* Remnants of inelastic nuclear reactions. Light charged ions (typically protons and
alpha particles) or neutrons may be absorbed by the silicon nuclei, generating
unstable isotopes within the crystalline lattice. When they decay into a more
stable isotope, other high energy particles are emitted within the silicon bulk,
including protons, neutrons, alpha particles, electrons or even x and gamma-
rays.

* Remnants of gamma-ray reactions. While silicon detectors are not generally used
for gamma-ray detection (see Chapter ), they can be generated in some inelastic
nuclear reactions. The presence of gamma rays in the silicon bulk may trigger
nuclear reactions that lead to the generation of other high energy particles,
such as electron-positron pairs, neutrons, protons of alpha particles.

e Ejected electrons from x-ray absorption. As stated, some inelastic nuclear reactions
lead to the emission of x-rays, that can be absorbed by electrons in an atomic
orbit, that are in turn ejected from it. It is worth remarking that these electrons
are often not energetic enough to trigger displacement damage in the lattice,
so they typically represent a negligible contribution to bulk damage compared
to the previous examples.
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To summarize, any impinging particle that has enough energy to displace a
silicon atom from its position in the crystal lattice (either directly, as in the case of
protons or neutrons, or indirectly, as in the case of gamma rays) is a source of bulk
damage for the detector. These displaced atoms are often referred in the literature
as defects in the crystalline structure. In short, the main consequence of having a
large number of radiation induced defects within the bulk is that the original high-
quality silicon changes its band structure properties. In detail, it translates into sev-
eral changes in the detector’s electrical performance, whether we are talking about
a PiN or an LGAD.

On the other hand, surface damage at the SiO,-Si interface is caused by the same
means of bulk damage. In particular, it is due to the introduction of radiation-
induced defects on it that act as acceptors [43]-[46]. That is, such induced defects
are traps for electrons, hence reducing the number of them within the interface and
generating a layer of positive fixed charge on it. As a consequence, an electric field is
created, which extends into the silicon beneath the oxide. In response to it, electrons
accumulate in the silicon bulk close to the interface, generating an effective n-type
conductivity layer all over the silicon surface. This phenomenon explains the need
for p-stop or p-spray construction during LGAD fabrication for HEP experiments
(see section 3.2). It is mandatory to point out that the aforementioned phenomenon
can happen at the SiO,-Si interface even in the absence of displacement damage
within it. Such interface intrinsically has a higher density of acceptor-like defects
[43], so any radiation, primary or secondary, capable of ionizing SiO; in a sufficient
extent (e.g. x-rays) can lead to hole-trapping within it. In another words, displace-
ment damage boosts the generation of a acceptor-like defects at the SiO,-Si interface,
with the subsequent creation of an n-type conductivity layer on the silicon surface.
However, a certain density of such defects is always already present at the interface
due to the very nature of it. As a result, any pixelated silicon detector (LGAD or
PiN) built up on high-resistivity p-type silicon needs a p-stop or p-spray structure
to assure isolation between pixels, as long as the sensor has a chance to be exposed
to radiation able to ionize SiO;.

Finally, it is worth mentioning that radiation damage in silicon is typically scaled
to 1 MeV neutron equivalent (1., for short), that is, to the damage caused by fluxes
of neutrons of 1 MeV. Such standard provides a consistent and comparative measure
of the effects of different types and energies of radiation on silicon [59]. The reason
of picking 1 MeV neutrons to scale the effects of radiation damage is not trivial but,
historically, neutrons were one of the first types of radiation studied for its effects on
materials and electronic devices, resulting in a large and comprehensive set of data,
particularly around the 1 MeV range [61].

5.2.1 Leakage current increase

As discussed, the displacement damage caused by high-energy particles introduces
mid-gap energy levels in the semiconductor energy band. This facilitates thermal
excitation of charge carriers to the conduction band and increases the bulk leak-
age current of the devices. Such increase has been found to be quasi-linear with
the irradiation fluence for PiNs [62]. However, the same does not always apply for
LGAD:s. If the inner gain of the device is sufficiently high, the leakage current may
decrease as a function of the irradiation fluence [63]. The reason behind that relies
on a counterbalance between the radiation-induced increase in leakage current and
the loss of gain by the same means. The physical phenomena behind this effect are
the conductivity type inversion and the acceptor removal, which will be addressed
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in the following subsections. On the other hand, the surface damage at the SiO,-Si
interface also facilitates surface leakage current paths. However, its effects are less
pronounced than bulk current if a p-stop or p-spray has properly been constructed
during the LGAD fabrication (see section 3.2).

The drawbacks that the radiation-induced increase of leakage current cause on
the devices are the following. The inner amplification mechanism inherent to LGADs
aims to detect small signals generated by any impinging particle, which implies that
a good SNR and timing resolution between events is crucial for its role. Since it
contributes to the noise level, a high leakage current may reduce the possibility of
distinguishing between the generated signal and the very noise. Thus, the lower
the leakage current, the better the sensitivity of the detector. Also, the leakage cur-
rent causes an impact on the power consumption of an LGAD. The higher it is, the
more the power that is dissipated within the detector. As a result, an increase on
heat generation takes place that might require supplementary cooling mechanisms
over the extended periods that LGADs require to be operational during some HEP
experiments.

5.2.2 Conductivity type inversion

Displacement damage can also cause conductivity type inversion in silicon by intro-
ducing the aforementioned midgap energy states. In short, high levels of irradiation
may convert p-type silicon into n-type one and vice-versa, depending on the charge
state of the introduced defects (acceptor or donor-like). While this effect depends
strongly on the initial doping concentration of the silicon layers under irradiation,
p-type to n-type inversion is less prevalent to occur than the other way around [44]-
[46]. That is the reason why any LGAD meant to be used in harsh radiation environ-
ments is fabricated on p-type wafers. N-type to p-type inversion is more prevalent
when silicon is irradiated primarily due to the nature of the defects created by the
irradiation process and their interaction with the dopants in silicon. The key factors
for this phenomenon are hereunder detailed.

Irradiation tends to introduce defects in the silicon lattice that act as acceptors
[44]-[46]. That is, such defects act as traps for free electrons, thereby reducing the
number of them within the semiconductor and effectively creating a p-type region.
This is more effective in n-type silicon, where the majority carriers are electrons. Fol-
lowing that, the impinging high-energy particles can displace donor atoms (phos-
phorus) from their active lattice sites, neutralizing their donor effect. This results in
a reduction of the donor concentration in n-type silicon, which decreases the number
of free electrons, hence pushing the material towards p-type behavior even further.

In p-type silicon, acceptor atoms (boron) may also be displaced or neutralized by
irradiation. This is the so-called acceptor removal effect, key phenomenon in LGADs
for hard radiation environments. Nevertheless, the resultant defects from acceptor
removal do not compensate in p-type silicon as effectively as they do for donor re-
moval in n-type silicon. The reason behind that is a counterbalance between accep-
tors being neutralize (via boron-particle interaction) and acceptor-like defect states
being created (via silicon-particle interaction).

5.2.3 Acceptor removal effect

Another known effect of high levels of irradiation in silicon sensors is the aforemen-
tioned acceptor removal effect [64], which is is directly linked to the conductivity type
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inversion phenomenon happening in the multiplication layer. As discussed in previ-
ous chapters, the high electric field that allows the charge multiplication mechanism
in LGADs depends directly on the active doping concentration of boron in the mul-
tiplication layer. Thus, and even though such layer is so doped that hardly gets fully
neutralized, a reduction of its active boron will straightforward cause a decrease on
the achievable electric field for a given bias, hence degrading both the SNR and the
timing performance of the device. In terms of their electrical performance, this effect
will translate into an increase of the breakdown voltage and a decrease of the gain
layer depletion voltage (V) [63].

5.2.4 The role of carbon

From a physical standpoint, acceptor removal has its effects on the interstitials-like
defects introduced in the crystalline lattice by displacement damage. In a nutshell, an
interstitial site (either already existing in the lattice of radiation generated) are empty
spaces between the regular lattice points where silicon atoms are usually located
[564]. These sites can be occupied by another atom species that typically are smaller
in size than the silicon atoms, as they can be arranged into the interstitial spaces
without causing significant lattice distortion. As boron atoms are indeed smaller in
size than silicon ones, a striking increase of interstitial-like defects by irradiation act
as a trap for these acceptors, removing them for its substitutional active sites and
neutralizing them by forming defects complexes, mainly within interstitial silicon
or oxygen atoms naturally present in the lattice [64].

Carbonation of LGADs is a known technique to mitigate the acceptor removal
effect [65]. Despite carbon being a neutral impurity for silicon (that is, it acts neither
as an acceptor nor as a donor), its atoms, smaller in size than silicon’s, compete with
the boron ones when occupying the interstitials introduced within the multiplica-
tion layer by displacement damage [64]. Moreover, carbon can also interact with
interstitial oxygen to compite with boron in the formation of the aforementioned de-
fect complexes [64]. Therefore, implanting and diffusing a carbon layer alongside
with the multiplication layer helps reducing the deactivation of boron during high
irradiation experiments [65].

Conversely, the introduction of carbon on the active volume of an LGAD may
imply an increase of the leakage current. This effect has a similar nature as irradia-
tion at high energies. When present in high concentrations, carbon atoms alter the
structure of the silicon lattice, introducing mid-gap levels that permit charge carriers
to reach the conduction band. However, the mitigation of the acceptor removal ef-
fect by carbon addition can positively balance the reduction of the SRN and timing
performance by increase of leakage current due to carbonation [66].

Furthermore, the silicon defects intrinsically introduced in the lattice by the very
process of carbon implantation can serve as active sites for boron. This added effect,
known as carbon co-doping silicon amorphization [67], allows boron to get activated in
lattice sites closer to the surface of the detector, modifying the shape of the PN junc-
tion and enhancing the boron peak in the multiplication layer, hence amplifying the
electric field of the LGAD at a given bias and the charge multiplication mechanism
along with it.

Last but not least, it has been observed that, in carbon-implanted silicon, the
diffusion of boron and phosphorus is altered during the manufacturing process. In
particular, the presence of interstitial carbon within the lattice blocks one of the main
diffusion paths for these dopants (their motion through empty interstitial spaces),
forcing them to be activated in sites that are closer to the detector surface. This



Chapter 5. LGAD:s for High Energy Physics experiments 75

effect is known as carbon enhanced suppressed diffusion [68], [69], and its outcome is
a modification of the charge compensation between phosphorus and boron around
the PN junction when diffusing. The displacement of the N** layer towards the
sensor surface allows for the boron partially buried behind it to get de-neutralize
(Figure 5.1). As a result, the peak of boron in the multiplication layer is enhanced in
the presence of carbon, hence increasing the electric field peak of the device around
the PN junction for a given bias. The simulation in Figure 5.1 was carried out to
replicate the fabrication of IMB-CNM LGADs of the 6LG2-v3 batch (Section 4.3).
The effects of the carbon enhanced suppressed diffusion are clear for both dopants,
which indicate that TCAD Sentaurus takes such phenomenon into account.
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FIGURE 5.1: (A) TCAD Sentaurus simulation of the boron and phos-

phorus doping profiles around the PN junction, in a IMB-CNM fab-

ricated LGAD, with and without the presence of a carbon layer. (B):
Same as (A) but showing the net active doping profiles.

In summary, implanting a carbon layer around the LGAD PN junction act as
a mitigator for the acceptor removal effect inherent to irradiation. In addition,
the combination of carbon co-doping silicon amorphization and carbon enhanced
suppressed diffusion results in having LGADs with a higher peak of boron in the
multiplication layer, thus having a better performance in terms of charge multipli-
cation.

LGADs with carbon co-doping have been the baseline for the ATLAS and CMS
experiments phase-II upgrade at CERN, one of the biggest and more ambitious HEP
experiments of the decade. The IMB-CNM has actively participated in the manufac-
turing of LGADs for such experiments under the RD50 collaboration [2]. Before get-
ting into the fabrication and characterization of the IMB-CNM carbonated LGADs,
let us first briefly discuss the main features of the ATLAS and CMS experiments
phase-II upgrade.

5.3 The ATLAS and CMS experiments phase-II upgrade

The sought to answer questions about the origins of mass, the nature of dark mat-
ter, and the fundamental forces governing the universe led to the creation of CERN
(Geneve, Switzerland) and the Large Hadron Collider (LHC), the world’s most pow-
erful particle accelerator [1]. Operative since 2008, it consist of a 27-kilometer ring
where protons are accelerated close to the speed of light and then smashed together
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in high-energy collisions. These collisions recreate conditions similar to those just
moments after the Big Bang, allowing scientists to explore the fundamental compo-
nents of matter.

Two of the flagship experiments designed to take on this zealous task are ATLAS
(A Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid). The primary
goal of ATLAS is the search for new particles (including the Higgs boson, discovered
within this experiment in 2012 [28]) either within or beyond the Standard Model [1].
CMS focuses on similar scientific goals as ATLAS, and the differences between the
two experiments relies mainly on their size and magnet type. On one hand, ATLAS
is a largest experiment, being 46 m long and 25 m in diameter, while CMS is more
compact, with a length of 21 m and a diameter of 15 m. On the other hand, ATLAS
employs a toroidal magnetic field generated by eight large superconducting magnet
coils arranged in a cylinder around the beamline, while CMS accelerates the protons
using a magnetic field produced by a single large superconducting solenoid magnet
[1].

Despite ATLAS and CMS were designed with different focuses, such differences
make them complementary rather than one being better than the other. As a case in
point, the larger size of ATLAS, particularly its extensive muon spectrometer, pro-
vides greater coverage and the ability to track muons more effectively over a larger
volume. This can be particularly beneficial to identify certain types of particle decays
that involve muons. Conversely, the more compact design and stronger magnetic
field of CMS allow for more accurate measurements of charged particle momenta,
which is crucial for many physics analyses, including detailed studies of radioactive
decays and searches for new particles. Most importantly, having the same exper-
iment with different designs allows for independent verification of results. Addi-
tionally, the differing designs mean that each experiment has its systematic uncer-
tainties, so cross-checking results between ATLAS and CMS helps to identify and
reduce them. A great example of this can be found in [70], where the uncertainty
in the measurements of the top quark mass was highly reduced when combining
ATLAS and CMS data.

Both experiments were constructed by international collaborations involving thou-
sands of scientists, engineers, and technicians from institutions worldwide. One of
them is the aforementioned RD50 collaboration [2], which started on 2001, years be-
fore the first operational date of the LHC, and finished on early 2024. It aimed to
cope with the operational limits of standard silicon detectors to the harsh radiation
environments inherent to the LHC particle energies and fluxes. In particular, part
of the RD50 collaboration where the IMB-CNM has been involved with targeted to
design, fabricate and test LGADs for the ATLAS and CMS phase-II upgrade [3], [4],
which aimed at preparing these detectors for the High-Luminosity Large Hadron
Collider (HL-LHC), set to start in the late 2020s’. In short, the HL-LHC will signifi-
cantly increase the proton-proton collision rate (often referred to as luminosity in the
literature) by a factor of ~10 [3], [4], allowing for more data to be collected in shorter
times and enhancing the potential for discovering new physics.

Increasing the luminosity of the ATLAS and CMS experiments has two direct
consequences on the silicon sensors composing the inner layers of the detector. On
one hand, the radiation fluences that they have to suffer over the operational period
of the experiment is increased. On the other hand, having a higher collision rate
unavoidably raise the probability of pile-up during consecutive events. Overall, the
challenges that silicon detectors have for the ATLAS and CMS experiments phase-1I
upgrade is the optimization of both their radiation hardness and timing resolution.
In particular, the High Granularity Timing Detector (HGDT) [71] and the Endcap
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Timing Layer (ETL) [72] of the ATLAS and CMS phase-II upgrade, respectively, are
the ones where this chapter is entirely focus. They are schematically depicted in
Figures 5.2 and 5.3
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FIGURE 5.3: Schematics of the ETL within the CMS detector [4]

Both the HGTD and the ETL are an arrange of timing sensors composing one
of the innermost layers of the HL-LHC detection system (Figures 5.2 and 5.3). That
is, such sensors are very close to the beamline, which translates into being the ones
receiving most of the irradiation dose inherent to the experiment. Furthermore, the
sensors within the HGTD and ETL disk that are closer to the beamline take the worst
part, as the expected irradiation fluences for them exceed 10" Neq/ cm? [71], [72]. Al-
though there are particular requirements depending on whether the LGAD will be
integrated into the HGTD or the ETL, it is worth emphasising some general chal-
lenges common to both detectors.

e Technology long-term reliability. The fabricated LGAD must fulfil acceptable op-
erational characteristics from the beginning to the end of the experiments. Be-
fore irradiation, LGADs have to maintain a good trade between their break-
down voltage Vpp and their full depletion voltage Vrp. This translates into
having an operational voltage range (see section 2.3.3) large enough so the
LGADs can function at the desired gain (i.e. desired Collected Charge or CC
and timing resolution for a mip), at full depletion and at biases not very close
to their breakdown voltage. During and after high irradiation fluences, the
trade-off has to be maintained between the CC and timing resolution, both de-
graded due to the loss of gain via acceptor removal effect, and the maximum
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operational voltage. Such maximum was consensually chosen as 11V / um (550
V for a 50 ym detector) [71], [72], far enough from the average electric field at
which the Single Event Burnout (SEB) effect takes place. In short, SEB refers
to a phenomenon where a single particle or ionizing event causes permanent
damage or destruction of a pixel or localized region within the detector. This
effect was observed to be particularly relevant for highly irradiated detectors
[73].

* Large scale manufacturing yield. HGTD and ETL require pixelated LGAD de-
tectors of relatively large area (of the order of ~1 cm?) with an exceptional
uniformity and yield of 100% (that is, without any malfunctioning pixel). This
supposes an outstanding challenge from a technological standpoint, as main-
taining uniformity across a large silicon detector is arduous. Variations in dop-
ing concentrations, layer thicknesses, and material properties can result in non-
uniform performance or even local malfunction. Furthermore, pixels near the
edges of the wafer are more prone to defects due to edge processing issues (e.g.
the very handling of it).

* Optimized fill factor. For pixelated LGAD devices, the fill factor refers to the
ratio of the active area, where avalanche multiplication occurs, to the total de-
tector area. Ideally, a fill factor of 100% is desirable, but for traditional IMB-
CNM pixelated LGADs as the ones described in Chapter 3 this is not possible.
Periphery elements such as the guard ring and the JTE unavoidably take up
area where the charge deposited by an impinging particle will not be mul-
tiplied. The interpad distance may indeed be optimized to reduce the non-
multiplication area. Nevertheless, a good trade-off has to carefully be main-
tained between such distance and the appearance of the popcorn noise (see
section 3.3). While there are innovative LGAD designs to achieve a 100% fill
factor, they are not contemplated for the ATLAS and CMS experiments phase-
IT upgrade. Such designs will be addressed in Chapter 7.

The particular specifications for the HGTD and the ETL in terms of sensor geom-
etry and electrical performance before and after irradiation (with 1 MeV neutrons)
are presented in Table 5.1. It is worth remarking that the specifications for the
ATLAS HGTD and CMS ETL sensors have changed through the years, and those
detailed in Table 5.1 are the most up to date (2023 for ATLAS and 2024 for CMS). For
every LGAD run to be addressed in the chapter, the ATLAS HGTD and CMS ETL
requirements will be specified for those applicable at the time of each fabrication
batch completion.
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CMS ETL LGAD sensor specifications (May 2024)

Geometrical sensor properties

Active thickness D D =55+5um
Pad array 16x16 pixels
Pad size 1.3x1.3 mm?
Interpad distance (IP) 40 ym < IP <70 um

Unirradiated sensors

performance at 20°C

Ve

20V < Vg <55V

Full depletion voltage Vrp

Vip < Vg + 10V

Operation voltage V,, (definition)

Vop > 180 V. Bias at which the sensor
provides 15 fC of CC for a mip

Breakdown voltage Vip

Vep <330V

Maximum voltage of operation
VMaxOp

Vop +30V < VMaxOp <Vgp—10V

Pad leakage current

Ipag < 200 nA up to Vparop

Total leakage current

It <20 pA up to Vivaxop

Time resolution at V,,

< 50 ps

Time resolution at Viaxop

< 40 ps

Irradiated sensors at 1.5

- 10" 1y /cm? and -25°C

Maximum voltage of operation
VMaxOp

VMaxOp/D <11 V/]H’Tl

Total leakage current at Viaxop

Izo < 400 pA

CC at Vmaxop > 8 {C
Time resolution at Viaxop < 50 ps
ATLAS HGTD LGAD sensor specifications (May 2023)
Geometrical sensor properties
Active thickness D D =50=£5um
Pad array 15x15 pixels
Pad size 1.3x1.3 mm?

Interpad distance (IP)

IP =50+ 10 ym

Unirradiated sensors

performance at -30°C

Ve

Ve < 60V

Full depletion voltage Vrp

Vip < Vgl +90V

Operation voltage V,, (definition)

Vop/D <11 V/um. Bias at which the
sensor provides > 10 fC of CC for a
mip

Maximum voltage of operation
VMaxOp

VMaxOp/D =11 V/Vm

Breakdown voltage Vzp

Vep > Vep +30 V.
(VBD - Vgl)/D > 0.7 V/ym

Pad leakage current

Teq < 200 1A at Vi

Total leakage current

Iy < 2 ;4A/cm2 at Vo

Time resolution at V,,

< 40 ps

Irradiated sensors at 2.5 -

10" 110y /cm? and -30°C

Maximum voltage of operation
VMaxOp

VMaxOp/D <11 V/ym

Total leakage current for D = 50 ym

Itor < 160 ;tA/cm2

CCatV <« VMaxOp

> 4 {C

Time resolution at V' < Viyaxop

< 50 ps

TABLE 5.1: Technical and geometrical specifications for the CMS ETL
and ATLAS HGTD LGAD sensors
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5.4 Review of previous IMB-CNM LGAD runs

Prior to the beginning of this thesis, three LGAD fabrication runs for the ATLAS
HGTD and CMS ETL phase-II upgrade were manufactured at IMB-CNM within the
scope of the RD50 collaboration. The electrical performance of such LGADs was ex-
tensively studied in [24], [74]-[77] and a brief review of its main results is given in
this section. The technology code for every LGAD manufacturing batch will read
as x1LGx, — vx3, where x; is the size in diammeter of the raw wafer (4 for 4 inches
or 100 mm and 6 for 6 inches or 150 mm), x, labels the type of wafer (1 for thick
FZ wafers, 2 for Si-Si and 3 for epitaxial wafers) and x3 indicates the number of
times that the run was produced under the previous conditions (e.g. the version
of it). Additionally, the measurements of the CC and time resolution for a mip pre-
sented in this section were carried out at the Institut de Fisica d”Altes Energies (IFAE,
Barcelona) and the Instituto de Fisica de Cantabria (IFCA, Santander) with a radiac-
tive Sr-90 source. All the data shown in this section’s tables and figures was extracted
from [24], [74]-[77]. In particular, the methodology to infer such data can be found
in [76], [77].

5.4.1 Non-carbonated IMB-CNM LGADs

The first LGAD fabrication run for the ATLAS HGTD and CMS ETL upgrade was
the 4LG2-v2 batch, fabricated on 100 mm high-resistivity p-type Si-Si wafers. It was
followed by the 6LG3-v1 batch, fabricated on 150 mm high-resistivity p-type epi-
taxial wafers. Both LGAD productions are extensively studied in [24], [76]. The
4L.G2-v2 run mask was composed of single-pad and pixelated structures, while the
6LG3-v1 one was solely comprised of single-pad LGADs. Nevertheless, the charac-
terization to determine the reliability of the productions to fulfill the ATLAS HGTD
and CMS ETL requirements was carried out on single-pad LGADs only. As pre-
viously mentioned, the ATLAS HGTD and CMS ETL sensors specifications have
changed through the years, so the 4LG2-v2 and 6LG3-v1 runs were targeted to ful-
filled the official requirements by the time of their manufacturing. Table 5.2 shows a
compilation of such specifications, along with a summary of the characterization of
single-pad LGADs from the 4LG1-v2 and 6LG3-v1 runs.

Let us discuss the overall results shown in such tables. On one hand, 4LG2-v2
devices turned to have a very narrow operational voltage range as produced. Their
Vrp was about 42 V, while their breakdown voltage at the temperature fixed by the
experiments was just a few volts above Vrp (=55 V at -25°C and ~50 V at -30°C).
This excluded the detectors from fulfilling the requirements before irradiation for
both ATLAS HGTD and CMS ETL. On the other hand, 6LG3-v1 sensors turned to
fulfill all specifications before irradiation for both experiments. In short, the 4LG2-
v2 devices had such high inner gain that they were not functional before irradi-
ation, whereas the 6LG3-v1 sensors exhibited a moderate inner gain that allowed
them to be operational as produced. However, neither of the fabricated LGADs was
radiation-hard enough to be functional at the high fluences expected at the end of
the experiments lifespan. Such result highlighted that increasing the inner gain
of LGADs up to operational limits as produced (as the case of 4LG2-v2) was not a
methodology that helped mitigate the radiation damage to a greater extent. In fact,
the operational voltage (V;,) at high fluences differed only ~100 V for both runs and
experiments, while such difference was >250 V before irradiation. By then, studies
had already reported an enhancement in LGAD radiation resistance by carbonation.
[78]. Consequently, the next IMB-CNM fabrication run for the ATLAS HGTD and
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CMS ETL started to investigate the effects of carbonation to mitigate the radiation

damage.
CMS ETL specifications (2021) | 4LG2-v2 | 6LG3-v1
Geometrical sensor properties
Thickness D (yum) 45 — 65 40 55
Pad size (mm?) 1.3x1.3 1.3x1.3 1.3x1.3 & 3.3x3.3
IP (ym) <80 47 & 57 47
Unirradiated sensors performance at -25°C
Vo (V) <60 38 30
Vep (V) Vep < Vgl + 10 42 34
Vop (V) 8 fC for a mip ~45 300
Vip (V) > Vop + 30 55 380
Time resolution at <50 ps Fulfilled but Fulfilled at
V< Vgp—-30V V<Vgp—-30V Vop =300V
Pad leakage
B (ni) Lyad < 200 ~ 10 ~ 10
Irradiated sensors at 1.5 - 10 Teq/ cm? and -25°C
Vop (V) 8 fC for a mip <700 ~800
Vop requirement | V,, < 11(V/um) - D Not fulfilled Not fulfilled
Time resolution at < 50ps Fulfilled but Fulfilled but
Vop Vop > 11D Vop > 11D
ATLAS HGTD specifications (2023)
Geometrical sensor properties
Thickness D (yum) D=50+£5 40 55
Pad size (mm?) 1.3x1.3 1.3x1.3 1.3x1.3 & 3.3x3.3
IP (pm) 50+ 10 47 & 57 47
Unirradiated sensors performance at -30°C
Vo (V) < 60 38 30
Vep (V) Vep < Vgl 490 42 34
Vap (V) > Vop + 30 50 375
Vop (V) 10 fC for a mip ~45 340
Vop requirement | Vo, < 11(V/pm) - D Vf:liﬂ‘l; dD b_u;o Fulfilled.
Time resolution at < 40 50 32
Vop (ps)
Pad leakage
current (ni) Tpaz <50 ~ 10 ~ 10
Irradiated sensors at 2.5 - 10©° Teg/ cm? and -30°C
Vop (V) 4 fC for a mip ~680 ~750
Vop requirement | Vo, < 11(V/pm) - D Not fulfilled Not fulfilled
Time resolution at <50 ps Fulfilled but Fulfilled but
Vop Vop > 11D Vop > 11D

TABLE 5.2: Technical and geometrical specifications for the CMS ETL
(2021) and ATLAS HGTD (2023) sensors, along with the characteriza-
tion of 4LG1-v2 and 6LG3-v1 detectors [24], [76].
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5.4.2 Carbonated IMB-CNM LGADs

The first carbonated LGAD run for the ATLAS HGTD and CMS ETL phase-II up-
grade was fabricated at IMB-CNM on 150 mm high-resistivity p-type epitaxial wafers
(6LG3-v2 technology). An extensive review of this run can be found in [24], [74], [77].
6LG3-v2 devices had its multiplication and N layers constructed with the same
implantation and annealing strategy as for the 6LG3-v1 detectors previously dis-
cussed. Thus, the idea for this run was to replicate the good results of the 6LG3-v1
sensors before irradiation (Table 5.2) while studying the radiation hardness intro-
duced by the addition of a carbon layer covering the multiplication layer. Also, it is
important to point out that the 6LG3-v2 was the first LGAD batch fabricated with
the new furnaces installed at the IMB-CNM clean-room by 2022 (see section 4.5).
Thus, this the ATLAS-CMS 6LG3-v2 was also an engineering run that helped to
calibrate manufacturing results of the new equipment in compared to the old one.
While many LGAD wafers were introduced in this run, only two of them showed
a reliable performance to be tested for the ATLAS HGTD and CMS ETL upgrade.
Their fabrication features are detailed in Table 5.3.

6LG301 | 6LG3v2 | COHGIV2
carbonated
Carbon implantation dose in i i 1
multiplication layer (10'* at/cm?)
Carbon implantation energy in ) ) 150
multiplication layer (keV)

Boron implantation dose in
multiplication layer, implanted after 1.9
carbon (10" at/cm?)
Boron implantation energy in
multiplication layer, implanted after 100
carbon (keV)
Annealing of boron (and carbon) in

e 180 min at 1100°C
multiplication layer
Phosphorus implantation dose in 5 & 10
NT* (10" at /cm?)
Phosphorus implantation energy in
p Nﬁ&w) &Y 150 & 70
Annealing of phosphorus in N** 30 min at 1000°C
Screen oxide for all implantations (A) ~100

TABLE 5.3: Fabrication features for the 6L.G3-v1 and 6LG3-v2 LGAD
runs.

The 6LG3-v2 mask contained pixelated structures required for the ATLAS HGTD
and CMS ETL upgrade (e.g. 15x15 and 16x16 pixels of 1.3x1.3 mm?) but, as in the
4L.G2-v2 and 6LG3-v1 case, the characterization was carried out solely on single-pad
devices. This is shown in Table 5.4.
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CMS ETL specifications (2021) 6LG3-v2 6LG3-v2
(carbonated)
Geometrical sensor properties
Thickness D (ym) 45 — 65 55 55
Pad size (mm?) 1.3x1.3 1.3x1.3 1.3x1.3 & 3.3x3.3
IP (ym) <80 57 57
Unirradiated sensors performance at -25°C
Vo (V) < 60 29 30
Vep (V) Vip < Vg] + 10 33 34
Vop (V) 8 fC for amip ~180 ~180
Vo (V) > Vyp + 30 350 300
Time resolution at <50 ps Fulfilled at Fulfilled at
V <Vpp—-30V Vop =230V Vop =230V
Pad leakage
e (ni) Lyag < 200 <1 <1
Irradiated sensors at 1.5 - 101° Teg/ cm? and -25°C
Vop (V) 8 fC for amip >700 ~680
Vop requirement | Vo, < 11(V/pm) - D Not fulfilled Not fulfilled
Time resolution at <50 ps Not measured Fulfilled but
Vop Vop > 11D
ATLAS HGTD specifications (2023)
Geometrical sensor properties
Thickness D (ym) D=50+5 55 55
Pad size (mm?) 1.3x1.3 1.3x1.3 1.3x1.3 & 3.3x3.3
IP (um) 50 + 10 47 47
Unirradiated sensors performance at -30°C
Vo (V) < 60 29 30
Vep (V) Vip < Vgl +90 33 34
Vsp (V) > Vop +30 350 300
Vop (V) 10 fC for a mip ~220 ~220
Vop requirement | V,, < 11(V/um) - D Fulfilled Fulfilled.
Time resolution at < 40 Fulfilled at 260 V | Fulfilled at 260 V
Vop (ps)
Pad leakage
current (ni) Tpaz <50 <1 <1
Irradiated sensors at 2.5 - 101° Meg/ cm? and -30°C
Vop (V) 4 fC for a mip Not measured ~700
Vop requirement | Vo, < 11(V/pum) - D | Not measured Not fulfilled
Time resolution at <50 ps Not measured Fulfilled but
Vop Vop > 11D
Acceptor removal o
constant ¢ I\E;’Sg‘efﬁfel?itlile 8.25 4.95
(10716 /cm?)

TABLE 5.4: Technical and geometrical specifications for the CMS ETL
(2021) and ATLAS HGTD (2023) sensors, along with the characteriza-
tion of 6L.G3-v2 detectors [24], [74], [76], [77]-

As expected, both ATLAS HGTD and CMS ETL specifications were fulfilled for
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non-irradiated 6LG3-v2 devices, regardless they were carbonated or not. An out-
come to highlight is the low leakage current levels achieved in this run (< 1 nA
per pad) when compared to the previous (~10 nA). While this upgrade in leakage
current may be multifactorial, it is worth remarking that 6LG2-v2 sensors were man-
ufactured in new furnaces, which are less likely to have particulate contamination
from several years of previous processes.

On the other hand, the specifications after high levels of irradiation were not met
for 6LG3-v2 detectors. Nevertheless, their radiation tolerance study brought with it
some fundamental results. The first evidence of radiation resistance improvement
by carbonation was inferred by studying how the V; dropped as the LGADs were
irradiated with 1 MeV neutrons. It can be shown that Vi (¢) o exp(—c¢) [79], be-
ing c the so-called acceptor removal constant and ¢ the 1 MeV neutron irradiation
fluence. With independence on the as produced V; (e.g. before irradiation), the ac-
ceptor removal effect discussed in section 5.2 leads to a decrease of the original V;
as ¢ increases. Thus, the determination of ¢ gives an insight of the LGAD radiation
hardness, as smaller values of ¢ are translated into a mitigation of the acceptor re-
moval effect. This was investigated in [24], finding that 6LG3-v2 devices had values
of 8.25- 1071 /cm? (non-carbonated) and 4.95 - 10710 /cm? (carbonated). Further-
more, it could be shown that the operation voltage for CMS ETL specifications (V;,
at which 8fC of CC is reached for a mip) after irradiation was smaller if the LGAD
was carbonated. This is displayed in Figure 5.4, where it can also be inferred that
V,p at the target irradiation fluence (1.5 - 10° n,,/cm?) wold lie closer to the upper
voltage limit of 11(V /um) - D when the 6LG3-v2 LGAD is carbonated.
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FIGURE 5.4: V;, (CMS ETL specifications) dependence on 4 irradi-
ation fluence for 6L.G2-v2 detectors. Data extracted from [74], [77].

With all that set forth, it could be demonstrated that the addition of a carbon
layer over the multiplication one mitigates the effect of acceptor removal in IMB-
CNM LGAD:s. This outcome was the seed to design the next IMB-CNM LGAD fab-
rication run, which constitute one of the main parts of this thesis.
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5.5 ATLAS HGTD LGAD 6LG2-v1 run and its comparison to
the ATLAS-CMS Engineering 6LG3-v2 run

The IMB-CNM 6LG2-v1 run was based on the previously discussed ATLAS-CMS
engineering run. It relied on the hypothesis that increasing the doping concentra-
tion of carbon around the PN junction would translate into an enhance of the LGAD
radiation tolerance. It was fabricated on 150 mm high-resistivity p-type Si-Si wafers
with the CNM1139 mask, mainly comprised by LGADs of 15x15 1.3x1.3mm? pixels
(26 devices per wafer), as specified by the ALTAS HGTD requirements for its phase-
IT upgrade. Nevertheless, the radiation tolerance characterization was performed
on single-pad detectors, so its findings are further applicable to the CMS ETL spec-
ifications. Figure 5.5 shows a photograph of a fabricated wafer from 6LG2-v1 run,
and Figure 5.6 depicts a schematic view of a carbonated single-pad LGAD from such
run.

FIGURE 5.5: Photograph of a manufactured wafer from the 6LG2-v1
run. The single-pad LGAD:s for testing are located within the yellow
boxes.
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FIGURE 5.6: Schematics of the front view and cross section of a car-
bonated single-pad LGAD from the 6LG2-v1 run.

Table 5.5 shows the implantation and annealing strategy for this fabrication run.
The major change compared to the 6LG3-v2 run was (apart from the type of wafer)
the use of different carbon doses in the range 1-9-10 at /cm?.

W1 W2 | W3 | W4 | W6 | Weé
- 1 2 3 6 9

Carbon implantation dose in
multiplication layer (10 at/cm?)
Carbon implantation energy in
multiplication layer (keV)
Boron implantation dose in
multiplication layer, implanted after 150
carbon (103 at /cm?)
Boron implantation energy in

- 150

multiplication layer, implanted after 100
carbon (keV)
Annealing of b(?ror} (and carbon) in 180 min at 1100°C
multiplication layer
Phosphorus implantation dose in 5 & 10
N++ (10" at/cm?)
Phosphorus implantation energy in
N+ (keV) 150 & 70
Annealing of phosphorus in N+ 30 min at 1000°C
Screen oxide for all implantations 100
(A) -

TABLE 5.5: Fabrication features for 6L.G2-v1 LGAD run.

5.5.1 TCAD Sentaurus simulation of carbonated LGADs

Despite the aim of the 6L.G2-v1 run was to enhance the radiation tolerance of LGADs
by means of carbonation, studies of the devices stability as a function of the carbon
implantation dose needed to be carried out before starting the fabrication. This was
necessary due to the carbonation effects described in section 5.2.4. To summarize,
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the presence of carbon within the PN junction of an LGAD alters the dopant diffu-
sivity during fabrication (carbon-enhanced suppressed diffusion [68], [69]), as well
as the number of activation sites for such dopants (carbon co-doping silicon amor-
phization [67]). The direct effect of such phenomena is that the higher the carbon
concentration, the higher the inner gain of the LGAD for a given reverse bias.
Since the latter statement also indicates that a higher carbon implantation dose re-
sults in a lower breakdown voltage and a higher V, such dose needs to be kept at a
low enough level to ensure a reasonable operational voltage range for the fabricated
detectors.

With all that set forth, the research of the dependence between carbon implan-
tation dose and Vpp, V,; was carried out via TCAD Sentaurus simulation. Figure
5.7 shows such simulation when performed with the default models of Sentaurus
(that is, without adjusting any parameter as it was done in section 4.3). The results
highlight that the aforementioned carbonation phenomena are taken into account
when the default parameters of the implantation and diffusivity models of Sentau-
rus are used. Such parameters correspond to the latest version available at IMB-
CNM: v2018.06.

20 (A) 16_ (B)
a 10 Carbon dose & 3,0x10 ++ Carbon dose
£ P** layers £ P** layers
S 10° (10'* at/cm?) 5] 16 (10" at/cm?)
3 107 0 E 2,5x10"° 1
5 o] :':..,.c:arbon layers —; § 2,0x10™] Multiplication
® SN © layers
i ~ ‘ny 3 =
€ 108 Ty 6 € 1,5x10"8
3 15 e ~ ‘N, 3
g 10" 4 Multiplication A '§:§.—9 S 1.0x10"1
o 101 layers \.\ ‘S. o
o PR o
c SEY, c 15 |
g- 10131 \.\ g- 5,0)(10
Q 102 . . . . . = ; . ; i
5 10 15 20 25 1,0 1,5 2,0 2,5 3,0
Depth (um) Depth (um)

FIGURE 5.7: TCAD Sentaurus simulation of LGAD doping profiles

dependence on the carbon implantation dose. (A): profiles in loga-

rithmic scale to distinguish the carbon layers. (B): profiles in linear
scale and narrowed around the PN junction.

Nevertheless, the default parameters set by any of the available TCAD versions
were not able to predict well the electrical performance of IMB-CNM LGAD:s (see
section 4.3). The manufacturing of the ALTAS-CMS engineering 6LG3-v2 run (ad-
dressed in the last section) gave away two data points in terms of carbon dose (0
and 10 at/ cmz). Such data was used to adjust the diffusivity parameters of TCAD
Sentaurus in order to fit, to a reasonable extent, the average Vel and Vpp (at -30°C)
of 6LG3-v2 detectors. In particular, the boron and phosphorus diffusivity through
interstitials was adjusted, as previous works pointed out that the presence of carbon
in silicon alters the diffusion of such dopants through interstitial sites [67], [68]. The
dopant diffusivity is modelled as D o Djexp(—f(T)), that s, as the product of a con-
stant parameter (the diffusivity pre-factor D;, where j is the dopant species) and an
exponential function dependent on temperature. The adjustment of the Sentaurus
parameters was carried out solely on the diffusivity pre-factor for boron and phos-
phorus through interstitials. A sweep of these parameters was carried out until the
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Vi1 of 6LG3-v2 sensors was well predicted by TCAD Sentaurus. These tuned values
for the diffusivity pre-factor of boron (Dg) and phosphorus (Dp) are listed in Table

5.6.
Dg (cm?/s) | Dp (cm?/s)
Default values of Sentaurus v2018.06 0.123 0.23
Tuned values to fit the V,; of 6LG3-v2 detectors 0.5 0.3

TABLE 5.6: Diffusivity pre-factor of boron and phosphorus through

intersitials.

Figure 5.8 shows the simulated LGAD doping profiles as a function of the chosen
diffusivity pre-factor parameters shown in the table above. Figure 5.9 shows how
the Vi, and Vpp (at -30°C) dependence on such parameters, as well as on the carbon
implantation doses chosen for the 6LG2-v1 run, along with actual data from 6LG3-v2
devices. The results in both figures highlight that the default diffusivity parameters
of TCAD Sentaurus v2018.06 give away LGAD profiles which inner gain is lower
than the actual IMB-CNM fabricated, a result already discusses in section 4.3.
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FIGURE 5.8: TCAD Sentaurus simulation of an LGAD doping profile
(as fabricated in the 6LG3-v2 run) dependence diffusivity pre-factors

choice (Table 5.6).
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FIGURE 5.9: TCAD Sentaurus simulation of Vel and Vpp at -30°C de-
pendence on the carbon implantation dose and diffusivity pre-factors
choice.

Nevertheless, it is important to note that the methodology for tuning the dif-
fusivity parameters was not as rigorous as the one presented in section 4.3. The
parameters presented in Table 5.6 was obtained solely by fitting the V,; of 6LG3-v2
sensors. As discussed in section 4.3, this procedure is generally not enough to have a
reliable prediction tool, as different diffusivity pre-factors may result in similar pre-
dicted V,; values. This is highlighted by having a look at the predicted IV and CV
curves shown in Figure 5.10. While the V; is accurately predicted, the CV and 1V
shapes, along with the Vpp and full depletion voltage Vrp, are not. Moreover, not
all the fabrication parameters were well controlled during the fabrication. Specifi-
cally, the thickness of the screen oxide prior to implantation of carbon, boron and
phosphorus was uncertain within [100-400]A. In short, the calibration of Sentaurus
parameters with 6LG3-v2 data left some degrees of freedom unaccounted for. The
outcome of such fact will be soon addressed in the next subsections.

1n- 6LG3-v2: CV curves (10 samples) 10+ 6LG3-v2: IV curves (10 s'amples) ‘
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FIGURE 5.10: TCAD Sentaurus simulation of IV at -30°C and CV
curves of 6LG3-v2 detectors, shown along with actual data. The dif-
fusivity pre-factors is the one labelled as "tuned" in Table 5.6.
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5.5.2 Basic electrical characterization: IV and CV measurements

Since the ATLAS phase-II upgrade experiment is expected to be conducted at -30°C,
the basic electrical characterization of 6LG2-v1 sensors was carried out at that tem-
perature. Such basic electrical characterization consisted in leakage current and ca-
pacitance vs reverse bias measurements, to determine the average Vgl, Vep, Vp and
average leakage current within the voltage operation range.

Leakage current vs bias (IV) measurements were carried out on over 30 de-
vices per carbon dose. The samples were distributed across different sections of
the wafers. The guard ring (Figure 5.6) was connected in every measurement to
separate the periphery current from the leakage current in the active region of the
detector. Figure 5.11 depicts the averaged IV curves for every carbon dose at -30°C.
The leakage current of the devices (regardless of the carbon dose) was found to be
smaller than the current precision of the equipment (Keithley 2410, with a precision
of 1 nA for biases over 20 V). On one hand, that highlights that the leakage current of
the studied LGADs is low enough to fulfill the ATLAS and CMS experiments phase
IT upgrades specifications when unirradiated (Table 5.1). On the other hand, it al-
lowed us to determine the avalanche breakdown voltage (Vpp) of every device by
defining it as the voltage at which the IV curve abandons a quasi-linear trend and
starts exhibiting an exponential behavior. This is shown in Figure 5.11 (B).

Alongside, capacitance vs bias (CV) measurements were performed on 20 de-
vices per carbon dose. As in the IV measurements, the devices were picked from
different sections of the wafers. The CV curves were obtained with a Keysight Agi-
lent 4284 A LCR-meter in parallel mode, at 20°C, 10 kHz and 500 mV AC. The average
CV curves are shown in Figure 5.12. The average V) was inferred as illustrated in
Figure 5.13. That is, for every CV curve, linear fits were performed in voltage ranges
before and within multiplication layer depletion. The intersection of such linear fits
was picked as the Vg, of the device.
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FIGURE 5.11: (A): Average IV measurements, at -30°C, of 6LG2-v1
detectors. (B): Method to infer the Vpp per device.
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FIGURE 5.13: Methodology to infer Vg;.

Figure 5.14 depicts the Vg and Vpp dependence on carbon dose for 6LG2-v1 de-
vices, inferred by the methods displayed in Figures 5.11 and 5.13. The bar errors
correspond to the standard deviation for each case. From 0 to 3.10™ at/cm?, the
behavior is consistent with the carbon co-doping phenomena previously addressed.
That s, Vi1 increases and Vpp decreases with dose when carbon is implanted prior to
boron (multiplication layer) and phosphorus (N*1). Since all dopants are diffused
using the same temperature and annealing time, this result suggests that the greater
the concentration of carbon, the greater the charge multiplication would be if the
other fabrication parameters are kept fixed.

Nevertheless, a turning point for this effect is found when the carbon dose ex-
ceeds 3-10' at/cm?. Not only do the results point out that the impact of the charge
multiplication mechanism is diminished after such a dose, but it also appears to
even out, showing only small variations between 6 and 9-10'* at /cm?. The existence
of this turning point was not expected, as TCAD Sentaurus simulation predicted a
quasi-linear behavior of the Vpp and V,; dependence on carbon implantation dose
(Figure 5.9). In contrast, Figure 5.14 demonstrate the non-linearity of the carbon
co-doping amorphization and suppressed diffusion effects dependence on implan-
tation dose.
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FIGURE 5.14: V,; and Vpp (at -30°C) dependence on carbon implan-
tation dose for 6LG2-v1 detectors.

This effect was also observed when extracting the boron doping profiles via CV
measurements (see section 4.3). The results are shown in Figure 5.15. The peak of
boron concentration is enhanced with carbon doses up to a value of 3-10' at /cm?, to
then drop for values of 6-10'* at/cm? and 9-10™ at /cm?. Such tendency is consistent
with the results shown in Figure 5.14, since higher peaks of boron concentration in
the multiplication layer lead to higher Vand lower Vpp values. All the data pre-
sented so far seem to point in the same direction: the inner gain of 6LG2-v1 sensors
increases with carbon dose up to a value of 3-10' at/cm?, to then drop for values
of 6:10 at/cm? and 9-10'* at/cm?. In order to prove such hypothesis, the gain re-
sponse to 15 keV x-rays was investigated for 6LG2-v1 devices.

Nevertheless, it is mandatory to make a pit-stop before that, and discuss the ev-
ident differences found between the TCAD Sentaurus predicted Vpp and V,; values
and its actual ones.
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5.5.3 Stabilization of the LGAD technology at IMB-CNM

LGADs from the 6LG3-v2 and 6LG2-vl run were fabricated, in principle, under
identical conditions. That is, they were manufactured with the same furnace equip-
ment, annealing recipes, and dopant implantation scheme, among others. Neverthe-
less, their basic electrical characterization highlights a big difference between them
in terms of Vpp and V; values. This is depicted in Figure 5.16.
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FIGURE 5.16: Average V; and Vpp data from 6LG3-v2 and 6LG2-
v1 detectors, along with their Sentaurus predicted values using the
tuned diffusivity parameters shown in Table 5.6.

From a technological standpoint, this result highlighted an anomaly in the re-
producibility of IMB-CNM manufactured LGADs that needed to be addressed. The
first indicator of these runs not being identical was inferred by evaluating the raw
wafers. Despite the clean-room processes matched for both batches, the wafer type
and manufacturer was different (epitaxial for 6LG3-v2 and Si-Si for 6LG2-v1). One
single-pad LGAD per run was inspected via reverse engineering techniques. The
diced samples were inspected via optical microscopy to evaluate the thickness of
silicon layers with different resistivity. The results are shown in Figure 5.17, high-
lighting that the high-resistivity layer of the 6LG2-v1 detectors was 6 ym thinner
than the 6LG3-v2 ones.
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FIGURE 5.17: Optical view of a cross section of 6L.G3-v2 and 6LG2-v1
LGAD samples.

The effects of the high-resistivity layer thickness difference between runs was
investigated via TCAD Sentaurus simulation (Figure 5.18). Despite its results gave
an an insight on why 6LG2-v1 devices broke down at earlier biases than 6LG3-v2
ones, it was clear that the device thickness was not the only parameter involved
in the LGADs performance differences. In particular, the Ve of the devices is not
subjected to changes for thicker or thinner detectors, but depends only on the shape
of the multiplication layer.
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FIGURE 5.18: Vgl and Vpp data from 6LG3-v2 and 6LG2-v2 detectors,
along with their Sentaurus predicted values using the tuned diffusiv-
ity parameters shown in Table 5.6 and thicknesses of 49 and 55 ym.

This was evidenced by extracting the doping profiles for 6L.G3-v2 and 6LG2-v1
sensors via CV measurements (Figure 5.19). Thus, the only means for the V; to be
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modified from run to run is an alteration of either the implantation or annealing
processes.
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FIGURE 5.19: CV-extracted doping profiles for 6LG3-v2 (dashed line)
and 6LG2-v1 (solid line) devices.

The implantation energies and doses, along with annealing ramps and temper-
atures, are carefully monitored and controlled during manufacturing. Therefore, it
was quite unlikely that the non-reproducibility resulted from these processes. As
previously stated, the only blind spot left during manufacturing was the thickness
of the screen oxide prior to the multiplication and N+ layers implantation, so fur-
ther investigation was led in that direction. The anomaly was soon spotted.

On one hand, TCAD Sentaurus (by default) assumes that the oxide growth dur-
ing a certain annealing recipe is independent on wafer doping concentration. In par-
ticular, the simulated screen oxide with the IMB-CNM annealing recipe was fixed
at 375 A for all doping concentrations in p-type silicon below 102! at/cm®. Such
presumption clashed with studies were a relationship between thermal oxide and
doping concentration had been reported [80]-[82]. With that in hand, the question
of how the screen oxide prior to the multiplication layer implantation (grown on
lightly-doped p-type silicon) could be identical to that prior to the N** layer one
(grown on highly-doped p-type silicon) arose. Furthermore, the quality of the ox-
idation processes at IMB-CNM was conducted by measuring the oxide grown in a
test wafer introduced in the furnace along with the ones meant for fabrication. Al-
most certainly by chance, the growth oxide on such test wafer was aligned to the one
given by TCAD Sentaurus simulation, ~375 A, for all screen oxide processes during
6LG3-v2 and 6LG2-v1 manufacturing.

Nevertheless, the actual screen oxide had not been measured on the wafers under
fabrication, so such information was lost. As comprehensively studied in section 4.3,
differences in the screen oxide of the order of ~100 A may result in great changes in
the LGAD PN junction profiles, hence in their Vpp and V. Without this information,
investigation of the differences between the performance of 6LG3-v2 and 6LG2-v1
detectors and its dependence on fabrication features hit a dead end. Moreover, the
quality of Sentaurus Vpp and V,; predictions by tuning the diffusivity pre-factors
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was also called into question, as such simulations had been carried out assuming a
screen oxide of ~375 A.

Conversely, this result highlighted the importance of carefully controlling any
manufacturing parameter, as well as examining the methodology to do so. Addi-
tionally, it led to a more rigorous scrutiny of the Sentaurus simulation models. From
both a technological and R&D standpoint, stabilization of LGAD design (by means
of TCAD Sentaurus) and fabrication evidenced to need a more rigorous approach
to be fulfilled. This observation was, partially, the seed of the 6LG2-v2 fabrication
batch, that will be address further in this chapter.

5.5.4 Gain response to 15 keV x-rays

Let us return to the subject at hand. As stated, the electrical characterization data
presented in section 5.5.2 suggested that the inner gain of 6L.G2-v1 devices increases
with carbon dose up to a value of 3.10" at/cm?, to then drop for values of 6-10
at/cm? and 9-10' at/cm?.

In order to investigate such hypothesis, gain response measurements to 15 keV
x-rays were conducted at the B16 beamline available at Diamond Light Source [22].
In contrast to the IV and CV results previously analysed, the measurements pre-
sented in this section were carried out at room temperature (20°C) instead of -30°C,
as the experimental setup was not equipped with a cooling system. By using a crys-
tal monochromator, this beamline offers ultra-fast monochromatic x-ray beams, in
the range of 4-45 keV and generated from synchrotron radiation. Additionally, a
compound refractive lens (CRL) was employed to achieve spot sizes of the beam of
the order of 1 ym. Specifically, the beam spot size was measured to be 2.7 = 0.1ym
FWHM (X direction) and 1.9 £ 0.1ym FWHM (Y direction). For every measurement,
the beam was projected around the center of the detectors (perpendicular to the
beam direction) with the aid of a visible red laser available within the experimental
setup of the beamline. The beam intensity (of the order of 10® photons/s when mi-
crofocused [22]) was monitored by an ionization chamber during the entire lifespan
of the measurements (around 24 h). The energy of the x-rays in the beam was set
at 15 keV for all measurements. X-rays of such energy have an absorption depth in
silicon of the order of a millimeter [16], so the beam energy is partially deposited in
the detector uniformly along its active thickness (of about 50 ym). In other words,
15 keV x-rays are high-penetrating particles for the studied LGADs (one per carbon
dose).

For every measurement, the gain was extracted by dividing the photocurrent of
the LGAD by the one of a reference PiN of the same fabrication batch. The pho-
tocurrent is defined as the current generated in the detector while irradiated with
the x-ray beam around its center (called Beam On current from now on), minus the
leakage current. The current was measured with a Keithley 2410 Source Measure
Unit. Five measurements per device were carried out, and all plots presented in this
section have error bars indicating the standard deviation of such measurements. It
is worth remarking that, for every voltage point, the measurement time was always
much longer than the beam pulses. The results are shown in Figures 5.20 and 5.21.
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FIGURE 5.20: Example of photocurrent derivation for the non carbon-
ated 6LG2-v1 LGAD and reference PiN.
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FIGURE 5.21: (A): Gain response vs bias, at 20°C, of 6LG2-v1 detectors
to 15 keV x-rays. (B) Gain vs carbon implantation dose at different
bias points.

As Figure 5.21 shows, the highest gain for a given bias is reached for a carbon
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dose of 3-10™ at/cm?, to then drop for doses of 6 and 9.10™ at/cm?. This outcome
is consistent with the electrical characterization results shown in section 5.5.2.

The B16 beamline at Diamond Light Source also offers the possibility to attenuate
the x-ray beam intensity by means of pure aluminum layers of different thicknesses
that can be introduced right before the CRL system. The set of attenuators enable
the variation of the aluminum thickness that the beam passes through, before being
microfocused, in steps of 0.5 mm.

Gain response measurements at 20°C were carried out for aluminum thicknesses
of 0.5 and 1.0 mm, which correspond to an attenuation of ~ 66% and ~ 88%, respec-
tively, of the maximum beam intensity (labelled as Iy ~ 10® photons/s) in Figure
5.22. The ratios of beam attenuation for every aluminum thickness were estimated
by using the attenuation coefficients found in [21]. Gain measurements with further
beam attenuation were impossible, as for aluminum thicknesses of 1.5 mm and be-
yond, the photocurrent of the reference PiN fell below leakage current values. Five
measurements per intensity value and carbon dose were conducted and the gain
was extracted with the methodology aforementioned detailed. Figure 5.22 shows a
cutline of the gain response dependence on beam intensity (A) and carbon dose (B)
at 20°C and 100 V.

Once again, the results manifest that the highest gain at a given bias is reached
for a carbon dose of 3-10'* at/cm?, regardless of the beam intensity. Also, and with
independence of the carbon dose, gain supression is observed for high intensities
of the x-ray beam. Such phenomenon was already observed when evaluating the
gain response of LGADs to IR beams of high flux [83] and 3 MeV protons [84]. Such
reduction of gain is a consequence of the high ionization charge density (that is,
the large number of electron-hole pairs) being created by the LGAD PN junction
either by high photon fluxes or charged particles. In short, the presence of such a
large number of charge carriers around the PN junction can locally and temporarily
drop the effective electric field intensity, hence reducing the impact of avalanche
mechanism during the gain response measurements.
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FIGURE 5.22: (A): Gain response vs relative intensity of the 15 keV
x-ray beam, at 20°C and 100 V. (B) Gain vs carbon implantation dose,
at 20°C and 100V, at different relative beam intensities.

Additionally, measurements at low-intensities of the 15 keV x-ray beam also
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pointed out the importance of keeping a moderately low gain during particle de-
tection experiments. The explanation lies in the shot noise we have discussed in
Chapter 2 (see section 2.3.1), which is an increasing function of the nominal gain.
This is shown in Figure 5.23. As the gain suppression mechanism is reduced with
low-intensities of the beam, the gain is enhanced and the shot noise with it. As the
latter is associated with fluctuations in the number of avalanche generated charge
carriers, the gain response measurements lose accuracy and large standard devia-
tion errors are observed.
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FIGURE 5.23: Gain response Gain response vs bias and relative inten-
sity of the 15 keV x-ray beam, at 20°C, for the 6LG2-v1 device carbon-
ated with a dose of 3-10'* at /cm?

In conclusion, all the measurements carried out on non-irradiates 6L.G2-v1 sen-
sors indicate that its carbonation have an impact on how they trigger the avalanche
multiplication mechanism. In particular, such phenomenon is enhanced for carbon
implantation doses up to 3-10'* at/cm?, to then drop at 6 and 9-10' at/cm?. The
underlying physics that may explain this effect is still under review, and a few hy-
pothesis will be addressed in the last section of this chapter. For the time being, let
us return to the matter at hand as, apart from the interesting results in term of LGAD
performance vs carbon concentration, 6LG2-v1 were designed and fabricated to ful-
fill the ATLAS HGTD and CMS ETL phase-II upgrade. Let us delve into that.

5.5.5 Radiation tolerance of 6LG2-v1 detectors

Studies of the acceptor removal constant of 6LG2-v1 devices were carried out at
IFCA and Jozef Stefan Institute (JSI, Ljubjlana, Slovenia). Their methodology and
findings can be found in [50], [85], and the overall results are displayed in Figure
5.24, along with the acceptor removal constant of LGADs from the previous 6LG3-
v2 run [24].
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FIGURE 5.24: Acceptor removal constant ¢ for 6LG3-v2 [24] and
6L.G2-v1 detectors [50], [85].

While the results indicate an improvement in the acceptor removal mitigation in
the presence of carbon, this is observed up to a value of 3-10'* at/cm?. For a dose of
6-10' at /cm?, the acceptor removal constant shows a slight increase, which seems
to stabilize and align with the value for a dose of 9-10' at /cm?.

On the other hand, IV measurements were carried out at IMB-CNM for 6LG2-
v1 irradiated detectors. As in the case of non irradiated samples, leakage current
measurements were made at -30°C, with a Keithley 2410 and the guard ring biased at
all times to withdraw the periphery current. Regardless of the carbon dose, a general
trend was observed: a decrease of the leakage current as a function of irradiation
fluence. This can be spotted by having a look at Figure 5.25 , an further analysed in
Figure 5.26.
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Recalling that the pad current at -30°C when unirradiated was <1 nA for all
carbon doses, Figure 5.26 shows that the leakage current of 6LG2-v1 suffers a great
increase when irradiated at 4 - 104 neq/ cm?. However, it then starts to drop with
higher irradiation fluences, an effect likely originating from the loss of gain that
LGADs experience with increasing fluence, which in turn counterbalances the rise
in leakage current due to radiation-induced defects. On the other hand, for a given
irradiation fluence, the leakage current increases with the carbon dose, but only up
to 3-10'* at /cm?. Once again, a turning point is found at such value.

5.5.6 Fulfilment of ATLAS HGTD and CMS ETL phase-II upgrade speci-
fications

In order to evaluate the fulfiment of ATLAS HGTD and CMS ETL requirements,
measurements of the CC and time resolution for a mip were carried out at IFAE and
IFCA with a radiactive Sr-90 source. The results are shown in Tables 5.7 and 5.8,
which data was extracted from [50], [66], [77]. The experimental setup and method-
ology to infer such data can be found in [76], [77].

CMS ETL specifications (2021) 6LG2-v1
Carbon dose (10™ at/cm?) 3 \ 9
Geometrical sensor properties
Thickness D (pm) 45 — 65 49
Pad size (mm?) 1.3x1.3 1.3x1.3
IP (ym) <80 47
Unirradiated sensors performance at -25°C
Ve (V) < 60 32.9 32.6
Vep (V) Vip < Vgl + 10 ~ 38
Vop (V) 8 fC for a mip <90
Vsp (V) > Vop + 30 ~ 120 ~ 130
Time resolution at <50 ps Fulfilled but Fulfilled. 47 ps
V <Vgp—-30V V>Vgp—-30V at 100 V
Pad leakage
e (ni) Lyag < 200 <1 <1
Irradiated sensors at 1.5 - 10" 1., /cm” and -25°C
Vop (V) 8 fC for a mip >540 ~540 = 11D
Vop requirement | V,, < 11(V/um)-D | Not fulfilled Vop = 11D
Time resolution at <50 ps Fulfilled but Fulfilled at
Vop Vop > 11D ~540 = 11D

TABLE 5.7: Technical and geometrical specifications for the CMS ETL
(2021) sensors, along with the characterization of 6LG2-v1 detectors
[50].

Table 5.7 highlights that the performance of 6LG2-v1 irradiated detectors has
greatly improved in compared to previous IMB-CNM runs. In particular, the CMS
specifications are fulfilled for measurements carried out in LGADs with a carbon
dose of 9-10' at/cm?, while it is worth pointing out that the requirements are met
just at the upper voltage limit of 11(V /um) - D ~ 540 V. On the other hand, another
phenomenon was observed during the measurements reported in [50]. Spurious
signal-like noise pulses were observed for half of the measured LGADs before their
breakdown, which was an indicative of popcorn noise. As discussed in Chapter 3,
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the popcorn noise (see section 3.3) increases the baseline noise level, hence degrad-
ing the performance of an LGAD during particle detection. Also, its presence has
been reported to be linked to having a low IP distance (47 ym in 6LG2-v1 sensors).
In order to study this phenomena and reduce the likelihood of popcorn noise, the
next IMB-CNM fabrication run was fabricated with an IP of 80 ym (upper limit for
the CMS ETL specifications). This will be addressed in detail in the next section.

ATLAS HGTD specifications (2023) 6LG2-v1
Carbon dose (10™ at/cm?) 2 \ 3
Geometrical sensor properties
Thickness D (ym) 45 — 55 49
Pad size (mm?) 1.3x1.3 1.3x1.3
IP (pum) 40 — 60 47

Unirradiated sensors performance at -30°C
Specifications met for all carbon doses [77]
Irradiated sensors at 2.5 - 10 Teq/ cm? and -30°C

Vop (V) 4 fC for a mip > 600 V
Vop requirement | V,, < 11(V/um) - D Not fulfilled
Fulfilled at
Time resolution at < 50 ps Not fulfilled for | V =500 < 11D
Vop P V<600 V but
CC(mip)< 2fC

TABLE 5.8: Technical and geometrical specifications for the ATLAS
HGTD (2023) sensors, along with the characterization of 6LG2-v1 de-
tectors [66], [77].

Table 5.8 shows the performance of 6LG2-v1 devices in terms of meeting of the
ATLAS HGTD specifications. In this case, LGADs with all carbon implantation
doses were studied, confirming that the requirements before irradiation were met
regardless the value of such dose [66], [77]. After irradiation, the studied LGADs
(carbon doses of 2 and 3-10'* at/cm?) did not meet the specifications. Nevertheless,
it is worth remarking that, for a carbon dose of 3.10™ at/cm?, a time resolution of
50 ps was obtained at a fluence of 2.5 - 10'° 1., /cm? and for biases under the voltage
limit of V,, < 11(V/um) - D, a result that was never achieved for previous LGADs
fabricated at IMB-CNM.

5.5.7 IV measurements of ATLAS 6LG2-v1 pixelated detectors

As aforementioned, both the ATLAS HGTD and CMS ETL specifications require
that all pixels on large-area segmented detectors are functional. That is, detectors
with 15x15 or 16x16 pixels are required to achieve a 100% yield. In order to eval-
uate this, the wafers undergo a fabrication process at the IMB-CNM clean-room,
where a temporary metal is deposited for the characterization of large segmented
devices. The temporary metal consists of a 1 ym aluminum layer over a 0.03 ym
titanium layer, deposited onto the existing 1.5 ym metal layer. After photolithogra-
phy, the temporary metal is pattern-etched via wet etching to short all pixels in each
segmented device on the wafer. An illustration of the temporary metal pattern on
6LG2-v1 segmented devices with 15x15 pixels is shown in Figure 5.27.
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FIGURE 5.27: Mask design for the temporary metal in the 6LG2-v1
LGAD run.

By using this approach, we can detect malfunctioning pixels through the device’s
overall leakage current. That is, if any pixel experiences early breakdown, the leak-
age current measured with the temporary metal will reflect this breakdown. After
performing IV measurements on large segmented devices, wet etching processes are
used to selectively remove the temporary metal layers, hence recovering the wafers
as originally manufactured.

It is important to mention that the leakage current measured with the temporary
metal did not accurately represent the actual leakage current of the devices. This is
shown in Figure 5.28, where a segmented LGAD of 2x2 pixels was measured with
temporary metal and after its removal. As spotted from such figure, the sum of
the leakage currents measured across each of the four pads does not match the total
leakage current measured with the temporary metal. While the reasons for this effect
are still under investigation, it is suggested that the temporary metal layer may alter
the electric field distribution across the device, potentially leading to higher leakage
currents in certain regions.
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FIGURE 5.28: Leakage current of a 6LG2-v1 segmented LGAD of 2x2
pixels with and without the temporary metal.
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Given all this, it is crucial to remark that IV measurements of pixelated detectors
with a temporary metal layer do not provide a quantitative analysis of leakage cur-
rent, but only qualitatively indicate whether all pixels in the sensor are functional
or not. Figure 5.29 shows the IV measurements conducted on 6LG2-v1 segmented
detectors of 15x15 pixels of 1.3x1.3 mm? and carbonated with an implantation dose
of 3-10' at/cm?. In the graph, 24 out of the 26 segmented devices on the wafers were
shown to have 100% functional pixels, with leakage current increasing consistently
above the full depletion voltage.
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FIGURE 5.29: Leakage current of 6LG2-vl segmented detectors of
15x15 pixels, measured with temporary metal at -30°C.

To determine the actual leakage current of the detectors, three were tested at the
University of Science and Technology of China (USTC). The location of the tested
devices on wafer is shown in Figure 5.30.

;i _—
» A Pl Ay N W
e

FIGURE 5.30: On wafer location of tested devices.

The measurements were performed using a probe card, enabling pixel-by-pixel
IV measurements at 20°C [86]. The total leakage current for every tested devices is
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shown in Figure 5.31, alongside a comparison to the IV measurements conducted at
IMB-CNM using a temporary metal at -30°C. The results demonstrated that the pres-
ence of the temporary metal does increase the total leakage current of the segmented
devices core.
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FIGURE 5.31: Leakage current of 6L.G2-v1l segmented detectors of
15x15 pixels, measured with temporary metal at -30°C (IMB-CNM)
and with a probe card at 20°C (USTC).

However, the actual leakage current measured with the probe card was still
higher than expected. Specifically, the CMS ETL specifications require the average
leakage current per pixel to be <200 nA at 20°C (see Table 5.1). As Figure 5.32 shows,
such value is always greater than 1 pA for the three tested 6LG2-v1 segmented de-
tectors. ATLAS HGTD sensors have the same requirement, but at a temperature of
-30°C. Since the IV measurements with a probe card were conducted at 20°C, it was
not possible to determine whether the segmented 6LG2-v1 devices were suitable for
the experiment.
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FIGURE 5.32: Average leakage current per pixel of 6LG2-v1 seg-
mented detectors of 15x15 pixels, measured with a probe card at 20°C
(USTC) [86].
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On the other hand, the average leakage current per pixel does not provide a pre-
cise estimation of the detectors yield, as a few malfunctioning pixels can significantly
affect the statistics. To obtain a more accurate estimate of the yield, pixel-by-pixel IV
measurements were analysed. As stated in Tables 5.7 and 5.8, single-pad 6LG2-v1
detectors with a carbon dose of 3-10'* at/ cm? meet the CMS ETL and ATLAS HGTD
specifications, before irradiation, at V,,cpms=100 V (-25°C) [50] and V,,41.45=80 V
(-30°C) [77], respectively. For both experiments and its target temperature, the leak-
age current per pixel is required to be <200 nA before irradiation. Thus, and despite
the IV measurements were conducted at room temperature, a rough estimation of
the yield can be inferred by evaluating how many pixels per detector do not exceed
200 nA of leakage current up to V,,cms and Vyparras at 20°C. The results of such
analysis is summarized in Table 5.9, and Figure 5.33 shows a color code mapping of
the reverse bias at which every pixel reaches 200 nA of leakage current at 20°C.

6LG2-v1 % Pixels with i; <200 nA % Pixels with i; <200 nA
Device Label at100 vV at8o Vv
Al3 924 94.6
Al4d 93.2 94.6
A19 96.4 96.9

TABLE 5.9: Percentage of pixels in segmented 6LG2-v1 detectors
(measured at 20°C with a probe-card at USTC) that do not exceed 200
nA of leakage current up to Vopcms and Voparras-

On one hand, the results show that, for all studied devices, more than 90% of
the pixels are functional and meet the ATLAS HGTD and CMS ETL leakage current
specifications before irradiation. Furthermore, the yield values listed in Table 5.9
represent a lower limit for the device yield after irradiation, as the leakage current
at -30°C and -25°C will be much lower than at room temperature.

On the other hand, the results also highlight the importance of improving the
technology, as both ATLAS HGTD and CMS ETL require 100% yield for all the seg-
mented devices that will be integrated for their phase-II upgrades. Nevertheless, it
is important to note that, from a technological standpoint, all segmented devices
of 15x15 pixels are functional. While some pixels of them exhibit higher leakage
current levels at 20°C, none exceeds ~10 pA within their operational voltage range
(~30-100 V), and none experiences early breakdown before 100 V.
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FIGURE 5.33: Color code mapping of the reverse bias at which every
pixel reaches 200 nA of leakage current, for 6LG2-v1 segmented de-
tectors IV measured with a probe card at 20°C.

5.5.8 Overview of 6LG2-v1 run results

Before introducing the next IMB-CNM LGAD run, let us make a brief stop to review
the findings from the results of the 6LG2-v1 run. From a technological standpoint,
there are a few aspects to highlight. On one hand, the importance of carefully con-
trolling the fabrication parameters was evidenced. As information about the screen
oxide prior to implantation processes was lost, the clear differences between the two
IMB-CNM carbonated LGAD runs (6LG3-v2 and 6LG2-v1) could not be properly
investigated via TCAD Sentaurus simulation. In turn, this posed a drawback to
stabilizing the LGAD design and fabrication at IMB-CNM, which needed to be ad-
dressed in future runs. On the other hand, the effects in fabrication of carbon doping
was confirmed. An increase in carbon doping concentration around the PN junction
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was proven to lead to LGADs with higher inner gain. This is due to the carbon-
enhanced dopant diffusion suppression and co-doping silicon amorphization, phe-
nomena that have been covered during the chapter. Nevertheless, an unexpected
turning point at which such phenomena stops enhancing the gain of the detector
(at a given bias) is found after an implantation dose of 3-10' at/cm?. Addition-
ally, the actual carbon dose value at which such turning point occurs was not totally
defined back then, as it was amidst 3 and 6-10™ at/cm?. Neither the underlying
physics of the turning point were understand, as TCAD Sentaurus simulation did
not predict it. Finally, the IV measurements of 15x15 pixel detectors have demon-
strated the viability of IMB-CNM technology for manufacturing large segmented
LGADs. However, further improvements are required to achieve 100% yield.

From the point of view of the ATLAS HGTD and CMS ETL phase-II upgrade
requirements, the conclusions where as it follows. In the CMS case, the require-
ments were met both before and after irradiation, but they were at the very upper
limit of the allowed operational voltage of 11(V /um) - D. Additionally, the results
suggested that an IP of 47 ym was not small enough to prevent the appearance of
popcorn noise, with independence of the carbon implantation dose and irradiation
fluence. In the ATLAS case, the radiation tolerance needed to be enhanced in or-
der to meet the LGADs specifications after irradiation. The results presented in
Figure 5.24 had shown that a carbon dose of 3-10' at/cm? was optimal in terms of
mitigation of the acceptor removal effect. However, it was still not clear if dose val-
ues in between 3 and 6-10'* at /cm? could lead to a higher radiation tolerance in such
terms.

5.6 CMS LGAD 6LG2-v2 run

The arguments presented in the last section laid the groundwork for the CMS LGAD
6LG2-v2 run. It was manufactured on 150 mm high-resistivity p-type Si-Si wafers
with the CNM1159 mask, that was mainly comprised by segmented LGADs of 16x16
pixels of 1.3x1.3mm? (21 devices per wafer), as specified by the CMS ETL require-
ments for its phase-II upgrade. Figures 5.34 and 5.35 show, respectively, a photo-
graph of one of the fabricated wafers and a schematic view of a carbonated single-
pad LGAD from this run. It is worth recalling that 6L.G2-v2 devices were used as an
example to illustrate the fabrication of single-pad LGADs in Chapter 3 (see section
3.3). This run was composed of three wafers.
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FIGURE 5.34: Photograph of a manufactured wafer from the 6LG2-v2
run. The single-pad LGADs for testing are located within the yellow
boxes.
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FIGURE 5.35: Schematics of the front view and cross section of a car-
bonated single-pad LGAD from the 6LG2-v2 run.

The run was manufactured, in principle, under the same conditions as the 6LG2-
vl run. This includes using the same wafers (both in terms of type and provider),
furnace and implantation equipment, annealing recipes, and dopant implantation
strategies for boron and phosphorus. The main differences compared to the 6LG2-
v1 run were the carbonation scheme and the IP of the devices. The carbon implan-
tation doses were selected as 3, 4 and 5-10'* at/cm? for the following reasons. First,
it would allow us to determine how reproducible the fabrication processes are, as a
wafer with a carbon dose of 3-10'* at/cm? had already been manufactured. Addi-
tionally, it would enable us to investigate the turning point for the carbon-enhanced
phenomena described in the last section, which pointed out to be amidst 3 and 6-10
at/cm?. Last but not least, an optimal value for the acceptor removal constant was
also suggested to be within such carbon dose range. On the other hand, the de-
vices IP was designed to be 80 ym instead of 47 ym to help avoid the appearance of
popcorn noise and to evaluate its relationship with such distance.

The main features of 6LG2-v2 LGAD fabrication process are listed in Table 5.10.
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Wi W2 W3
Carbon implantation dose in multiplication 3 4 5
layer (10 at /cm?)
Carbon implantation energy in 150
multiplication layer (keV)
Boron implantation dose in multiplication 19
layer, implanted after carbon (103 at /cm?) '
Boron implantation energy in multiplication 100
layer, implanted after carbon (keV)
Annealing of bc.)ror} (and carbon) in 180 min at 1100°C
multiplication layer
Phosphorus implantation dose in N+ (101
> 5& 10
at/cm*)
. . . ++
Phosphorus implantation energy in N 150 & 70
(keV)
Annealing of phosphorus in N+ 30 min at 1000°C
Screen ox1c.1e prior tq boron and carbon 2069
implantations (A)
Screen oxide prior to phosphorus
. . 2 89+50 | 117£18 | 108+17
implantation (A)

TABLE 5.10: Fabrication features for 6LG2-v2 LGAD run.

For the 6LG2-v2 run, the screen oxide prior to the multiplication, carbon and
N7 layers implantation was measured on different areas of the wafers, and the av-
erage values are found in Table 5.6. As in the previous IMB-CNM LGAD runs, the
value of the screen oxide grown in the aforementioned test wafer was measured to
be ~375 A. This result demonstrated a discrepancy that we had already anticipated,
as the screen oxide grown on the processed wafers was different to that of the test
one. Moreover, they also revealed an additional anomaly that did not align with
previous reports. As discussed in section 5.5, studies had proven that the screen ox-
ide grown under the same oxidation conditions is dependent on the wafer doping
concentration [80]-[82]. In particular, it was reported that the thickness of such ox-
ide was an increasing function of the doping concentration. That is, the more doped
the silicon, the thicker the screen oxide. Nevertheless, the results detailed in Table
5.10 show otherwise. Prior to boron and carbon implantation, the silicon at the de-
vice core is lightly doped (as per raw wafer values). Conversely, before phosphorus
implantation for the N* layer, the multiplication layer has already been implanted
and activated in such area. Consequently, the screen oxide grown in the first sce-
nario was expected to be thinner (if not similar) than in the second one. However,
the screen oxide grown in lightly-doped silicon was almost twice the one grown in
highly doped-silicon. This mismatch opened the door to hypothesizing about the ef-
fects of carbonation not only on the diffusion and activation of dopants in the LGAD
PN junction, but also on the implantation of such dopants through an alteration of
the screen oxide. In order to address that, we need to take a moment to discuss the
physics behind the growth of a SiO, layer on silicon.

5.6.1 Growing oxide in doped-silicon: an brief overview

As stated in Chapter 3, oxidation of silicon occurs by placing the wafers in a clean
furnace during a certain annealing time, temperature and gas flow. For screen oxide
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growth, this is done at IMB-CNM for 84 minutes, at 950°C and via dry oxidation (see
section 3.2), that is, with a gas flow of pure O,. When the annealing process starts,
the silicon surface is quickly oxidized by direct reaction with the high temperature
gas. At deeper levels, oxygen atoms from the gas need to diffuse through the semi-
conductor lattice to reach the underlying silicon. The motion of oxygen in silicon
has proven to be carried out primarily via interstitial diffusion [87]-[89].

The latter result explains why thicker oxides can be thermally grown on highly
boron-doped p-type silicon [80]-[82]. The smaller boron atoms (compared to sili-
con ones) create gaps and distortions in the regular pattern of the silicon lattice. In
turn, this naturally leads to a higher concentration of interstitials lattice sites, defects
that facilitate the diffusion of oxygen atoms, allowing for a more extensive oxidation
process and thicker oxide layers to form at greater depths from the wafer surface.
Nevertheless, this argument may be compromised in the presence of high concen-
trations of carbon by the silicon surface during the oxidation process. This is exactly
the case during the growth of the screen oxide prior to the N** implantation for
6GL2-v1 and 6LG2-v2 devices.

As previously addressed, carbon atoms can occupy interstitial sites, partially
blocking interstitial diffusion paths for dopants such as boron and phosphorus (the
so-called carbon enhanced suppressed diffusion [68], [69]). At sufficiently high dop-
ing concentrations, the presence of interstitial carbon might also cause a partial
blockage of oxygen diffusion through interstitials during the oxidation process. Ad-
ditionally, oxygen atoms can interact with interstitial carbon to form defect com-
plexes, which would not contribute to oxidize silicon. Let us recall that the com-
petition of such carbon-oxygen complexes formation with boron-oxygen ones was
precisely the state-of-the-art of LGAD carbonation for harsh radiation environments
[64].

With all that set fort, we could hypothesize that higher levels of carbon concen-
tration may lead to thinner screen oxides. One one hand, this might explain the
relatively low thicknesses of the screen oxide for 6LG2-v2 sensors prior to the N
implantation when compared to those prior to the carbon and multiplication layer
one. On the other hand, this might also explain the aforementioned turning point
for the carbonation phenomena at an implantation dose value amidst 3 and 6-10*
at/cm?. 1f, at the carbon concentrations introduced in the device by such doses, the
screen oxide is sufficiently reduced, phosphorus for the N** layer would be im-
planted deeper into silicon, hence its subsequent annealing would neutralize more
boron atoms in the multiplication layer. This effect was addressed in section 4.3 and
recalled in Figure 5.36.

In a nutshell, the phosphorus implantation through a carbon-altered thinner
screen oxide may counterbalance for the carbon enhanced suppressed diffusion (Fig-
ure 5.16), resulting in an LGAD with a lower boron peak in its multiplication layer,
hence with a lower inner gain and Ve and a greater Vzp.
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FIGURE 5.36: TCAD Sentaurus simulation of the doping profile,

breakdown voltage at 20°C and V,; for IMB-CNM LGADs of the

6LG2-v2 fabrication batch, as a function of the screen oxide growth
prior to Nt layer implantation.

Studies on oxygen diffusion reduction in carbon-doped silicon were reported in
[88], [89]. However, these studies are based on thermal processes that are signif-
icantly different from the temperatures and times typically used for oxidations at
IMB-CNM. Furthermore, they were conducted at doping concentrations that were
not representative of 6LG2-v2 devices, whether in terms of boron, carbon, or phos-
phorus. TCAD Sentaurus simulation were performed to investigate the growth of
the screen oxide as a function of carbon concentration, finding no dependence at all.
However, it is worth remarking that TCAD Sentaurus, by default, was neither able
to predict the difference in screen oxide between the test wafer (highly-doped) and
the process wafers (lightly-doped) of 6LG2-v2 detectors.

In light of this, it is crucial to rigorously challenge the hypothesis that high levels
of wafer carbonation alter screen oxides and impact LGAD fabrication, as it may not
hold true until actual scientific evidence is found.

5.6.2 Basic electrical characterization: IV and CV measurements at 20°C

To study the electrical characterization of 6LG2-v2 detectors, IV measurements were
carried out on over 20 devices per carbon dose. The samples were analysed from var-
ious sections of the wafers. The guard ring was connected in every measurement to
separate the surface from the bulk current. Figure 5.37 shows the averaged IV curves
for every carbon dose at 20°C. It is important to highlight that, by the completion of
the 6LG2-v2 run, CMS ETL requirements had been updated. The new specifications
required LGAD performance measurements before irradiation to be conducted at
20°C (see Table 5.1). On the other hand, the Vpp of every device was inferred as in
the 6LG2-v1 case (Figure 5.11). That is, by defining it as the voltage at which the IV
curve abandons a quasi-linear trend and starts exhibiting an exponential behavior.
In addition, CV measurements were conducted on 20 devices for each carbon
dose. Similar to the IV measurements, the devices were selected from various sec-
tions of the wafers. The CV curves were obtained with a Keysight Agilent 4284A
LCR-meter in parallel mode, at 20°C, 10 kHz and 500 mV AC. The average CV curves
are shown in Figure 5.38. The average V,; was inferred using the same methodology
as in for the 6LG2-v1 devices (illustrated in Figure 5.13). The average V,; and Vgp
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dependence on carbon implantation dose for 6LG2-v2 sensors is depicted in Figure
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FIGURE 5.37: Averaged IV curves, at 20°C, of 6LG2-v2 detectors.
in, 100p— Carbon dose
= (10" aticm?)
£ g 3
g g .
2 1000, gy 8 — s
S : : 8
E Carbon dose §
14 2 H
8 (10"* at/cm?) 8 10p-
10p{ 3 :
4 :
10 15 20 25 30 35 40

Reverse bias (V)

26 28 30 32

Reverse bias (V)

34

FIGURE 5.38: Averaged CV curves, at 20°C, of 6LG2-v2 detectors.
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FIGURE 5.39: V,; and Vpp dependence (at 20°C) on carbon implanta-
tion dose for 6LG2-v2 detectors.

For every carbon dose, the boron profiles in the multiplication layers where ex-
tracted from CV measurements, and their results are shown in Figure 5.40.
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FIGURE 5.40: CV-extracted boron doping profiles for 6LG2-v2 detec-
tors.

Let us review the main findings derived from the basic electrical characteriza-
tion measurements. On one hand, the average Vpp and Vg1 values do not confirm
whether a turning point for the carbon-enhanced dopant suppression phenomenon
exists. The differences between Vpp and Vy; as a function of carbon dose are slight,
with some averaged values overlapping within the standard deviation bars. On
the other hand, the boron peak extracted via CV measurements seem to be identi-
cal regardless of the carbon dose. As discussed earlier in this thesis, CV-extracted
doping profiles do not offer information about the N** depth or phosphorus con-
centration. Thus, an alternative technique is needed to effectively study the effects
of carbon-enhanced diffusion suppression. The novel Spreading Resistance Profil-
ing (SRP) equipment available at IMB-CNM offers such an alternative. This method
was used in LGADs to investigate this phenomenon. Before exploring SRP in detail,



Chapter 5. LGAD:s for High Energy Physics experiments 116

let us review the key basic electrical characterization results of 6LG2-v2 detectors
and compare them to those from the 6LG3-v2 and 6LG2-v1 runs.

5.6.3 Comparative analysis of CMS 6LG2-v2 run with ATLAS-CMS engi-
neering 6LG3-v2 run and ATLAS 6LG2-v1 run

In this section, the carbonation effects on LGADs will be set aside for a moment to
provide a broader picture of how the different IMB-CNM LGAD runs have shown
varying performance across each fabrication batch. Specifically, a comparison be-
tween the three carbonated IMB-CNM LGAD runs will be adressed. These include
the ATLAS-CMS engineering 6LG3-v2 run (first in line when carbonation was added
to the technology), the ATLAS 6LG2-v1 and the CMS 6LG2-v2 run, being the latter
the matter at hand during the last sections.

IV measurements at -25°C were carried out in 20 6LG2-v2 devices (per carbon
dose). These measurements were intended to study the leakage current versus irra-
diation fluence at the CMS ETL experiment temperature. Additionally, the inferred
VBp vs carbon dose at this temperature were also used to compare with the results
from the 6LG3-v2 and 6LG2-v1 run. This is shown in Figure 5.41. In contrast to the
IV measurements at 20°C for 6LG2-v2 sensors, a turning point for the Vgp at -25°C
seems to be spotted for a carbon dose of 4-10'* at/cm?. However, once again the
differences are so slight that the values overlap within standard deviation errors.
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FIGURE 5.41: Average V, and Vpp data from 6LG3-v2, 6LG2-v1 and
6L.G2-v2 detectors.

A comparison of CV-extracted doping profiles from these runs was also con-
ducted. This is shown in Figure 5.42.
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FIGURE 5.42: CV-extracted doping profiles for ATLAS-CMS 6LG3-
v1, ATLAS 6LG2-v1 and CMS 6LG2-v2 IMB-CNM runs.

The results shown in Figures 5.41 and 5.42 lead to the same conclusion: IMB-
CNM LGADs from different runs fabricated under the same conditions do no
result in identical devices. While a dependence of LGAD performance on carbon
implantation dose has been established, this effect alone cannot explain the varia-
tions observed among the different carbonated LGAD runs. Specifically, IMB-CNM
fabricated LGADs under the same carbonation conditions have not demonstrated a
consistent replicability. This highlights a missing point in a manufacturing process
where, despite seemingly identical conditions, we have not consistently achieved the
same results due to certain factors not being accurately controlled or even accounted
for. While monitoring the screen oxide points out to be a good starting point, there
may be other parameters in the manufacturing process that also contribute to the
observed variations and have yet to be fully understood.

However, the CMS 6LG2-v2 run is the first where all fabrication parameters, in-
cluding the frequently mentioned screen oxide, were carefully controlled when us-
ing the new IMB-CNM furnace equipment. Therefore, calibrating its results with
TCAD Sentaurus simulation represents a crucial first step toward stabilizing LGAD
technology at IMB-CNM. This will be addressed in section 5.6.5.

On the other hand, it is important to pause and make a few comments on the re-
sults shown in Figure 5.42. As stated in Chapter 4, the CV-extracted doping profiles
are inferred with the formula [56]:

2 0(1/C%) ;€A
“eml v 1T

Conventionally in the literature, the LGAD area (A in Equation 5.1) is defined
as the area enclosed by the p-stop, which is 1.3x1.3 mm?, as shown in Figure 5.35.
Although this represents the depletion area when the device is operated over full
depletion biases, only the multiplication layer is getting depleted before V; values
are reached. As Figure 5.35 depicts, the effective area of this layer is <1.3x1.3 mm?,
as it is limited to the adjacent JTE diffusions. For 6LG2-v2 detectors, such effective
area is 1.22x1.22 mm?*. As N « A2, using of A =1.3x1.3 mm? (before Vy;) instead of
the actual effective area results in an underestimation of the boron peak by a factor

N(w) (5.1)
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of ~0.7. Furthermore, the depletion width (w « A? in Equation 5.1) is overestimated
by a factor of ~1.2 This is shown in Figure 5.43
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FIGURE 5.43: CV-extracted doping profiles for 6LG2-v2 detectors
with a carbon dose of 4-10™ at/cm?.

It is important to note that this effect does not alter the qualitative results shown
in Figure 5.42, as using a different value for A in Equation 5.1 would simply shift
all the boron profiles together. This holds true as long as A does not vary signifi-
cantly between devices, which is the case here. In another words, it can be assured
that ATLAS 6LG2-v1 detectors have the highest boron peaks, while CMS 6LG2-v2
sensors have the lowest. Nevertheless, the results are not quantitatively accurate,
as demonstrated in Figure 5.43. Quantitative accuracy is crucial when comparing
results with other techniques. Therefore, in section 4.3, TCAD Sentaurus simulated
profiles were compared to CV-extracted ones using the actual effective area of the
multiplication layer.

5.6.4 SRP of 6LG2-v1 and 6LG2-v2 samples

Another known approach to determine the doping profile of an LGAD sample is
the aforementioned SRP. An overview of this reverse engineering technique can be
found in [90], and is hereunder summarized.

To measure the doping profile as a function of depth, the device is diced at a spe-
cific angle, which exposes the internal layers of the sample. Two probes separated
certain distance are placed on the surface of the diced sample. The probes are used to
apply a small bias and measure the resulting current, from which the resistance can
be inferred (Figure 5.44). Such resistance is influenced by the doping concentration
at the depth through which the current flows.
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FIGURE 5.44: Schematics of the SRP technique. Figure extracted from
[91].

Calibration samples (which resistivity type and doping concentration are known)
are measured prior to the sample under test. Thus, a relationship between the
spreading resistance and the known resistivity and doping concentration is estab-
lished. That is, a calibration curve is obtained, which is essential for converting the
measured resistance of the sample into the actual doping concentration. An example
of a P-type calibration curve is shown in Figure 5.45.
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FIGURE 5.45: Example of a p-type calibration curve for SRP mea-
surements. Such curve was used when studing the doping profiles of
6LG2-v1 detectors.

Additionally, an understanding of the conductivity type of the layers composing
the sample is necessary beforehand. This information is crucial for determining the
PN junction within the profile, which is manually identified in the raw spreading
resistance data to apply the appropriate n-type or p-type calibration curves to each
region. This process is illustrated in Figure 5.46.



Chapter 5. LGAD:s for High Energy Physics experiments 120

Raw SRP data (Spreading Resistance vs depth) Inferred SRP data (doping profile vs depth)
— .ng Intype! p-type A, 20 In-type ! p-type
[©] 108'region! region § 10 region ! region
Y ! B 107 ;
§ 107 ! % 18 !
g1y §10% =
2 ! T 107 \!
3 10% ! i !
o i —> S 10% i
9104 § 2 ¥
c ; € 4015 ¥
T 03 ! 8 !
@ 1073 i >10™ i
2 ) i Manually selected £ jManually selected %
o 10%+ i PN junction 210" i PN junction 3
. [<] 3
10" L : : . B 1012 L, . : , ‘
0 1 2 3 4 5 0 1 2 3 4 5
Depth (um) Depth (um)

FIGURE 5.46: Example of doping profile extraction from raw spread-
ing resistance data. The shown profile corresponds to a non-
carbonated 6LG2-v1 LGAD.

It is important to note that the relationship between spreading resistance and
resistivity presented in Figure 5.45 is valid for single-type samples (only p-type in
the figure case). When inferring the resistivity of a PN junction sample via SRP,
this calibration curve needs to be corrected to include Junction Field effects. Let us
talk trough it. In a PN junction, there is an intrinsic electric field due to the differ-
ence in doping concentrations between the p-type and n-type regions. This field can
influence the distribution of charge carriers, particularly in the region close to the
junction. When applying the SRP method to such a structure, the measured spread-
ing resistance can be affected by this field, leading to inaccuracies in the inferred
doping profiles, particularly near the junction. The software of the Semilab SRP-
2100 equipment at IMB-CNM accounts for junction field effects by incorporating
correction models derived from various studies [92]-[95]. Specifically, the software
includes four models that can be selected to correct the spreading resistance around
PN junctions. The quantitative values of the doping concentration depend on the
model choice. This is illustrated in Figure 5.47, where the doping profile of a non-
carbonated 6LG2-v1 device was obtained via SRP using each of the junction field
correction models. In the figure, the no model plot corresponds to the doping profile
inferred using the calibration curve in Figure 5.45 without any further correction.
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FIGURE 5.47: Doping profile around the PN junction for a non-
carbonated 6LG2-v1 LGAD, obtained via SRP and with different junc-
tion field correction models.

As a novel technique, the appropriate junction field correction model to be ap-
plied to IMB-CNM LGADs was unknown at the time this thesis was completed.
Thus, SRP doping profiles could not be quantitatively compared to those extracted
using CV measurements or simulated using TCAD Sentaurus. Nevertheless, a qual-
itative approach could still be applied to extract some fundamental insights into the
performance of carbonated LGADs. One ATLAS 6LG2-v1 LGAD per carbon dose
and two CMS 6LG2-v2 LGADs per carbon dose were analysed using the SRP tech-
nique with the equipment Semilab SRP-2100. The results are shown in Figures 5.48
and 5.49. The profiles were obtained by using the junction field correction model
labelled as model 3 in Figure 5.47, which corresponds to the model labelled as M1 if
the reader refers to the Semilab SRP-2100 user guide [91].
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FIGURE 5.48: SRP doping profiles of ATLAS 6LG2-v1 LGAD samples.
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FIGURE 5.49: SRP doping profiles of CMS 6LG2-v2 LGAD samples.

As previously stated, in contrast to CV-extracted doping profiles, an SRP mea-
surement allows us to infer the net active concentration including not only the de-
pleted layers (multiplication and bulk), but also the N** one. Additionally, the
depth of such layers is accurately extracted from SRP measurements despite the
junction field correction model used, which is inferred as it follows. The very surface
of device (depth zero in Figures 5.48 and 5.49) is inferred by analysing the transition
between the SiO, layer, where the software reads a spreading resistance virtually
infinite, and the N, where the resistance drops from infinite to a certain value.
The depth of such N*7 layer (e.g. the PN junction depth) is then derived from the
spreading resistance vs depth shape, as illustrated in Figure 5.46. As a result, an
analysis of the PN junction depth dependence on carbon implantation dose can be
carried out. The results are shown in Figure 5.50, indicating that a turning point
in the carbon-enhanced suppressed diffusion effect for phosphorus is observed
between implantation doses of 3 and 6-10' at /cm?, consistent with previous mea-
surements. Additionally, this turning point is estimated to occur around a dose of
410" at/cm?. Tt is worth noting that, despite the significant difference in electrical
performance between the 6LG2-v1 and 6LG2-v2 devices, their PN junctions for a
carbon dose of 3-10' at /cm? are similar within error bars.
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FIGURE 5.50: PN junction depth vs carbon implantation dose, ex-
tracted from SRP measurements.
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The analysis of the SRP multiplication layer profiles is summarized in Figure
5.51. Specifically, the boron peak (which determines the maximum electric field at a
given bias) and the charge integral (which shapes the electric field) were analyzed.
As discussed in Chapter 4, the inner gain of an LGAD increases with both the multi-
plication layer’s boron peak and its charge integral. To have qualitative insights into
the LGAD performance inferred from SRP measurements, TCAD Sentaurus simula-
tions of the Vpp and Vi were conducted. In these simulations, the active thickness
of the devices was fixed at 50 ym and the SRP PN junction profile was implemented
for each case. The avalanche model used was the Van Overstraeten - De Man, set
by default in TCAD Sentaurus, and the temperature was set at 20°C. The results are
shown in Figure 5.52.

?4 0- Boron peak in multiplication layer 2 6., Multiplication layer charge integral
§ % LI
- i — o
2“’ 3,5+ % 24 G| \
= S 2,24 / 0
~ (=)
b\ :
s / )
€251 % 21,8
e £
o146
82,04 E,1,6 A
c —o0— 6LG2-v2 < o —o— 6LG2-v2
[ <144 ~
5 15 —o0— 6LG2-v1 o —o— 6LG2-v1
@ o0 1 2 3 4 5 6 7 8 9 01 2 3 4 5 6 7 8 9
Carbon dose (10" at/cm?) Carbon dose (10" at/cm?)
FIGURE 5.51: SRP extracted multiplication layer boron peak and
charge integral for 6LG2-v1 and 6LG2-v2 detectors.
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FIGURE 5.52: SRP-simulated Vy, and Vpp for 6LG2-v1 and 6LG2-v2
detectors, at 20°C.

The SRP-simulated electrical performance of ATLAS 6LG2-v1 sensors is phe-
nomenologically identical to that extracted from actual IV and CV measurements.
Specifically, the maximum V; and lowest Vpp at -30°C are achieved with a carbon
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dose of 3-10'* at/cm?, where a turning point is observed. Conversely, the SRP-
simulated performance of CMS 6LG2-v2 detectors does not match the results ex-
tracted from measurements, which suggested similar performance of the devices
regardless the carbon dose. This underscores the importance of determining the ap-
propriate junction field correction model for each manufacturing batch conditions.

In summary, the SRP analysis of 6LG2-vl and 6LG2-v2 qualitatively demon-
strated that the carbon-enhanced suppressed diffusion of phosphorus shows a
turning point around 4-10'* at/cm?. However, further work is needed to refine
the junction field correction models to better suit each fabrication scenario. This im-
provement will enhance the cross-checking of SRP results with actual measurements
or TCAD Sentaurus simulations, which we are about to address.

5.6.5 TCAD Sentaurus simulation of CMS 6LG2-v2 detectors

In Chapter 4 (see section 4.3), a detailed overview was provided on how to fit TCAD
Sentaurus models to predict the electrical performance of carbonated LGADs. Specif-
ically, the electrical performance of 6LG2-v2 devices carbonated at an implantation
dose of 4-10'* at/cm? was studied. As mentioned, the 6LG2-v2 batch is the first
to be fabricated at IMB-CNM with the new furnace equipment and comprehensive
knowledge of all fabrication parameters, which is crucial for adjusting TCAD Sen-
taurus models to match actual measurements. In particular, the diffusivity of boron
and phosphorus through insterstitials was tuned during the simulation calibration,
as studies have reported that these diffusion paths are altered in silicon in the pres-
ence of carbon. These adjusted diffusivity parameters accurately predicted all V,,
Vep and CV-extracted boron profiles of 6LG2-v2 LGADs carbonated at a dose of
4-10™" at/cm?. However, the same parameters did not accurately predict the perfor-
mance of 6L.G2-v2 devices with different carbon doses, as shown in 5.53.
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FIGURE 5.53: TCAD Sentaurus predicted Vg (A) and Vpp, at 20°C, of
6LG2-v2 detectors after diffusivity model calibration.

This result suggests that the diffusivity of boron and phosphorus is not only
depend on the presence of carbon itself, but on its actual concentration around
the PN junction. Thus, further work is needed in order to understand how the
diffusivity parameters can be parameterized in every LGAD fabrication scenario.
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5.6.6 IV measurements of CMS 6LG2-v2 pixelated detectors

Five 6LG2-v2 segmented LGADs of 16x16 pixels were IV tested at the University of

Science and Technology of China (USTC). The location on wafer of the tested devices
is shown in Figure 5.54
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FIGURE 5.54: On wafer location of tested devices.

The measurements were performed as described for ATLAS 6LG2-v1 segmented
detectors in section 5.5.7, obtaining pixel-by-pixel IV testing at 20°C. The total leak-
age current for every tested devices is shown in Figure 5.55 (A), along with the aver-
age leakage current per pixel (B). The first result that we can infer is that the average
leakge current per pixel is lower for CMS 6LG2-v2 segmented detectors than those
corresponding to the ATLAS 6LG2-v1 run.
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FIGURE 5.55: Total Leakage current (A) and average leakage current
per pixel (B) of 6LG2-v2 segmented detectors of 16x16 pixels, mea-
sured with a probe card at 20°C in USTC.



Chapter 5. LGAD:s for High Energy Physics experiments 126

Single-pad detectors from the 6LG2-v2 batch have yet to be tested for their tim-
ing response or CC for a mip before irradiation. Thus, their Vop to fulfill the ATLAS
HGTD and CMS ETL specifications was not available at the time this thesis was
completed. However, an estimation of the CMS 6LG2-v2 segmented detectors yield
can be inferred by comparing to the same criteria as we did with ALTAS 6LG2-v1
detectors of 15x15 pixels. Specifically, by evaluating the number of pixels per de-
vice that, at 20°C and 100 V, have not exceeded the 200 nA leakage current limit set
by ATLAS and CMS, we can directly compare how IMB-CNM technology has im-
proved in fabricating large segmented detectors. The results are shown in Table 5.11
and Figure 5.56 highlighting that, under the same criteria, CMS 6LG2-v2 segmented
LGADs have a better behavior than ATLAS 6LG2-v1 ones.

6LG2-v1 % Pixels with 6LG2-v2 % Pixels with
Device Label i <200 nA at 100 V Device Label i; <200 nA at100 V
Al1610 98.4
Al3 924 Alé6ll 99.6
Al4 93.3 Al612 99.2
A19 96.4 Al6l6 100
Alel7 99.6

TABLE 5.11: Percentage of pixels in segmented ATLAS 6LG2-v1
and CMS 6LG2-v2 detectors (measured at 20°C with a probe-card at
USTC) that do not exceed 200 nA of leakage current up to 100 V.

As displayed in Table 5.11 and Figure 5.56, most of the tested 6LG2-v2 segmented
detectors with 16x16 pixels exhibit yields approaching 100%. However, it is impor-
tant to note that these yield values are only preliminary, as the operating voltage
(Vop) for these detectors has not yet been determined. Additionally, the basic elec-
trical characterization of single-pad 6LG2-v2 detectors suggests that their inner gain
is lower to that of ATLAS 6LG2-v1 devices. If this is confirmed, V,, is expected to
exceed 100 V, which could significantly reduce the yield values listed in Table 5.11.
Thus, the measurements presented in this section can only confirm that the CMS
6LG2-v2 segmented detectors exhibit a better performance (e.g. lower leakage
current) than the ATLAS 6LG2-v1 ones from a technological standpoint, but not
to the extent of specifically fulfilling the ATLAS HGTD or CMS ETL requirements.
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pixel reaches 200 nA of leakage current, for 6LG2-v2 segmented de-
tectors IV measured with a probe card at 20°C.
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5.7 IMB-CNM 6DLG technology: Deep Profile LGADs

The results presented in the previous sections not only demonstrated the need for
rigorous technological stabilization but also highlighted a limitation. Specifically,
the radiation tolerance of traditional IMB-CNM LGADs seemed to be constrained
by the carbon implantation dose turning point for the dopant suppressed diffusion
phenomenon. In this section, we will present an overview of the developing Deep
Profile LGAD technology (ILGAD for short) at IMB-CNM. dLGADs have contin-
uously demonstrated higher radiation tolerance compared to traditional IMB-CNM
LGADs, with acceptor removal constant values below 2 - 10716 / cm? [96]-[99]. Figure
5.57 schematically depicts what is meant by a deep profile. In a traditional LGAD,
the N layer and the multiplication layer overlap, and their net charge distribution
defines the profile. In a dLGAD, the multiplication layer is placed deeper relative
to the N layer, resulting in a narrow separation between them where the dop-
ing concentration corresponds to bulk values. As a result, the overlap between the
n-type N™* and the p-type multiplication layer is non nonexistent.

(_Multiplication layer )
JTE JTE

High Resistivity p-type substrate High Resistivity p-type substrate

FIGURE 5.57: Schematically representation of the differences in the
PN junction of an LGAD and a dLGAD.

While the term "deep profile" may be instructive, it is worth remarking that dL-
GAD:s typically have their Nt and multiplication layers located closer (shallower)
to the device surface and not deeper into the bulk, as shown in Figure 5.58. This is
a direct result of the difference in how such layers are implanted, diffused and acti-
vated when compared to a traditional LGAD, matter that will short be addressed.
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FIGURE 5.58: TCAD Sentaurus simulation of the typical doping pro-
file of an LGAD and a dLGAD

Additionally, the electric field profile of a dLGAD deviates from the sharp peak
shape of an LGAD, exhibiting a quasi-flat shape around the PN junction (Figure
5.59). However, the basic functioning of a dLGAD is the same as that of an LGAD.
That is, both devices create an electric field around their PN junctions when reverse
biased, which is strong enough to trigger the avalanche mechanism and cause charge
multiplication during particle detection experiments.
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FIGURE 5.59: TCAD Sentaurus simulation of the electric field (at 20°C
and 200 V) of an LGAD and a dLGAD

Table 5.12 shows the main differences in the implantation and annealing pro-
cesses used to obtain an LGAD or a dLGAD at IMB-CNM. Setting aside carbona-
tion, the difference in implantation energy for boron and phosphorus must be much
larger in dLGAD compared to LGAD devices to avoid the overlap between the mul-
tiplication and N** layers. Additionally, the boron implantation dose in dLGAD
sensors need to be reduced to prevent the doping profile from being high enough to
cause Geiger mode behavior in the device. Lastly, the annealing time for a dLGAD is
about 1 minute, so it is a so-called Rapid Thermal Annealing or RTA. This short an-
nealing period helps to prevent the multiplication layer from spreading towards the
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N7+ and also ensures that the boron peak remains sufficiently large to trigger the
avalanche mechanism when biased, thereby avoiding to end up with a PiN detector.

LGAD dLGAD
Boron implantation dose in multiplication ~ 1013 ~ 102
layer (at/cm?)
Boron implantation energy in
multiplication layer (keV) 100 > 400
Phosphorus implantation dose in N*+ (1014
p p ot emd) 5& 10 10
. . . ++
Phosphorus 1mpla(i’§;1)on energy in N 150 & 70 30
. . T 180 min at ~1 min at
Annealing of boron in multiplication layer 1100°C 1100°C
30 min at ~1 min at
: in N+
Annealing of phosphorus in N™ 7 layer 1000°C 1100°C
Screen oxide prior to boron implantation
A) ~100
Screen oxide prior to phosphorus 100

implantation (A)

TABLE 5.12: Overview of the differences in implantation and anneal-
ing processes for LGAD and dLGAD fabrication.

The reasons why dLGAD have higher radiation tolerance than LGAD detectors
remain a hot topic in the HEP field. This thesis will focus on the technological chal-
lenges and advantages that dLGAD presents compared to traditional IMB-CNM
LGAD.

5.7.1 Design and fabrication of the first AILGAD prototypes: CMS 6 DLG2-
vl run

The first dALGAD prototypes at IMB-CNM were manufactured on 150 mm high-
resistivity p-type Si-Si wafers (6DLG2-v1 run) with the CNM1159 mask (Figures 5.34
and 5.35), which is mainly comprised by LGADs of 16x16 1.3x1.3mm? pixels with an
IP of 80 um. As well as in the 6LG2-v2, the basic electrical characterization was per-
formed on single-pad detectors. Table 5.13 shows the fabrication parameters for the
6DLG2-v1 PN junction. This manufacturing strategy was partially designed using
TCAD Sentaurus simulations and partially reproduced from previous IMB-CNM
productions. On one hand, the implantation scheme of multiplication and carbon
layers was designed via TCAD Sentaurus by default (v2018.06), as the diffusivity
parameters that were calibrated to predict the electrical performance of 6LG2-v2 de-
vices had not yet been determined by the time this run was completed. On the other
hand, the implantation parameters of the N**, along with the RTA recipe to acti-
vate such layer and the multiplication one were based on previous strategies. These
implantation and RTA techniques had demonstrated their ability to activate, at a
sufficient extent to serve as electrodes, boron and phosphorus shallow layers in pre-
vious IMB-CNM fabricated detectors. It is worth remarking that the actual value of
the screen oxide grown prior to the carbon, multiplication and N** layers was not
measured on the process wafers but only on the test wafer (yielding a typical value
of 375 A).
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One of the primary advantages of manufacturing dLGAD compared to tradi-
tional LGAD is the reduction in the number of thermal processes required for it. In
conventional LGAD, carbon and boron are co-implanted and then annealed together
at 1100°C for 180 minutes. Following this, phosphorus is implanted to create the
N7 layer, which requires an additional annealing step at 1000°C for 30 minutes. In
contrast, dLGAD follows a similar implantation sequence (carbon, boron, and phos-
phorus), but all dopants are activated in a single RTA process lasting just one minute.
Furthermore, the short RTA times prevent boron and phosphorus from co-diffusing
with carbon for extended periods. As a result, the carbon-enhanced suppressed dif-
fusion phenomenon is expected to be minimal in dLGAD compared to traditional
LGAD.

W1 | W2 | W3
Carbon implantation dose in multiplication 5
layer (103 at /cm?)
Carbon implantation energy in 480
multiplication layer (keV)
Boron implantation dose in multiplication
’ layer (10'2 at /cm?) ’ 25 26 27
Boron implantation energy in 480
multiplication layer (keV)
Phosphorus implantation dose in N*+ 10
layer (10'* at/cm?)
Phosphorus implantation energy in N*+ 30
layer (keV)
Annealing of boron (phosphorus) in o o
o t‘fphca o (£+ +)};ayer 30 s at 1100°C + 30s at 1050°C
Screen oxide prior to boron and carbon ~100
implantations (A)
Screen oxide prior to phosphorus 100
implantation (A)

TABLE 5.13: Fabrication features for 6DLG2-v1 run.

Figure 5.60 shows the TCAD Sentaurus prediction of the dLGAD carbon and PN
junction profiles. Let us talk through them.
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FIGURE 5.60: TCAD Sentaurus prediction of the PN junction and car-
bon layers of 6DLG2-v1 run. (A): PN and carbon layers in logarithmic
scale. (B): Multiplication layer in linear scale.

On one hand, the carbon implantation dose was kept constant while the boron
dose was varied. Since no dLGAD had been fabricated at IMB-CNM before, this
approach aimed to identify a boron implantation dose that would enable the pro-
duction of a device with low inner gain, rather than optimizing the carbonation pro-
cess for radiation tolerance. On the other hand, the ratios between carbon and boron
doses were maintained as in the previous 6LG2 runs, ensuring that the carbon profile
had a doping concentration of approximately one order of magnitude higher than
the boron concentration. As previously stated, the N** layer was constructed such
as previous IMB-CNM productions to ensure its reliability as an electrode.

Figure 5.61 shows the Sentaurus simulated Ve and Vpp dependence on the cho-
sen boron implantation doses. Such doses correspond to those where the simulated
breakdown voltage was low enough to compensate potential partial activation of
boron [100]. In short, this effect occurs when only some of the implanted boron
atoms successfully locate in active lattice sites to contribute to p-type conductivity,
while others remain in a non-active state due to incomplete annealing. Nevertheless,
this approach was merely prudential, as several studies have reported full activation
of boron at T>1000°C with higher doses and shorter RTA times than those used in
the 6DLG2-v1 run [101], [102]. Lastly, it is worth mentioning that the simulated Vpp
and V,; were independent on carbon implantation dose (over the range 1-10-10'3
at/cm?) for a given boron dose, which demonstrated, at least theoretically, that
carbon-enhanced diffusion suppression did not operate for dALGAD devices as it
does for LGADs.
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FIGURE 5.61: TCAD Sentaurus prediction of Vg and Vpp for 6DLG2-
v1 devices.

Before presenting the basic electrical characterization of 6DLG2-v1 detectors, it is
worth making a pause to discuss some changes in the periphery elements construc-
tion that had to be addressed before starting the fabrication.

5.7.2 Optimization of the peripherpy elements in a dLGAD

On one hand, adjustments were required regarding the JTE thermal annealing pro-
cess. For a traditional LGAD, the JTE is diffused at 1000°C for 30 min before starting
the multiplication layer photolitography. This is sufficient for the JTE to perform
its function effectively, given the full LGAD thermal load (Figure 5.62 (A)), that in-
cludes extra thermal steps at 1100°C for 180 min (multiplication layer annealing) and
at 1000°C for 30 min (N annealing).

The substitution of such steps for an RTA could make insufficient a single anneal-
ing at 1000°C for 30 min for the JTE to work properly, as Figure 5.62 (A) depicts. Since
dLGAD was a technology under development at IMB-CNM, assuring a proper sep-
aration of the N™* and multiplication layer during fabrication was under question
upon first prototypes manufacturing. With the standard annealing for LGAD, the
JTE profile does not fully cover the multiplication layer of a dLGAD, so it would be
uncertain whether electric field edge effects are effectively mitigated or not. This set-
back was addressed by modifying the JTE annealing process from the typical 1000°C
for 30 minutes (prior to the multiplication layer photolithography) to 1100°C for 180
minutes. As Figure 5.62 (B) shows, this would ensure the JTE functionality for a
dLGAD.
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FIGURE 5.62: TCAD Sentaurus simulation of the JTE (at different
thermal loads) and multiplication layer for 6DLG2-v1 detectors.

The modification of the full thermal load for dLGAD also affects the p-stop and
channel stopper profiles. However, the optimized annealing process for the JTE
in dLGAD devices compensates for this, maintaining reasonable values for these
peripheral elements to function effectively (Figure 5.63).
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FIGURE 5.63: TCAD Sentaurus simulation of the p-stop and channel
stopper profiles for 6LG2-v2 and 6DLG2-v1 devices. (A): logarithmic
scale. (B): linear scale.

As stated in Chapter 3, the p-stop and JTE are manufactured prior to the core
elements. For traditional LGAD devices, during the 100 keV boron and 150 keV
carbon implantation in the active area, the oxide grown in previous thermal steps is
thick enough to block these ions from being implanted outside the core. This does
not hold for dLGAD, as boron and carbon ions are implanted at much higher energy.
In this case, an extra oxide layer is needed over the periphery elements to prevent
them from being doped with unwanted impurities, which may, in turn, increase
leakage current due to lattice distortion. As Figure 5.64 shows, about 1.5 ym of
oxide is needed to stop 480 keV boron and carbon ions. As the oxide thickness in the
periphery elements was measured to be >0.6 ym after the JTE optimized annealing,
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this setback was solved by depositing a 0.9 ym of oxide just before the multiplication
layer photolitography. The deposition technique was chosen over oxidation in a
furnace to prevent both the loss of silicon thickness in the active volume and the
alteration of the p-stop and JTE profiles close to the device surface.

Carbon at 480 keV Boron at 480 keV

Silicon

FIGURE 5.64: 480 keV carbon and boron ions distribution as they pass
through a 1.5 ym of oxide, obtained via Stopping and Range of Ions
in Matter (SRIM) simulation [103].

A similar drawback is also encountered in dLGAD fabrication during the last
implantation step: 30 keV phosphorus for the N** and guard ring layers. In tradi-
tional LGAD, the annealing of the multiplication layer (1100°C for 180 min) grows
a thick enough oxide layer (0.6 ym) to completely prevent phosphorus ions from
being implanted at the cutlines between adjacent devices on the wafer. In the orig-
inal dLGAD design, there was no thermal step in between the multiplication and
the N™* implantation steps, so the oxide at the cutlines remained close to its na-
tive thickness (~20.003 A). As Figure 5.65 shows, about 0.1 ym of oxide is needed
to stop 30 keV phosphorus ions. Thus, the implantation of phosphorus at the cut-
lines through the native oxide would create a floating PN junction, i.e. a PN junction
not properly covered by a JTE element, around the edge of the device. This is un-
desirable, as it would fail to mitigate the punch-through phenomenon between the
channel stopper and the guard ring, hence the device would be more likely to suf-
fer early breakdown. Given the thinness of the oxide needed to prevent the 30 keV
phosphorus ions from being implanted at the cutlines between adjacent devices, it
was grown via oxidation in a furnace. The thermal process was performed in two
steps: a wet oxidation at 800°C for 100 minutes, followed by a dry oxidation at 950°C
for 84 minutes. At this relatively low temperature, the diffusion of dopants such as
boron, phosphorus, and carbon in the already implanted regions remains minimal
[53]. Additionally, the dry oxidation step served to re-grow a screen oxide for the
subsequent phosphorus implantation for the N** and guard ring.
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FIGURE 5.65: 30 keV phosphorus ions distribution as they pass
through a 0.1 ym of oxide grown onto the cutlines, obtained via SRIM
simulation [103].

5.7.3 Basic electrical characterization: IV and CV measurements of 6DLG2-
v1 detectors

The average IV and CV curves of of 6DLG2-v1 devices, at 20°C, are shown in Figure
5.66. The measurements were carried out using the same equipment as described
for the CMS 6LG2-v2 run, and over 10 devices randomly allocated across the wafer
were measured. On one hand, the V,; was found to differ significantly from the val-
ues predicted by TCAD Sentaurus simulation with its default 2018.06 version. At
this point, it is worth remarking that the simulation using the CMS 6LG2-v2 cali-
brated diffusivity parameters resulted in minimal changes to the 6DLG2-v1 Vy; pre-
diction shown in Figure 5.61. That is, neither the default nor the CMS 6LG2-v2
tuned diffusivity parameters were able to predict the V,; of 6DLG2-v1 devices.
This highlights the importance of addressing TCAD Sentaurus models separately
for each LGAD technology. .
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FIGURE 5.66: Average IV and CV measurements of 6DLG2-v1 dL-
GAD and PiN devices.
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On the other hand, the Vpp of the devices could not be determined for voltages
under 500 V, as the guard ring was typically breaking down before the core did.
Additionally, the leakage current was found to be very high and independent on
the avalanche multiplication mechanism (i.e. the fabricated PiNs exhibited a similar
behavior). This setback was identified with a new equipment used to deposit the
passivation oxide. Specifically, this oxide was found to contain a significant number
of defects, which introduced charges within the material. This phenomenon mirrors
the radiation-induced effect described in section 3.2. In a nutshell, the presence of
defects within the Si — SiO, interface allow for charge trapping, creating an effective
conductive layer across the device surface, which can significantly increase leakage
current. As Figure 5.66 shows, this effect was particularly pronounced in the devices
fabricated on the third wafer. Lastly, it is important to emphasize that the addition
of carbon and boron layers in dLGAD, compared to PiN diodes (which lack these
layers), resulted in an increase in leakage current by more than an order of magni-
tude. This can be inferred by examining the IV curves at sufficiently low voltages,
where the oxide defects still do not contribute to the increase in leakage current.

Figure 5.67 (A) shows the CV-extracted boron profiles in the multiplication lay-
ers for 6(DLG2-v1 devices. In Figure 5.67 (B) these profiles are compared with TCAD
Sentaurus simulations. Two elemental results can be deduced from this compari-
son. First, the CV-extracted boron peaks are lower than the simulated ones, whether
using the default Sentaurus diffusivity parameters or the tuned 6L.G2-v2 ones. Addi-
tionally, the shape of the CV-extracted profiles suggests that the multiplication layer
had been partially neutralized by phosphorus, similar to what occurs in traditional
IMB-CNM LGAD:s. This is inferred by comparing the CV-extracted and simulated
boron profiles when the depth is scaled to the position of the doping concentration
peaks (Figure 5.67 (B)). For the CV-extracted profiles, it appears that almost half of
the Gaussian shape is lost, which can only be explained by the partial overlap of the
N+ layer with the multiplication one.
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FIGURE 5.67: (A): CV-extracted boron profiles for 6DLG2-v1l dL-
GADs. (B): Comparison of the profiles in (A) with TCAD Sentaurus
simulations.

Furthermore, the possibility of partial activation of boron in the multiplication
layers needed to be ruled out. To address this, the three wafers were reprocessed,
each undergoing an additional (RTA). The average CV curves and CV-extracted dop-
ing profiles after this process are shown in Flgure 5.68. The results demonstrated
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that the multiplication was completely activated with the original RTA described in
Table 5.13, as the V,; and boron peaks dropped after the extra RTA processes.
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FIGURE 5.68: (A): CV-extracted boron profiles for 6DLG2-v1 devices.
(B): Comparison of the profiles in (A) with TCAD Sentaurus simula-
tions.

All these results led to the conclusion that an overlap occurred between the
N** and the multiplication layer due to the implantation and annealing scheme
described in Table 5.13, which had in turn degraded the dLGAD inner gain orig-
inally expected. The neutralization of half of the Gaussian-shaped multiplication
layer could not be predicted by TCAD Sentaurus simulations without assuming a
boost of both boron and phosphorus diffusivity parameters compared to traditional
IMB-CNM LGAD. Nevertheless, the lost information about the screen oxide prior
implantation processes impeded a proper calibration of the diffusivity parameters.
Specifically, the screen oxide prior to the N7 layer seemed to play a crucial role
on the dLGAD performance, as predicted by TCAD Sentaurus. This is depicted in
Figure 5.69. In such Figure, the boron implantation dose for the multiplication layer
was fixed at 2.5:10'2 at/cm?. When the screen oxide for the N** (multiplication)
layer was swept, the one of the multiplication (N**) was held at 250 A.
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FIGURE 5.69: TCAD Sentaurus simulations of the Vg, and Vgp de-

pendence on screen oxide grown prior to the N1 and multiplication
layer implantations for 6DLG2-v1 dLGADs.
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5.7.4 The choice of dopant for the N*+

To mitigate the effect of phosphorus partially neutralizing the multiplication layer,
reducing the RTA time or temperature, as well as the phosphorus implantation dose
and energy, could be an effective solution. Conversely, this approach introduces un-
certainty regarding the functionality of the N electrode. The RTA and implantation
strategy used for the 6DLG2-v1 run was previously proven effective to active phos-
phorus at a sufficient extent to serve as an ohmic contact, which was not granted if
some of these fabrication parameters were adjusted. Nevertheless, thin N electrodes
fabricated with the same RTA and implantation scheme had also shown effective-
ness at IMB-CNM when using arsenic instead of phosphorus ions. As arsenic atoms
are more massive than phosphorus ones, their diffusivity in silicon is significantly
lower for a given annealing process [53], [54]. In turn, this would reduce the poten-
tial neutralization of boron in the multiplication layer. With all that in mind, a new
design of IMB-CNM dLGAD was implemented, using arsenic for the N layer.

Figure 5.70 shows the TCAD Sentaurus simulation of dLGAD doping profiles
when using arsenic or phosphorus for the N** construction. The simulation was
carried out using the carbon and N** layers implantation and RTA parameters
given in Table 5.13, with boron implanted for the multiplication layer at 480 keV
and a dose of 2.3-10'? at/cm?. Additionally, the screen oxide thickness was kept
fixed at 200 A for all implantations during the simulation.
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FIGURE 5.70: TCAD Sentaurus simulations of a dLGAD doping pro-
file when using arsenic and phosphorus for the N layer fabrication.
(A): logarithmic scale. (B): linear scale around the PN junction.

It is worth noting that the multiplication layer is slightly narrower and exhibits a
higher boron peak when arsenic is used in the N* layer. This effect was observable
in TCAD Sentaurus simulations when sweeping the boron implantation dose, indi-
cating that the phenomenon is related to a slight change in the diffusivity of boron
when the dopant species of the N7 is changed. Nevertheless, the fundamental re-
sult inferred from Figure 5.70 is that the N* layer is significantly further from the
multiplication one when arsenic is implanted instead of phosphorus under the
same conditions. This does not only translates into a minimal likelihood of neu-
tralizing boron in the multiplication layer, but also suggests that dLGAD fabricated
with arsenic in their N** layer will tend to have a higher inner gain. As the N**
and multiplication layers are more widely separated for arsenic use, the electric field
extends deeper at a given bias (Figure 5.71). As a result, charge carriers generated
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by an incident particle will cause impact ionization over a longer distance as they
drift toward the electrodes.
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FIGURE 5.71: TCAD Sentaurus simulations of a dLGAD electric field
at 20°C and 100 V for dLGAD devices constructed with the doping
profiles shown in Figure 5.70.

The aforementioned effect was studied using TCAD Sentaurus by simulating the
Ve and breakdown voltage, at 20°C, of dLGAD sensors fabricated with arsenic and
phosphorus in their N** under the same fabrication scheme and for different screen
oxide thicknesses. The results are shown in Figures 5.72 and 5.73, highlighting that
the use of arsenic, for a given boron implantation dose and screen oxide thickness
before either the N™* or multiplication layer, results in higher Ve and lower Vgp
values. Moreover, such results also suggest that fabricating dLGAD devices with
arsenic in their N** layer could improve the stabilization of LGAD technology at
IMB-CNM by means of fabrication reproducibility. This is inferred by studying how
the Vg and Vpp of LGAD and dLGAD detectors change as a function of the screen
oxide thickness.

_ Dopant species _
800 :\ —m— Phosphorus 800 Boron dose Dopant species
- —o— Arsenic 10'2 aticm?) —m— Arsenic
600 600 . —0O— Phosphorus
—_ § — R o o
s \ \ e n
o Boron dose o
S (102 atlem’) N\ ~. g W —n——a—o—0
N 400 521 o~ N 400+
o o
oM e i T © R
B |e-25 i &
J o J
200 o : 200 . _" - & -
=]
\n\n 0 [ ] n n n ]
100 0 100 200 300 400 100 O 100 200 300 400
Screen oxide N** layer (A) Screen oxide mult. layer (A)

FIGURE 5.72: TCAD Sentaurus simulations of Vpp (at 20°C) of dL-

GAD devices as a function of the NT+ dopant species, t,y prior to the

N+ and multiplication layer implantations, and boron implantation
dose.
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FIGURE 5.73: TCAD Sentaurus simulations of V,; of dLGAD devices

as a function of the N** dopant species, t,¢ prior to the N** and
multiplication layer implantations, and boron implantation dose.

Let t,, denote the screen oxide thickness and evaluate the Vpp (at 20°C) and Vgl
variation (AVpp and AVj)) with t,, by linear fits of the graphs presented in Figures
5.72,5.72, 410 and 4.11. The last referenced figures were analysed in Chapter 4,
where Vpp (at 20°C) and Vo vs toy was studied via TCAD Sentaurus for 6LG2-v2
LGADs. The results are listed in Table 5.14, showcasing that the performance of
dLGAD devices manufactured by doping the N+ with arsenic may be less affected
by variations in foy.

tox for NTT tox for multiplication layer
LGAD LGAD
6LG2-v2 dLGAD 6LG2-v2 dLGAD
NT+
dopant P As P As
AVBD / Atox
V/(100 A) 55 83 15 26 8 7
AV, ) / Atox
3 o 1.6 1.9 0.6 1.2 0.5 0.5
V/(100 A)

TABLE 5.14: Vpp (at 20°C) and Vg, average variation per 100 A of

screen oxide thickness (for the N** and multiplication layer implan-
tations) and its dependence on the N** dopant species for LGAD
and dLGAD devices.

5.7.5 CMS 6DLG2-v2 and 6DLG3-v1 runs

The second IMB-CNM dLGAD batch was manufactured on 150 mm high-resistivity
p-type Si-Si wafers (6DLG2-v2 run) of 50 ym active thickness with the CNM1159
mask, just as the 6DLG2-v1 run was. Table 5.15 shows the fabrication parameters
for the 6DLG2-v2 PN junction, which were chosen based on the results addressed
in the last section. In a nutshell, the fabrication strategy was identical to that of the
6DLG2-v1 run, except phosphorus was replaced with arsenic in the N* layer, and
the boron implantation dose in the multiplication layer was lowered for one of the
wafers.
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Wi [ W2 | W3
Carbon implantation dose in multiplication 5
layer (103 at /cm?)
Carbon implantation energy in 480
multiplication layer (keV)
Boron implantation dose in multiplication
b layer (10'2 at /cm?) b 23 2:5 27
Boron implantation energy in 480
multiplication layer (keV)
Arsenic implantation dose in N layer 10
(10 at /cm?)
Arsenic implantation energy in N* layer 30
(keV)
Annealing of boron (phosphorus) in o o
o t?phca oo (15++)Iiayer 30 s at 1100°C + 30s at 1050°C
Screen oxide prior to boron and carbon 2100
implantations (A)
Screen oxide prior to phosphorus 160
implantation (A)

TABLE 5.15: Fabrication features for 6DLG2-v2 LGAD run.

Nevertheless, 6DLG2-v2 devices were not functional, as the spiking phenomenon
described in Chapter 3 (see section 3.3) caused a short-circuit in the devices. To recall,
spiking refers to a failure during fabrication, where the metal layer used to form
electrical contacts penetrates through the electrodes into the underlying silicon. This
generally occurs when the electrodes are too thin, as is the case for N** layers based
on RTA activated arsenic. When this phenomenon arises, a short circuit is likely to be
created between the metal contact and the high-resistivity layer, rendering the device
non-functional. This short circuit occurs because the metal effectively bypasses the
intended PN junction, creating a direct electrical connection where there should not
be one. The spikes were directly observed using the IMB-CNM SEM microscope, on
both the device core and guard ring opening contacts, as shown in Figure 5.74.

Core Guard ring

Time :14:32:25
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FIGURE 5.74: SEM pictures of the core and guard ring opening con-
tacts of a PiN detector from 6DLG2-v2 run, where spikes can be spot-
ted.
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It is worth mentioning that the presence of spikes did not cause a failure of the
guard ring, as its N electrode included the JTE profile, which extended into the sil-
icon bulk at sufficient depth to prevent a short circuit between the metal and the
high-resistivity layer. This can be inferred from Figure 5.75, where the average IV
measurements of single-pad LGADs and PiNs from 6DLG2-v2 run are shown. The
measurements were conducted at 20°C using the same equipment as in the previous
IV measurements (Keithley 2410), and 10 dLGADs and PiNs per wafer were tested.
Additionally, the increase in leakage current due to spiking-induced short circuits
was found to be higher for a dLGAD than for a PiN, as the first includes charge
injection from the multiplication layer.
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FIGURE 5.75: Average bulk and surface current measurements, at
20°C, of dLGAD and PiN detectors from 6DLG2-v2 run.

The spiking phenomenon for thin electrodes construction has a known mitiga-
tion technique at IMB-CNM, that would be used in the design of the next dLGAD
manufacturing batch. Such technique consists in depositing a thin layer of titanium
in between the high-resistivity silicon and the aluminum layer. By doing so, the ti-
tanium layer acts as a diffusion barrier between the silicon and aluminum, which
prevents the former from reacting to form spikes [104]. Thin N electrodes were suc-
cessfully manufactured with arsenic implantation and activation using the parame-
ters in Table 5.14, without the presence of spikes, by adding a 300 A layer of titanium
between the silicon and aluminum during the metallization process. This approach
was used in the design of the upcoming dLGAD batch, being fabricated on 150 mm
high-resistivity epitaxial Si-Si wafers (6DLG3-v1 run) of 55 ym active thickness and
with the CNM1159 mask. Its main manufacturing features are listed in Table 5.16.

The 6DLG3-v1 run will include a wafer (W5) that mirrors one of the 6DLG2-v1
wafers (W2 in Table 5.13), with the only difference being the use of arsenic instead
of phosphorus for the N layer construction, as well as the previously addressed
difference in metallization. The range of boron implantation doses in the multipli-
cation layer has also been widened to ensure enough data is available to calibrate
TCAD Sentaurus with experimental results.
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W1 | W2 | W3 | W4 | W5
Carbon implantation dose in
multiplication layer (103 5
at/cm?)
Carbon implantation energy 480
in multiplication layer (keV)
Boron implantation dose in
multiplication layer (10'2 21 2.3 25 2.7 3.0
at/cm?)
Boron implantation energy 480
in multiplication layer (keV)
Arsenic implantation dose in 10
N*+ layer (10 at/cm?)
Arsenic implantation energy 30
in N*7 layer (keV)
Annealing of boron
(phosphorus) in 30 s at 1100°C + 30s at 1050°C
multiplication (N*7) layer
Metallization layers 1.5 ym of Algg 50,Cug 59, on 300 A of titanium
Screen oxide prior to boron under fabrication
and carbon implantations (A)
Screen oxide prior to o
phosphorus implantation (A) under fabrication

TABLE 5.16: Fabrication features for 6DLG3-v1 run.

5.8 Conclusions and future work

The results presented in this chapter lead to several conclusions and potential direc-
tions for future work. One key finding is that IMB-CNM fabricated LGADs have
shown improved radiation tolerance across different manufacturing runs. How-
ever, further enhancement is needed to meet the harsh radiation conditions forecast
in the ATLAS and CMS Phase-II experiment upgrades.

The results from the ATLAS 6LG2-vl LGAD batch indicated that an optimal
balance between gain and radiation hardness is achieved with LGADs fabricated
with a carbon implantation dose around 3-10'* at/cm?. Further studies from the
CMS 6LG2-v2 run showed that this optimal point is more linked to carbonation ef-
fects during LGAD fabrication than to device gain. Specifically, a turning point for
the carbon-enhanced suppressed diffusion was observed at a carbon dose around
4-10' at/cm?. However, the potential optimal point for radiation tolerance at this
carbon dose still requires further investigation.

Another fundamental evidence extracted from the results is the need to stabi-
lize LGAD technology at IMB-CNM. Devices from the 6LG2-v1 and 6LG2-v2 runs
exhibited significantly different electrical performances before irradiation, despite
being fabricated, in principle, under similar conditions. Setting carbonation aside,
Table 5.17 provides an overview of how the performance of IMB-CNM LGADs fab-
ricated with 6LG technology has evolved over the years. The gain data has been
inferred from the reports found in [24], [50], [77]. The listed results highlight the
need for technology stabilization at IMB-CNM. A rigorous control and understand-
ing of all fabrication parameters during the manufacturing, such as the screen oxide
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thickness before implantation, suggests a potential area for investigation to stabilize
the technology.

Year of clean-room | Gainat 180V at Vpp at
6LG run competition | equipment | -30°C for a mip Va (V) 20°C (V)
6LG3-v1 2020 Old ~4 ~30 ~ 450
6LG3-v2 2022 New ~8 ~30 ~400
6LG2-v1 2023 New ~30 ~31 ~200
6LG2-v2 2024 New to measure ~~28 ~420

TABLE 5.17: Overview of the performance of 6L.G detectors.

Regarding the aforementioned stabilization, IMB-CNM has used TCAD Sentau-
rus, a powerful simulation tool for designing and predicting LGAD behavior before
fabrication. Additionally, the SRP technique was also introduced to analyse LGAD
doping profiles. However, TCAD Sentaurus and SRP correction models need fur-
ther refinement to better align with the various LGAD manufacturing scenarios and
to serve as reliable prediction and validation tools, respectively.

Last but not least, transitioning from LGAD to dLGAD devices could be a
promising direction for future work. On one hand, several studies have reported
that dLGAD detectors exhibit better radiation resistance compared to traditional
LGADs. Moreover, TCAD Sentaurus simulations indicate that dLGAD devices may
be less affected by manufacturing variances (e.g., changes in screen oxide thickness
before implantation), which provides an advantage in terms of technology stabiliza-
tion.
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Chapter 6

nLGAD for low-penetrating
particles detection

6.1 Introduction

The stepping stones for what detectors with intrinsic amplification built up on n-
type substrates are and their intended purpose were reviewed in Chapter 2. In this
chapter we will delve deeper into the topic and present the characterization of the,
up to date, two nLGAD batches fabricated at IMB-CNM.

6.2 LGAD limitations for low-penetrating particles detection

A good gain response of a p-type LGAD is limited to high-penetrating particles, that
is, to highly energetic charged particles and photons within a certain energy range
(e.g. IR light or x-rays with relatively high penetration depth). This limitation is due
to the distinction between how electrons and holes trigger the avalanche multipli-
cation mechanism, being the first much more effective to do so. As discussed in the
previous chapter, LGAD devices built up on p-type substrates have demonstrated
their outstanding timing resolution and SNR when detecting high-penetrating par-
ticles in silicon while avoiding the the high noise levels associated to a traditional
APD. The aim to construct a similar device for low-penetrating particles was the
seed of the nLGAD conception. The first evidence of p-type LGAD detectors being
limited for such particles was found at IMB-CNM, being the methodology to do so
hereunder detailed.

An LGAD from the 6LG3-v1 run (section 5.4) was investigated for its gain re-
sponse via Transient Current Technique (TCT) [105] with laser sources of 1064 nm
(IR) and 404 nm (blue visible light) wavelength. Detectors from this fabrication batch
have an active area of 3.3x3.3 mm?, a circular entrance window of 2.3 mm diameter
and 50 um of active thickness. The devices were biased with a Keithley 2410 voltage
source. During the measurements, the laser beam was focused around the center
of the active area of the LGAD, at normal incidence with respect to it and with a
projected area of &~ (71/4)60 - 60 um? on the surface of the entrance window. Such
center was found by scanning the signal response of the devices in X and Y using
steps of 2 ym. The laser pulse intensity, frequency and width were kept constant
for every wavelength and for both LGAD and reference PiN. Before processing, the
laser-generated signals went through a Particulars AM-01A amplifier, with an ana-
log bandwidth of 2 GHz, 53 dB gain and connected to a Particulars BT-01 Bias-Tee,
to be further analysed using a DRS4 Evaluation Board Oscilloscope. For every de-
vice, wavelength and voltage point, 5000 waveforms were averaged to extract the
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gain, that was inferred by dividing the integrated amplified output signal (Collected
Charge or CC) of the LGAD by the reference PiN one.

The results are shown in Figure 6.1. As the studied LGAD has its entrance win-
dow by the N electrode (where electrons drift), the difference in gain response vs
wavelength can be understood as it follows. A photon of 1064 nm, with a penetra-
tion depth of ~ 1 mm in silicon [16], will be absorbed at any depth of the 50 ym
LGAD with the same probability. Thus, the IR pulse will generate a uniform dis-
tribution of electron-hole pairs within the active depth of the detector. Under these
circumstances, there will be a greater number of electrons crossing the high electric
field region, so they will be the main carrier contributing to the avalanche mecha-
nism triggering. In contrast, a visible photon of 404 nm, with a penetration depth of
~ 0.1 ym in silicon [16], will be either absorbed within the N electrode (not causing
any detectable signal) or close to the PN junction. In this latter situation, most of
the electrons will quickly drift to the N electrode without traversing the high electric
field region, hence the majority of charge carriers crossing such region will be holes.
As electrons are more effective in triggering impact ionization that holes, a regular
p-type LGAD will see its gain response degraded for the 404 nm visible light beam.
Moreover, the results in Figure 6.1 highlight that LGAD sensors from the 6LG3-v1
batch have a response to 404 nm photons that differ little to that of the reference PiN,
as the gain is nearly one for the studied voltage range.

With that in mind, one could argument that we may turn the tables by devel-
oping LGAD devices, alike to the 6LG3-v1 batch, but in where electrons and holes
exchange its drift direction. This can indeed by achieved by swapping the conduc-
tivity type of all layers composing the device. As the bulk comprising the raw wafer
would be n-type in such case, an LGAD built up this way was called nLGAD.
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FIGURE 6.1: LGAD gain response, at 20°C, to 404 and 1064 nm wave-
length photons inferred via TCT.

Before getting into the characterization of IMB-CNM fabricated nLGAD devices,
it is worth itemizing some of the potential applications that such devices may have.



Chapter 6. nLGAD for low-penetrating particles detection 148

6.3 Potential nNLGAD applications

6.3.1 Detection of low-penetrating photons

In the case of photon science applications, it is worth discussing them while evalu-
ating the photoabsorption penetration depth in silicon for different photon species.
This is depicted in Figure 6.2. It is important to define the term penetration depth,
as it may be misunderstood as the very depth at which a photon beam is completely
attenuated in silicon. In fact, it is a parameter that determines the depth at which a
photon beam, incident normally to the surface of silicon, has its intensity reduced by
a factor of 1/e by means of the photoelectric effect. Hence, the probability of having
photo-absorption in a silicon detector is still possible even though the penetration
depth of the species is smaller than the dead layers of the entrance window (e.g.
passivation or electrodes). With all that set forth, we may propose that the potential
of nLGAD in photon science can be narrowed to applications involving the detec-
tion of visible light in the higher energy spectrum (2 3 eV), UV light and soft x-rays
under 1 keV).

UV spectrum
Visible spectrum
IR spectrum
— X -ray spectrum

3

10°4 9 O TCTIR (1064 nm)
A TCT Blue (404 nm)

Penetration depth (um)

10° 102 107 10° 10° 102
Photon Energy (keV)

FIGURE 6.2: Penetration depth of different photon species that inter-
act mainly via photo-effect with silicon [16], [21], [106].

Such photon species have a penetration depth in silicon under ~ 1 ym. Thus, re-
gardless of the specific application, their very detection has always been challenging
due to their potential absorption within the non active regions of the sensor [107],
[108]. This limitation led to the development of silicon-based detectors optimized to
enhanced their sensitivity to these low-penetrating photons. Some typical examples
are the reduction of the dead entrance window while broadening the active area of
the sensors [109], or the replacement of the dead layer components with alterna-
tive materials transparent to the target photon [110]. Along with these strategies,
the development of APDs entailed an upgrade, as their high inner gain enhanced
the sensitivity to low intensity photon sources [108]. Nevertheless, APDs are not
suitable for applications that require spatial resolution, as segmenting them in small
pixels leads to non-uniformities in their performance. Moreover, the excess noise
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factor inherent to APDs can be counterproductive if the photo-generated signal falls
below the baseline noise level.

Traditional pixelated nPiN detectors or Charged Couple Devices (CCD) tailored
for low-penetrating photons overcome this drawback, allowing high spatial resolu-
tion [107]. However, their time response and sensitivity is generally poor for appli-
cations that require time resolution and enhanced SNR. The interest of the nLGAD
for photon science lies in their potential to detect low-penetrating particles with high
temporal and spatial resolution while maintaining low noise levels.

Some specific applications of photon science that require the detection of UV
light and soft x-rays are listed in [107]. An interesting application that involves the
manufacturing of silicon detectors itself is the photolitography mask inspection us-
ing UV light [111]. In a nutshell, such technique consists in determining the pres-
ence of photolitography masks defects by studying how they diffract UV photons,
which requires a proper particle detection system to do so. On the other hand, large
synchrotron facilities such as the ESRF (European Synchrotron Radiation Facility in
Grenoble) and ALBA (Barcelona, Spain) require particle monitoring during opera-
tion, where nLGAD devices could be implemented for soft x-rays detection.

6.3.2 Detection of low-penetrating charged particles

The aforementioned argument can also apply for low-penetrating charged particles
detection like low-energy protons or alphas. The range for such particles in silicon is
shown in Figure 6.3.
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FIGURE 6.3: Range in silicon for protons and alpha particles of rela-
tive low energy [112].

It is important to make a distinction between the penetration depth for photons
and the range for charged particles. Both concepts are used to describe how far these
particles can travel through a material. However, they refer to different mechanisms
of interaction with it. On one hand, photons interact with silicon in a probabilistic
way (via photoelectric effect), so the penetration depth is defined statistically (e.g.
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the distance at which the beam intensity falls to 1/e). On the other hand, charged
particles interact continuously with silicon (via Coulomb interaction), ionizing the
material as they pass through, hence leading to a more predictable path and energy
deposition pattern. Thus, the range is defined deterministically as the average
distance cover by the ion until it is completely stopped within silicon. To put it
another way, a photon with a penetration depth of 1 ym has a high probability of
being absorbed for depths >1 um, as only ~37 % of the beam has been lost up to
such depth. In contrast, the likelihood of the same happening for a charged particle
with a range of 1 ym is negligible.

Additionally, it is worth remarking that strategies to enhance the sensitivity of
sensors to low-penetrating ions are more limited when compared to low-penetrating
photons. As charged particles interact with any material composing the dead en-
trance window, there are no means of developing transparent coatings for ions, as
is the case for photons. Thus, approaches to upgrade the sensitivity of detectors
to low-penetrating charged particles are narrowed to the reduction of the dead en-
trance window or its construction with low-density materials that increase the ions
range within them. In light of that, we may advance the the potential of nNLGAD
sensors is bounded to ions which range falls by the PN junction of the detec-
tor. Depending on the entrance window and the electrode construction, such range
should be of the order of ~1 um or less. A few examples of potential applications
are depicted in Figure 6.3 and hereunder briefly discussed.

Neutrons are neutral particles, making them difficult to detect directly with sil-
icon detectors. However, by coating the entrance window with specific materials,
neutrons can be detected indirectly. Such materials include Li-6 or B-10, that are
able to capture neutrons, a reaction that produces other charged particles, includ-
ing alphas of ~1 MeV [30]. On the other hand, plasma heating for nuclear fusion
experiments is often performed by injection of protons accelerated at ~100 keV
[113]. A proper particle detection system for such protons is needed for plasma
diagnosis during its heating. Perhaps the most ambitious experiments involving
low-penetrating ions detection are those that study of the natural B-decay of neu-
trons [114], [115], as it aims to detect and analyse the features of the proton remnant
of such reaction, with an energy of ~1 keV (and a range in silicon of the order of the
nm).

The aforementioned examples are just a few compared to the wide range of ap-
plications where nLGAD have the potential to enhance the performance of low-
penetrating particles detection systems. While we have narrowed the discussion
to protons or alpha particles, the argumentation may be extrapolated to any heav-
ier charged particle whose range in silicon is small enough to trigger the avalanche
mechanism for electrons in a specific NLGAD design. With all that set forth, let
us delve into the characterization of the first nNLGAD prototypes fabricated at IMB-
CNM.

6.4 IMB-CNM 4NLG1-v1 fabrication run

As stated in Chapter 2, the first nNLGAD prototypes were designed, fabricated and
tested at IMB-CNM [6], [24], [116], [117]. They were manufactured on 4” (100 mm) n-
type high resistivity Flat Zone Si-Si wafers, and its technology was coded as 4NLGI.
The fabrication was done with a mask containing only single-pad like detectors with
a ~275 ym active thickness, a 5.3x5.3 mm? active area and an entrance window of
5 mm in diameter, as Figure 6.4 shows. Such entrance window is composed of a
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layer of 0.7 ym of silicon nitride over a 0.4 um layer of silicon dioxide. These first
prototypes lacked of a channel stopper, which was introduced in the second nLGAD
batch that will be addressed in the next section. For the multiplication layer, phos-
phorus was implanted with an energy and dose of 100 keV and 1.9-10% at/cm? and
annealed at 1100°C for 180 minutes. For the P™" construction, boron was implanted
with two energies and doses: 150 keV and 5-10'* at/cm?, and 70 keV and 1-10%°
at /cm? and annealed at 1000°C for 52 minutes. In Figure 6.4, the full thickness of the
detector is ~271 pum, as about 3-4 ym were lost in oxidation processes.
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FIGURE 6.4: Schematics of the front view and cross section of an nL-
GAD from the IMB-CNM 4NLG1-v1 fabrication run.

The detectors showed a Vgl of ~26 V, a full depletion voltage of ~30 V, an av-
erage breakdown voltage of ~150 V (at 20°C) and a leakage current in their opera-
tional voltage region of the order of 100 nA. Their electrical characterization can be
found in [24], [116]. The nLGAD detectors were first investigated at IMB-CNM for
its gain response via TCT with laser sources of 1064 nm (IR) and 404 nm (blue vis-
ible light) wavelength. The methodology to do so is similar to the one detailed for
the LGAD gain response measurements presented in Figure 6.1, and its main results
can be found in [24], [116]. It was found that the gain response to 404 nm wave-
length photons was ~10 times higher than for the 1064 nm wavelength ones. Such
result represented the first evidence of the potential of nNLGAD for low-penetrating
particles detection.

As a contribution to the aforementioned work, this section presents the gain re-
sponse measurements of 4NLG1-v1 detectors to TCT visible light of 660 nm and 15
keV x-rays from synchrotron radiation [6]. Additionally, the gain response as a func-
tion of every photon species investigated for nLGAD devices of this fabrication run
(visible light of 404 and 660 nm wavelength, IR light of 1064 nm wavelength and 15
keV x-rays) will be reviewed.

6.41 nLGAD response to TCT visible light of 660 nm wavelength

An nLGAD detector from the 4NLG1-v1 run was investigated for its gain response
while illuminated with 660 nm visible light. A photon of such wavelength has a
penetration depth in silicon of ~3 ym [16], so it is halfway between a low- and a
high-penetrating particle in silicon. The measurements were carried out at room
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temperature with a TCT setup [105] available at the School of Physics and Astron-
omy at the University of Glasgow. The devices were biased with a Keithley 2410
voltage source. During the measurements, the laser beam was focused around the
center of the active area of the LGAD, at normal incidence with respect to it and
with a projected area of ~ (71/4)10 - 10 um? on the surface of the entrance window
(of &~ (7t/4)5000 - 5000 m?). Such center was found by scanning the signal response
of the devices in X and Y using steps of 2 ym. The laser pulse intensity, frequency
and width were kept constant for both nLGAD and reference nPiN measurements.
In the setup, the laser-generated signals go through a Particulars AM-01A ampli-
fier, with an analog bandwidth of 2 GHz, 53 dB gain and connected to a Particulars
BT-01 Bias-Tee, before being digitized using a Agilent MSO9404A Oscilloscope. For
every device (nNLGAD and reference nPiN) and voltage point, 5000 waveforms were
averaged to extract the gain, that was inferred by dividing the integrated amplified
output signal (Collected Charge or CC) of the nLGAD by the reference nPiN one.
In short, the measurements presented in this subsection were carried out with the
same setup produced by Particulars [118] that was used in the results shown in Fig-
ure 6.1 and those reported in [116]. The sole difference was the oscilloscope used
to digitized the signals, that are shown in Figure 6.5. In such figure, the X and Y
axis is adjusted for every device to better distinguished the differences between the
nLGAD and the nPiN signals.
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FIGURE 6.5: TCT output signal, at 20°C, for the studied nLGAD and
reference nPiN under illumination with 660 nm visible light.

The results clearly indicate that the signal amplitude is higher for the nLGAD
that for the nPiN, indicating a better SNR for the first. Additionally, we may notice
that, regardless of the bias, the nPiN signals are shorter in time than the nLGAD
ones. This is a clear indicator of impact ionization occurring within the nLGAD
detector, as the avalanche-generated electrons are delayed with respect to the the
primary ones (generated via photo-absorption). This effect is particularly enhanced
at bias values at which the charge carriers are not drifting at their maximum velocity
in silicon (see Chapter ). As a case in point, the nLGAD signal duration for biases
under 45 V exceeded the bandwidth limitations of the oscilloscope. For the nPiN,
such limitation was observed for biases under 10 V. This effect can be grasped by
evaluating the end-tail of the nLGAD signal at 40 V in Figure 6.5.
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Lastly, it is worth remarking that a source of noise, that often generated spurious
signals in the range ~40-60 ns, was encountered during the measurements. nNLGAD
and nPiN signals were long enough to be affected by this noise source for biases
under 75 and 30 V, respectively. The identification of this sort of noise sources is
crucial when determining the response of the devices, as it affects the inferred CC
for both nLGAD and reference nPiN. This is shown in Figure 6.6.

For the reference nPiN, we can distinguish the bias range (30-120) V as the one
where the time width of the signals is high enough to both fit within the bandwidth
of the oscilloscope and fall far from the (40-60) ns region where the spurious signals
are. For the studied nLGAD, and discarding biases under Vy; (=26 V), four CC vs
voltage regions can be identified. For V' € (30,45) the signal duration exceeds the
bandwidth limitations of the oscilloscope. While this underestimates the CC, the in-
tegration of the spurious signals along with the photo-generated ones overestimates
it, impeding inferring the actual CC in this range. For V € (45,60) V the CC is
clearly overestimated, as the signals fit within the bandwidth but the noise is being
integrated along with them. For 65 and 70V, there is a decreased of CC, as the end-
tail of the generated signals start to move out of the (40-60) ns range. For V > 75
V, the spurious signals are ultimately left aside from the photo-generated signals.
Hence, given the oscilloscope bandwidth and noise limitation, the actual nNLGAD
CC for TCT 660 nm wavelength light could only be determined for V > 75 V. This
result highlights the importance of understanding and controlling the limitations of
any setup equipment both prior and during characterization measurements of any
silicon detector device.
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FIGURE 6.6: CC vs reverse bias, at 20°C, of an nLGAD and a reference
nPiN from the 4NLG1-v1 run when illuminated with TCT 660 nm
wavelength light.

6.4.2 nLGAD response to synchrotron 15 keV x-rays

The methodology to extract the gain response to 15 keV x-rays was different than to
laser beam pulses with a TCT. Such measurements were conducted, at 20°C, at the
B16 beamline available at Diamond Light Source [22]. By using a crystal monochro-
mator, this beamline offers ultra-fast monochromatic x-ray beams, in the range of
4-45 keV and generated from synchrotron radiation. Additionally, a Compound Re-
fractive Lens (CRL) was employed to achieve spot sizes of the beam of the order
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of a ym. Specifically, the beam spot size was measured to be 2.6 + 0.1ym FWHM
(X direction) and 1.3 £ 0.1ym FWHM (Y direction). For every measurement, the
beam was projected around the center of the detectors (perpendicular to the beam
direction) with the aid of a visible red laser available within the experimental setup
of the beamline. The beam intensity (of the order of 108 photons/s when microfo-
cused [22]) was monitored by an ionization chamber during the entire lifespan of the
measurements. The energy of the x-rays in the beam was set at 15 keV for all mea-
surements. X-rays of such energy have an absorption depth in silicon of the order of
a millimeter [21], so the beam energy is partially deposited in the detector uniformly
along its active thickness, just as IR photons of 1064 nm wavelength do. In other
words, 15 keV x-rays are high-penetrating particles for the studied nLGAD.

For every measurement, the gain was extracted by dividing the photocurrent of
the nLGAD by the one of a reference nPiN. The photocurrent is defined as the current
generated in the detector while irradiated with the x-ray beam around its center
(called Beam On current from now on), minus the leakage current. The current was
measured with a Keithley 2410. Twenty measurements per device and voltage point
were carried out, and all plots presented in this section have error bars indicating
the standard deviation of such measurements, although such bar errors are so small
that are indistinguishable within the graphs. It is worth remarking that, for every
voltage point, the measurement time was always much longer than x-ray the beam
pulses.

Figure 6.7 shows the leakage and Beam On current for the studied nLGAD and
reference nPiN, and Figure 6.8 shows the inferred photocurrent for both devices.
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FIGURE 6.7: Leakage current and Beam On current for the stud-
ied nLGAD and reference nPiN diode, while illuminated with syn-
chrotron 15 keV x-rays.



Chapter 6. nLGAD for low-penetrating particles detection 155

80n -

7on{
< 60n
'E 50n
2 i
S 40n- |
(8] { o-o-o0-0-0jn.g-o0-0-0-0-0-0-0-0-0-g-g-0-0
8 30n-
)2 ]
a 20n

10“_' —o— Reference nPiN

odencd —s—nLGAD 4-7

0 20 40 60 80 100 120
Reverse bias (V)

FIGURE 6.8: Photocurrent (difference between leakage and Beam On)
for the studied nLGAD and reference nPiN diode, while illuminated
with synchrotron 15 keV x-rays.

6.4.3 Review of the gain response measurements for 4ANLG1-v1 detectors

Figure 6.9 shows the gain response results for visible light of 660 nm wavelength
and 15 keV x-rays, using the two different techniques and methodologies aforemen-
tioned described. As stated, the gain response to 660 nm wavelength photons could
only be accurately determined for V > 75V due to the presence of high noise levels
at certain ranges of the oscilloscope time axis. Figure 6.9 shows a linear fit of such
data, where the gain response to 660 nm wavelength photons can be approximated
for voltages V < 75 V down to the full depletion one (=~ 30 V). The studied nLGAD
devices were different for every experiment and their labelling (9-9 for TCT and 4-7
for x-ray measurements) is also displayed in the graph legend.
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FIGURE 6.9: Gain response of 4NLG1-v1 detectors to 660 nm wave-
length visible light and 15 keV x-rays, by using the techniques and
methodologies described in sections 6.4.1 and 6.4.2.

Figure 6.10 shows the gain response, at 100 V (50 V below the average breakdown
voltage), and 20°C, as a function of the penetration depth of all photon species stud-
ied with 4NLG1-v1 devices. The figure also shows gain response measurements to
TCT 404 nm and 1064 nm wavelength for 6LG3-v1 detectors (Figure 6.1). For LGAD
sensors, the gain is also shown at 50 V below the average breakdown voltage, which
in this case corresponds to 400 V.

The interest of plotting the gain response for LGAD and nLGAD devices not at
the same bias but at one that lays equally close to their Vpp has its significance. As
Figure 6.10 shows, by doing so we observe that the gain responses to 404 and 1064
nm wavelength light for an nLGAD is practically a specular image of the LGAD
one. This highlights the importance of the substrate conductivity type choice when
developing sensors with low inner gain, with independence on how large the op-
erational voltage range of the fabrication detector is. If the aim of such sensor is to
detect low-penetrating particles, the nLGAD is indeed the best candidate. Con-
versely, a traditional LGAD should be used if the experiment targets to detect
high-penetrating particles. Additionally, the results clearly evidence that the gain
response of the nLGAD strongly depends on the penetration depth of the photon
species.
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FIGURE 6.10: Gain response of 4NLG1-v1l and 6LG3-v1 detectors,
at 50 V below their breakdown voltage value and 20°C, for different
photon species.

The bar errors in Figure 6.10 correspond to the standard deviation when evaluat-
ing the gain response of different devices. Three nLGAD devices (labelled as LG2-7,
LG4-7 and LG9-9) where investigated with 404 and 1064 nm wavelength photons,
and only one was investigated for 660 nm wavelength photons (LG9-9) and 15 keV x-
rays (LG4-7). Regarding LGAD, three devices were investigated for 1064 nm wave-
length photons and only one was tested for 404 nm wavelength photons. The stan-
dard deviation for nLGAD devices under visible light illumination is higher than for
IR illumination (for either nNLGAD or LGAD). An initial argument might be that such
fact is due to non-uniformities of the multiplication layer along the nLGAD wafer.
Nevertheless, this in turn would translate into having also large standard deviation
bars in the gain response to 1064 nm wavelength photons, which is not observed.
A more relatable argument is obtained is we bring up the gain supression mecha-
nism described in Chapter 5, a phenomenon that was not accounted for during the
measurements. The gain response to 404 wavelength photons for the three studied
nLGAD sensors was performed without having an exhaustive control of the laser
pulse beam flux. Thus, the preliminary results presented in Figure 6.10, along with
their large bar errors, may suppose an indicative of the beam intensity to be a key
factor to control, particularly to detect possible gain suppression effects. As we
will discuss in the next section, this was done when evaluating the gain response of
nLGAD devices from the second IMB-CNM fabrication run.

6.5 IMB-CNM Fabrication run 4ANLG1-v2

The second IMB-CNM nLGAD batch was also fabricated on 4” (100 mm) n-type
high resistivity Flat Zone Si-Si wafers (4NLGI technology). For the 4NLG1-v2 run,
single-pad devices with an active area and thickness of 1.3 x 1.3 mm? and 270 ym,
respectively, were studied. As Figure 6.11 shows, a channel stopper was included
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in the nLGAD periphery for this nNLGAD batch. As in the 4NLG1-v1 run, phospho-
rus was implanted for the multiplication layer with an energy and dose of 100 keV
and 1.9-10'3 at/cm? and annealed at 1100°C for 180 minutes. For the P™ " construc-
tion, boron was implanted with two energies and doses: 150 keV and 5-10'* at/cm?,
and 70 keV and 1-10%° at/cm? and annealed at 1000°C for 52 minutes. Within the
active area, the n-type multiplication region has an area of 1 x 1 mm?. During the
fabrication, a circular entrance window of 0.7 mm diameter was etched on the metal
surface covering the active area, to avoid light reflection during gain response mea-
surements. Such entrance window is composed of a layer of 0.7 ym of silicon nitride
over a 0.4 um layer of silicon dioxide.
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FIGURE 6.11: Schematics of the front view and cross section of nL-
GAD from the 4NLG1-v2 fabrication run.

6.5.1 Evaluation of the entrance window thickness: SRP measurements

The doping concentration of the PN junction composing the nLGAD devices was
investigated via SRP technique (see section 5.6.4). Such measurements helped us to
estimate the thickness of the P™" layer (~ 1 um), which never gets depleted and
hence composes, along with the passivation layers, the dead entrance window of
the device. The results are shown in Figure 6.12. The profile was obtained by using
the junction field correction model labelled as model 1 in section 5.6.4)
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FIGURE 6.12: Doping concentration around the PN junction of the
studied nLGAD samples, extracted via SRP technique [90]

The determination and optimization of the entrance window thickness is funda-
mental for detectors tailored to detect low-penetrating particles. A low-penetrating
charged particle may, before reaching the active region of the detector, lose a signifi-
cant portion of their energy as they pass through the dead entrance window. If such
window is too thick, some low-energy ions may be completely absorbed within it
or lose so much energy that the generated signal in the active volume falls below
the threshold set by the noise of the detection system. The same applies for low-
penetrating photons. If the penetration depth of the photon species is too small, or
the intensity of the beam source is too low, we may be unable to detect the impinging
particles.

As stated, in Chapters 4 and 5, the furnaces at the IMB-CNM were replaced with
new equipment during the period 2020-2022 and the 4NLG1-v1 run was manufac-
tured with the IMB-CNM old equipment. The 4NLG1-v2 was an engineering run
aimed to replicate the results of the nLGAD first version with the aforementioned
new equipment. Thus, the optimization of the dead entrance window layer was
not covered for this nLGAD batch. Nevertheless, it is important to acknowledge
that future nLGAD productions at IMB-CNM will require a deep-level study of
how the dead entrance window can be optimized with dependence on the desired
application (e.g. the desired target particles to detect).

6.5.2 Basic electrical characterization: IV and CV measurements at 20°C

Capacitance vs bias voltage measurements were performed on more than 20 de-
vices distributed across different places on the wafer. The CV curves were obtained
with a Keysight Agilent 4284A LCR-meter in parallel mode, at 20°C, 10 kHz and 500
mV AC. Figure 6.13 displays the average CV curve of such measurements, showing
a very uniform depletion voltage of the gain layer (V; ~ 28 V) across the wafer.
Alongside, leakage current vs bias voltage measurements were carried out for the
same samples, at 20°C and with a Keithley 2410. The guard ring (Figure 6.11) was
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connected in every measurement to separate the surface current from the leakage
current in the detector bulk. The average IV curve is also shown in Figure 6.13,
highlighting a leakage current (in the operational voltage region) of the order of the
nA, and a mean breakdown voltage of Vpp ~ 225 V. In Figure 6.13, the bar errors
in the IV curve are only displayed up to the mean breakdown voltage of Vzp >~ 225
V, as the relative error in the current measurements grows exponentially after such
bias point.
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FIGURE 6.13: Average curves (with standard deviation errors) of the
capacitance and leakage current measurements at 20°C.

There are a few differences in the CV and IV behavior with respect to the 4NLG1-
vl batch. Firstly, the V;; was smaller for ANLG1-v1 nLGAD sensors (=~ 26 V) in con-
trast to 4ANLG1-v2 ones (~ 28 V). This slight variation may be due a change in the
furnace where the multiplication and P* layers were annealed, since the diffusiv-
ity of dopants in silicon is highly dependent on the manufacturing conditions. As
discussed in section 4.3, a larger V; value does not necessarily translate into a higher
gain response for a gives bias. Thus, it is not reasonable to claim that the difference
in Vg has supposed a technological upgrade

Nonetheless, the actual improvement in this second IMB-CNM nLGAD run is
related to the leakage current. Devices from the 4NLG1-v1 run had a bigger active
area than 4NLG1-v2 detectors, hence a lower leakage current was already expected.
For devices of the same active thickness, as it is the case, a more precise compari-
son can be made by calculating the surface density current (that is, the total leakage
current divided by the active area). For 4ANLG1-v1 nLGAD devices, the average cur-
rent density was ~ 900 nA/ cm? while for 4NLG1-v2 ones, such value went down
to &~ 300 nA/cm?. As thoroughly discussed during this thesis, low leakage current
values are always desirable in particle detection applications, as it reduces the over-
all noise. While this upgrade in leakage current may be multifactorial, it is worth
remarking that 4NLG1-v2 nLGAD detectors were manufactured in new furnaces,
which are less likely to have particulate contamination from several years of previ-
ous processes.

6.5.3 Gain response to UV, visible and IR light

Three nLGAD detectors from the 4NLG1-v2 run were investigated for their gain re-
sponse when exposed to UV light of 369 nm, visible light of 404 nm and IR light of
1064 nm. The measurements were carried out at room temperature with a TCT setup
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[105]. The laser beam was focused around the center of the active area (Figure 6.11),
at normal incidence with respect to it and with a projected area of ~ (7r/4)60 - 60
um? on the surface of the entrance window (of ~ (7r/4)700 - 700 um?). Such center
was found by scanning the signal response of the devices in X and Y using steps of 2
pum. The laser pulse intensity, frequency and width were kept constant for all wave-
lengths and both nLGAD and reference nPiN during the measurements. Within the
setup, the laser-generated signal goes through a C2-HV Broadband Cividec ampli-
fier, with an analog bandwidth of 2 GHz, 40 dB gain and an integrated Bias-Tee,
before being analysed using a DRS4 Evaluation Board Oscilloscope. For every de-
vice, wavelength and voltage point, 10000 waveforms were averaged to extract the
gain, that was inferred by dividing the integrated amplified output signal (CC) of
the nLGAD by the nPiN one.

As the 369 nm UV light is the least penetrating in silicon of all the studied wave-
lengths [16], the laser intensity was first adjusted to achieve an acceptable SNR in
both the reference nPiN and the nLGAD. It was found that a reasonable SNR for the
reference nPiN was only obtained with the laser intensity at its maximum value (Fig-
ure 6.14). The same laser intensity value was maintained when evaluating the nL-
GAD gain for light pulses of 404 and 1064 nm. Nevertheless, the number of photons
being absorbed within the active volume of the detector was always smaller than
those composing the actual laser pulse, regardless of the used wavelength. This can
be understood by evaluating the reference nPiN signal in Figure 6.14 and the pen-
etration depth in silicon for every photon species. For IR light of 1064 nm, with
a mean penetration depth of ~ 1000 ym (> 270 um of active thickness), most of
the photons will cross the detector without interacting with it, and only a negligi-
ble number of them will be absorbed close to the PN junction, hence triggering the
avalanche mechanism for electrons. For visible light of 404 nm, with a penetration
depth of ~ 0.1 ym (< 270 um), the largest part of the photons will be absorbed
within the dead entrance window (passivation and P*™ layers) without causing a
detectable signal, and just a few of them will reach the surface of the depletion width
to do so. The situation is even more drastic for UV light of 369 nm, with a penetration
depth of ~ 0.01 ym.

As aresult, the actual intensity within the active volume of the detectors varied
among photon species, despite the laser sources being operated at their maximum
beam intensity. By evaluating the nPiN signals in Figure 6.14, we may infer that the
highest intensity within the active volume occurs for IR light, followed by visible
and UV light. It is worth noticing that the duration of the laser-generated signals is
higher for IR than for visible or UV light. This is a direct consequence of the depth
at which the charge carriers are generated. For the IR laser beam, the photons are
absorbed with the same probability all along the active thickness of the nLGAD, so
both electrons and holes have to cover a larger distance to the electrodes. More-
over, these primary holes (with a smaller mobility than electrons) will trigger the
avalanche mechanism as they cross the PN junction in their motion from the bulk to
the P electrode. In turn, this generates an extra bunch of electrons that delays the fall
of the signal even further as they traverse the 270 ym thickness to the N electrode. In
contrast, visible and UV laser pulses are absorbed very close to the PN junction. In
this situation, both primary and avalanche triggered charge carriers are quickly gen-
erated. Holes are swiftly collected at the P electrode, leaving only the faster electrons
to contribute to the signal duration as they drift to the N one.

The potential of the nLGAD is highlighted when we examine the gain response
(Figure 6.15) and the signal amplitude (in contrast to the nPiN ones) for every one
of the aforementioned photon species. The inner multiplication mechanism of the
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nLGAD allows for a greater SNR for all the studied wavelengths. When com-
pared to an nPiN, such improvement of the SNR is boosted for UV light, with the
lowest penetration depth in silicon of all the photon species investigated via TCT. It
is significant to mention that the error associated to the reference nPiN signals when
illuminated with UV light was quite large due to their low SNR (Figure 6.14). In
turn, this caused an impact on how accurate the gain for such wavelength could be

determined.
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FIGURE 6.14: TCT output signals for illumination of an nLGAD and

an nPiN with light of 369, 404 and 1064 nm wavelength. The Y axis is

adjusted for every wavelength to better distinguished the differences
between the nLGAD and the nPiN signals.
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ton species.

Lastly, one nLGAD device (labelled as LG13 in Figure 6.15) was investigated
for its gain response for voltages over 200 V. The results are shown in Figure 6.16,
where the transition between Linear and Geiger mode can clearly be distinguished
for the detector. Moreover, the standard deviation bars (for 10000 measurements per
voltage point) boosts when the nLGAD is operated at Geiger mode, which is a direct
consequence of the increase in shot noise (see section 2.3.1) for high gain values.
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FIGURE 6.16: Gain response to TCT light pulses of 369 nm wave-
length for the nLGAD labelled as LG13.
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6.5.4 Gain response to 404 nm wavelength visible light as a function of
the beam flux

The penetration depth of the target particle to be detected is not the only parameter
that determines the gain response of an nLGAD. Evidence of gain reduction in p-
type LGAD devices for high TCT beam fluxes was observed in [83] for IR photons of
1064 nm wavelength. Similar gain response measurements as a function of the beam
flux of the 404 nm wavelength TCT laser were conducted on one nLGAD device
(labelled as LG13 in Figure 6.15). By definition, the beam flux is expressed as

_ N
A

where N, is the number of incident photons per unit time (that is, the intensity
of the source) and A is the projected area of the laser beam on the device surface.
With a TCT setup, N,, can be tuned by adjusting a DAC threshold V};,, that controls
the amount of power that is fed to the laser diode. The smaller the V};, value is, the
greater the number of photons composing the output laser beam pulse [118]. The
reference nPiN detector was first measured to find values of V};, where the integral
of the laser-generated signal (e.g. the Collected Charge or CC) was linear. That is, to

find a V};, range where we can assume that V}j, «< N,,. The results are shown in Figure
6.17.
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FIGURE 6.17: CC of the laser-generated nPiN signals dependence on
Vi, within a linear range, at 100 V and 20°C. The projected area A ~
(7t/4)155 - 136 yum? was unchanged during the measurements.

On the other hand, A can be adjusted by displacing the board where the nNLGAD
is mounted in the z position. By moving the detector towards or opposite to the
opening of the laser source, the projection of the beam on the center of the detector
surface de-focuses, so A can grow larger or smaller. As in the previous section,
A was estimated by assuming an elliptical projection of the beam on the detector
surface, which semi-axes are inferred by scanning in X and Y in steps of 2 ym. Larger
values of A translate into having a bigger spatial spread of the incident photons onto
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the detector, hence reducing the beam flux. For a given Vy,, it was observed that the
reference nPiN signal did not change with A. In contrast, the nLGAD signal did,
as Figure 6.18 depicts. This result showed the first evidence of gain suppression in
nLGAD sensors, as both the signal height and its CC got reduced for smaller values
of A (i.e. for larger values of the beam flux). In Figure 6.18, the CC is normalized,
for every device, with respect to its maximum value across A, in order to better
distinguish the trend for the nLGAD and the reference nPiN.
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FIGURE 6.18: CC the laser-generated nLGAD and nPiN signals de-
pendence on the projected area A, at 100 V and 20°C. The DAC thresh-
old V}, = 1056mV was unchanged during the measurements.

Both the DAC threshold V};, and the projected area A were swept to investigate
the nLGAD gain response dependence on the 404 nm wavelength beam flux (as
defined in Equation 6.1). The measurements were carried out at 100 V and 20°C. Vy,
was swept within the linear range presented in Figure 6.17, while A was always kept
smaller than half the area of the entrance window (= (71/4)700 - 700 #m?) to ensure
that there was no reflection of the incident photons with the metal. The beam was
always focused on the center of the entrance window and at normal incidence. For
every flux point, the gain was inferred by dividing the integrated output signal of
the nLGAD by the nPiN one. The results are shown in Figure 6.19, where a clear gain
reduction with increasing beam flux is observed. In such figure, the flux was scaled
to its maximum value, which corresponds to the minimum value of both V};, and
A. This result highlights that the gain response of an nLGAD for low-penetrating
photons is subjected to both the penetration depth of the species and the beam
flux of the source.
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FIGURE 6.19: nLGAD gain response, at 100 V and 20°C, as a function
of the 404 nm wavelength laser beam flux. The intensity is scaled so

its maximum value, which corresponds to the the minimum value of
Vi and A.

6.5.5 Gain response to low-energy protons

Gain response to low-energy protons measurements were performed using the nu-
clear microprobe beamline at the Centro Nacional de Aceleradores (CNA) in Seville,
using a 600 keV proton beam, which have a range in silicon of ~ 10 ym [112]. The
microprobe is connected to a 3 MV tandem accelerator that provides different species
and ion energies [119]. It showcases a set of micrometer slits designed to avoid ra-
diation damage during Ion Beam Induced Current (IBIC) characterization and to
prevent the ion beam halo, which decreases the spatial resolution. The quadrupole
lens system allows for focusing the ion beam to micrometer dimensions. This setup
is further complemented by a 2D scanning system synchronized with the acquisi-
tion one, allowing spatial information by enabling mapping with excellent spatial
resolution for areas of up to a few millimeters. A more detailed description of the
nuclear microprobe beamline is provided in [120].

To investigate the gain response in nLGAD devices as a function of depth, we
employed the same methodology developed in a previous work, where the effect
of the ionization charge density in the gain response of p-type LGAD devices was
studied [84]. For that, IBIC measurements can be conducted with the ion beam in-
cident at different angles with respect to the normal of the detector. This is enabled
by a special sample holder capable of rotating under vacuum with an accuracy of 1
degree. Furthermore, the signal acquisition and subsequent processing were carried
out using a conventional electronic chain, comprising an HV source (model NHR
22 20X), a CANBERRA pre-amplifier (Model 2003BT), a Tennelec TC 245 amplifier,
and connected to the OMDAQ acquisition software. One nLGAD and one reference
nPiN detector were tested via IBIC. The nLGAD under test was previously measured
via TCT, and corresponds to the one labelled as LG13 in Figure 6.15. The reference



Chapter 6. nLGAD for low-penetrating particles detection 167

nPiN was also the same as the one used during the TCT measurements reported in
the previous section. Figure 6.20 shows a typical energy spectrum obtained when
conducting an IBIC 2D scan on the nLGAD under test.
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FIGURE 6.20: Energy spectrum, at normal incidence, 50 V and room

temperature, for 600 keV impinging on the nLGAD under test. The

left picture shows the spectrum in logarithmic scale, where counts

in the nLGAD periphery elements can be grasped. The right picture

shows, in linear scale, only the channel range around the multiplica-
tion area, along with its Gaussian centroid.

The energy deposited by a 600 keV proton in the nLGAD sample generates an
electrical signal, which magnitude is proportional to the energy deposited in the de-
tector. Such electrical signals are then processed by the setup electronics, involving
amplification and conversion of the analog signal into a digital format. The digitized
signals are then sorted into discrete channels, each one of them corresponding to a
specific range of energy values. As a result, we obtain an energy spectrum, which
is a histogram that shows the number of times (counts) that the 600 keV protons
deposit energy in the detector within a certain range as a function of such range
(channel). The energy spectrum can further be imaged as a 2D mapping, which al-
lows to evaluate the channel range where the counts correspond to protons crossing
the multiplication layer (Figure 6.21). Once such channel range is identified, the col-
lected charge efficiency (CCE) in the device can be defined as its centroid (Figure
6.20), obtained via Gaussian fit.

The same procedure is then done with the reference nPiN, which allows us to
estimate the gain by dividing the CCE of the nLGAD by the nPiN one. The CCE
experimental error is statistically inferred by dividing the Full Width at Half Maxi-
mum (FWHM) of the Gaussian fit by the square root of number of counts within its
channel range. In Figure 6.21, the spectra of the nPiN and nLGAD were obtained at
normal incidence, 50 V and room temperature. The 2D sweep in the nPiN case was
done around the active area (tossing aside periphery elements), reason why only a
peak is observed in the energy spectrum. Also, in such figure the channel number
has been scaled to the CCE of the reference nPiN, so a gain spectrum and map are
obtained.
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FIGURE 6.21: (A): Spectra of the nPiN and nLGAD, at normal inci-

dence, 50 V and room temperature. (B): Image reconstruction of the

nLGAD spectrum in (A), where both the active area and the periph-
ery elements (6.11) can be distinguished.

Lastly, it is worth noticing that the energy peak around the nLGAD active area
is way broader than that of the nPiN. This is due to statistical fluctuations in the
number of avalanche-generated charge carriers. That is, it is due to the shot noise
(see section 2.3.1).

With the aforementioned methodology, gain response measurements were con-
ducted on the devices under test. The first set of measurements were carried out
at room temperature, normal incidence and sweeping the bias voltage. The gain
response was evaluated both by impinging the 600 keV proton beam through the
frontside (P in Figure 6.11) and the backside (N in Figure 6.11) of the devices.
Taking into account the thickness of the passivation, P** and multiplication lay-
ers (Figures 6.11 and 6.12), a 600 keV proton has its Bragg peak within the high-
resistivity substrate when the beam is incident through the nLGAD frontside. In
particular, the position of such peak occurs at a depth of ~ 6.5 ym, setting the zero
as in Figure 6.12. Given this scenario, holes will be the main contributor to trigger
the avalanche mechanism as they are drifted to the P, leaving just a few elec-
trons to do so on the opposite direction. On the other hand, impinging the proton
beam through the backside leave us with holes as the sole contributor to trigger the
avalanche mechanism. The results are shown in Figure 6.22, along with the gain
response to 1064 nm IR TCT beam pulses already presented in Figure 6.15.

As in the case of having the 600 keV beam incident to the device frontside, most
of the avalanche-generated charge is responsible to holes for TCT IR photons under
the same incident conditions. In turn, this would result in a similar gain response
for both particle species. The results are shown in Figure 6.22 . Overall, the gain
response is lower than for other studied low-penetrating particles (visible light of
404 nm wavelength or UV light). However, the response to IR light and 600 keV
protons do not fully match, suggesting possible gain suppression effects in the
latter case.

Gain
2.5
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FIGURE 6.22: nLGAD gain response to 600 keV protons (with the
beam incident to the device front and backside) and 1064 nm IR TCT
beam pulses.

The interest in rotating the nLGAD during the measurements is to modify the
depth of the Bragg peak of the incident protons within the detector. In another
words, the more we rotate the nLGAD holder, the more the ions deposit the ma-
jority of their energy closer to the detector surface. That is so due to the larger track,
within the dead entrance window layers, that the protons need to overcome as the
rotation angle increases. Taking into account the thicknesses of the dead entrance
window layers that cover the nLGAD multiplication layer (Figures 6.11 and 6.12),
the Bragg peak depth dependence on rotation angle for 600 keV protons can be es-
timated via SRIM simulation [103], as Figure 6.23 shows. Such figure also displays
the gain response measurements that were carried out varying the incidence angle
(i.e. the Bragg peak depth), at 50 V and room temperature.

The analysis of the results manifest that there are three Bragg peak depth regions
in terms of the nLGAD gain response. When the Bragg peak is located within the
bulk, the gain is nearly constant, and holes are the major contributor to cause impact
ionization. As the Bragg peak enters the multiplication layer, more electrons start to
be involved in the avalanche mechanism, so the gain increases steadily. Lastly, once
the Bragg peak penetrates within the P+ layer, the gain response is boosted. On
one hand, this is due to the larger number of electrons causing avalanche. On the
other hand, the ionization charge density within the PN junction drastically drops
once the Bragg peak locates within the P™* which may also be shrinking potential
gain suppression effect.
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FIGURE 6.23: (1): Bragg peak depth dependence on rotation angle

for 600 keV protons impinging on the studied nLGAD. (2): nLGAD

gain response, at 50 V and room temperature, to 600 keV protons as a
function of the Bragg peak depth.

The behavior of nNLGAD sensors in terms of electron impact ionization contri-
bution can be better understood by evaluating the CCE dependence on the rotation
angle, as shown in Figure 6.24. As the Bragg peak begins to move from the bulk to-
ward the PN junction, the CCE of the nLGAD and nPiN drops due to the increase of
energy loss in the dead layers. However, there is a turning point in between 60-70°,
where the Bragg peak starts entering the very PN junction. At this stage, the contri-
bution of electron impact ionization begins to counterbalance the scenario, leading to
enhanced CCE and gain for the nLGAD. For the last rotation angle values, the CCE
drops again, as most of the proton energy starts being lost within the dead layers.
However, the gain is maximum for such rotation angle values, as electron impact
ionization contribution is at its highest. Additionally, the charge ionization density
around the high-electric field region is at its minimum, so a reduction of potential
gain suppression effects cannot be discarded to explain the boost in gain.

Despite the aforementioned arguments, a clear conclusion inferred from Figure
6.24 is that the CCE for a nLGAD is improved with respect to a standard nPiN
detector when detecting low-energy 600 keV protons.
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FIGURE 6.24: CCE vs rotation angle for the studied nLGAD and nPiN
irradiated with 600 keV protons.
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6.6 Conclusions and future work

Overall, the results presented in this chapter demonstrate that the nLGAD gain re-
sponse is enhanced for low-penetrating photons detection. Moreover, they also
highlight that the flux of the beam source is a key parameter to consider when eval-
uating the performance of such devices, as higher fluxes lead to lower gain values.
This is a direct consequence of having a higher ionization charge density around the
PN junction (i.e. where the electric field is at its maximum value), an effect already
observed in [83], [84] for traditional p-type LGAD devices.

Additionally, IBIC measurements to 600 keV protons indicate that relatively mod-
erate levels of gain (5-20) are obtained for low energy charged particles only when
electrons are the major contributor to trigger the avalanche mechanism. In partic-
ular, this was observed once the Bragg peak of the protons located within the dead
entrance window. Taking that into account, we cannot discard that the gain enhance-
ment is also due to low levels of ionization charge density around the high-electric
field region, that may reduce gain suppression effects.

The gain response results presented in this chapter are tied to the way the nL-
GAD sensors have been manufactured. Different strategies for the implantation and
annealing of phosphorus and boron for the multiplication and P electrode layers,
respectively, can change the nLGAD gain dependence on particle species. On one
hand, the peak and width of the multiplication layer dependence on implantation
and annealing can modify the electrical performance of the nLGAD in a great ex-
tent. Moreover, the thickness of the P* is also highly dependent on implantation
and annealing. As the P electrode is part of the dead entrance window, its tailor-
ing is crucial to assure that the fabricated nLGAD will be sensitive to the target
low-penetrating particle [116], [117]. The same argument applies when designing
the passivation layers.

Furthermore, the 4ANLG1-v2 run is the first manufactured at IMB-CNM with its
new furnace equipment. As in the case of traditional LGAD, the nLGAD technology
is in need of stabilization by means of replicating controlled manufacturing runs.

As stated previously in this chapter, the first nNLGAD detectors fabricated at IMB-
CNM were not customized to fulfill the requirements of any particular application,
but rather to serve as a proof of concept. Upon succeeding on that, the doors are
open to further study the nLGAD performance, such as their time or space reso-
lution when pixelated, their entrance window tailoring for specific applications or
their radiation hardness. Additionally, different nNLGAD technological configura-
tions may be considered, as fabricating them with the DLG technology (see section
5.7).
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Chapter 7

Trench iLGADs for fill factor
optimization

7.1 Introduction

In Chapter 5, the importance of optimizing the fill factor in segmented LGADs was
briefly addressed. In this last chapter, we will delve deeper into the topic and intro-
duce a potential technological solution to approach the matter. For LGAD, the fill
factor (FF) is defined as the ratio of the active detection area, where the avalanche
mechanism occurs, to the total active area of the detector. In another words, it repre-
sents the percentage of the detector’s active area that counts with a multiplication
layer actively contributing to impact ionization. As an example, we may evaluate
the FF for the ATLAS and CMS devices studied in Chapter 4: 15x15 pixels of 1.3x1.3
mm? and 47 ym IP, and 16x16 pixels of 1.3x1.3 mm? and 80 um IP, respectively. For
them, the detector’s area where the passage of an incident particle will not trigger
avalanche multiplication is enclosed by the IP region between pixels. Thus, the FF
can be evaluated as FF(IP)~ (1300 — IP(um))?/13002, obtaining FF(47 um)~92%
and FF(80 pum)~88%. Either case, a rough ~ 10% of active area is deprived from
causing avalanche multiplication. Moreover, let us recall that a reduction of the IP
from 80 to 47 um resulted in an increase in pop-corn noise [50]. While strategies
are being investigated to reduce the likelihood of such noise appearing as the IP de-
creases [51], achieving a fill factor of 100 % is impossible as long as the multiplication
layer is pixelated.

Enhancing the FF is fundamental for many reasons. First, the good time resolu-
tion inherent to LGADs will be degraded for particles that hit the no-gain regions.
By improving the FF, LGAD devices can more precisely determine where the inter-
action occurs, which is critical for reconstructing particle trajectories. Additionally,
detection efficiency improves with higher FF values, which is particularly important
in high-luminosity environments like the HL-LHC, where detectors must handle a
large number of particle interactions while minimizing data loss.

An LGAD tailored to achieve 100 % FF, the Trench iLGAD (TiLGAD for short), is
presented in this chapter. It was first fabricated at IMB-CNM, and its design simpli-
fies the engineering process of LGADs targeted for timing applications.

7.2 LGAD designs for fill factor optimization

The FF optimization may be first investigated by substituting the p-stop (or p-spray)
and JTE structure between pixels with trenches, leading to a new LGAD variant
called Trench-Isolated LGAD (TI-LGAD) [121], [122]. The cross-sectional schemat-
ics of this TI-LGAD is illustrated in Figure 7.1. A trench is a structure that replaces
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both the JTE and p-stop/p-spray, where the high-resistivity silicon between pixels
is patterned and etched deep into the wafer (~10 ym). This is generally achieved
using a technique called Deep Reactive Ion Etching (DRIE), which is a subtechnique
of plasma etching, discussed in section 3 (see section 3.2). In short, the process in-
volves placing the wafer, after photolithography to define the trench pattern and
width, into a vacuum chamber containing specific plasma species that etch silicon.
The desired depth of the trenches depends on the duration the wafer remains in the
chamber, which is calibrated beforehand using a test wafer. Once the trenches are
created, they are filled with a dielectric material, typically SiO, [121], [122]. This
process provides effective pixel isolation and smooth of the electric field at the pixel
edge by physically separating them with insulating material.

While trench isolation of pixels does not provide 100% FF, functional TI-LGAD
devices with a nominal IP distance as small as ~3 ym have been achieved [122].
For comparison, the ATLAS and CMS IMB-CNM detectors mentioned earlier in this
chapter had IP distances of 47 and 80 um, respectively.

Pixel 1 Pixel 2

N++ N++

Multiplication layer

> 250 pm| Low resistivity p-type layer (P™)

FIGURE 7.1: Cross-section schematics of a pixelated TI-LGAD with a
matrix of 2 x 2 pixels.

Another technological approach to enhance the FF of LGADs is the Capacitively —
Coupled LGAD (AC-LGAD) [123]. The main difference compared to a traditional
LGAD is the construction of the N electrodes, which are AC-coupled (hence their
name). This means they are not directly connected to a metal layer but are capaci-
tively coupled to it through an insulating layer, typically SiO, [123] or SizNy [124].
A brief description of the AC-LGAD functioning will be hereunder provided. For a
more extensive overview, the reader may refer to [107], [123]-[125].

In AC-LGAD sensors, the avalanche-generated charges do not pass directly through
a highly-doped N** layer to the metal pixels, as is the case for a traditional LGAD.
Instead, such charges spread laterally along a moderately doped N* resistive layer
toward the grounded N** contact located at the edge of the core (Figure 7.2). As
the charges move through the resistive layer, they create a time-varying electric field
that influences the metal pads. Even though no actual charge is flowing through the
insulating layer, the changing electric field effectively induces a current in the metal
pad, which is what we detect with the read-out electronics. Since the N* layer is
designed to have a certain resistivity further from ohmic contact values, the signals
appear on the metal pads with a delay and attenuation that depend on the distance
from the particle interaction point. In other words, the avalanche-generated charge
carriers are partially lost in the resistive layer as they move further from the region
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where they were originally created. This allows for precise spatial resolution, as the
signal amplitudes will be larger in pixels near the particle’s impinging point.

Insulating layer

BIAS
CONTACT‘

Multiplication layer

Pstop Guard
Ring

High Resistivity p-type layer
Low resistivity p-type layer (P")

FIGURE 7.2: Cross-section schematics of a pixelated AC-LGAD with
a matrix of 2 x 2 pixels.

It is worth noting that the aforementioned N layer also plays a key role in gen-
erating the high electric field responsible for triggering avalanche multiplication.
Therefore, its construction must be carefully designed to fulfill both the requirement
of moderate inner gain and its role as a resistive layer for the AC-LGAD functional-
ity. On the other hand, signal inductance on the metal pads is enhanced for thinner
insulator layers. Nevertheless, such thickness must be maintained at a sufficient
high value to avoid dielectric rupture of the insulator, a phenomenon that physically
damages such layer if the electric field generated by the AC-LGAD PN junction is
high enough. Moreover, high values of the dielectric capacitance C o« A/d (e.g. low
values of the insulator thickness d or high values of the metal pad area A) reduce the
time response of the device, which may cause the complete loss of the signal below
the amplitude threshold set by the noise. Thus, a delicate trade-off must be made
between the metal pixel size and the features of the N, multiplication and insu-
lator layers in order to obtain a functional AC-LGAD. Despite that, it is clear from
Figure 7.2 that a well designed AC-LGAD has a 100% FF. Lastly, it is important to
remark that the delay caused by the lateral spread of the signal through the resis-
tive layer poses a challenge for AC-LGAD devices, making them less optimal than
a traditional LGAD for high-luminosity environments. Additionally, their radiation
tolerance under high fluence conditions remains an active investigation topic.

Other alternative technological solution to achieve 100% FF is the iLGAD (short
for inverted LGAD), schematically depicted in Figure 7.3. In an iLGAD, it is not the
multiplication layer that is segmented to create pixels. Instead, such pixels are cre-
ated by segmenting the P electrodes on the backside of the device. This approach
was investigated at IMB-CNM, and two iLGAD batches were manufactured, show-
ing promising results [24], [123], [126].

Nevertheless, the iLGAD fabrication presents a few drawbacks. As it is a double-
sided process, photolithography steps are necessary on both sides of the wafer. On
one hand, this increases the risk of wafer degradation during manufacturing (e.g.,
surface scratches or breakage due to handling). Additionally, more engineering
steps are needed for double-sided processes, which in turn raises the cost and ex-
tends the manufacturing time.
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On the other hand, double-sided processing of Si-Si or epitaxial wafers imposes
an upper limit on the active thickness of the devices, as pixelating the P electrode
would not be feasible for thick low-resistivity handle wafers. Let us recall that fab-
rication processes at the IMB-CNM clean-room on wafers with a total thickness un-
der ~300 pm are never desirable, as the protection against mechanical crack during
wafer handling would be compromised (see section 3.2). That is the reason why
the first IMB-CNM iLGAD batch was fabricated on high-resistivity FZ wafers of 100
mm diameter and ~300 ym thickness (4ILG1 technology), which is not optimal for
timing applications. An overview of the design, fabrication and characterization
of 4ILG1-v1 detectors can be found in [123], and its cross section is schematically
depicted in Figure 7.3.
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Pixel 1 Pixel 2

FIGURE 7.3: Cross-section schematics of a pixelated 4ILG1-v1 detec-
tor with a matrix of 2 x 2 pixels.

Furthermore, the periphery of both sides of an iLGAD detector needs to include
additional elements in order to be functional for certain applications. Specifically
for synchrotron x-rays detection, it was found that 4ILG1-v1 devices fabricated as
depicted in Figure 7.3 would not be feasible, as radiation-induced trapped charges
at the SiO,-5i interface increased the leakage current to the extent that the devices
became non-functional [24], [126].

This setback was resolved in the second iLGAD generation fabricated at IMB-
CNM (4ILG1-v2 run). A cross-sectional illustration of 4ILG1-v2 detectors is shown
in Figure 7.4 By adding float guard rings on the PN junction side and p-stop struc-
tures on the pixelated P electrodes side, the electric field generated by these trapped
charges was smoothed at the device periphery [24], [126]. However, this solution
also led to increased manufacturing complexity.



Chapter 7. Trench iLGAD:s for fill factor optimization 176
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FIGURE 7.4: Cross-section schematics of a 4ILG1-v2 single-pad detec-
tor.

Let us sum up the three alternative solutions presented for optimizing FF in
LGAD. On one hand, AC-LGAD devices achieve a 100% FF, but their design re-
quires careful balancing of several fabrication parameters, including the metal pixel
size and the N*1, multiplication, and insulator layers. On the other hand, iLGAD
sensors also achieve a 100% FF with fewer design constraints. However, their fabri-
cation involves double-sided processes, which complicate the engineering processes
and limit the active thickness of the devices to values over ~300 ym, which is not
ideal for timing applications. Finally, TI-LGADs offer significant pixel isolation with
anominal IP distance as small as ~3 ym, but do not achieve a 100% FF as AC-LGAD
and iLGAD detectors do.

A new LGAD variation, the Trench iLGAD (TiLGAD), was designed and fab-
ricated at IMB-CNM with the aim to overcome the aforementioned drawbacks.
In a TILGAD, the multiplication layer is fabricated over a thick (> 250 ym) high-
resistivity n-type handle wafer. Unlike the iLGAD, the JTE is replaced by a deep
trench etched from the opposite side of the wafer, enabling single-sided photolithog-
raphy processes and the reduction of the device active thickness for timing applica-
tions while maintaining a 100% fill factor. Its schematics is shown in Figure 7.5.

Guard . .
Channel  Ring Pixel 1 Pixel 2
Stopper

50 ym High Resistivity p-type layer

Multiplication layer

> 250 pm: Low resistivity n-type layer (N™)

FIGURE 7.5: Cross-section schematics of a pixelated TILGAD with a
matrix of 2 x 2 pixels.
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7.3 Design and fabrication of TILGAD devices at IMB-CNM

TiLGAD sensors were first manufactured at IMB-CNM on 100 mm and 50 ym active
thickness Si-Si and epitaxial wafers (4TILG2 and 4TILG3 technologies, respectively),
as part of the RD50 project [2]. This project aimed, among other goals, to develop
pixelated detectors for tracking and timing applications with small pixel pitches
(<55 pum). In particular, this first TILGAD batch focused on TimePix3 detectors, with
a pitch of 55 ym with an IP of 10 ym [2]. Apart from the TimePix3 structures, the
mask used to fabricate the 4TILG2-v1 and 4TILG3-v1 runs (CNM1086) also included
test structures, both single-pad and pixelated, to validate the TILGAD proof of con-
cept. A photograph of a TILGAD wafer manufactured with such mask is shown in
Figure 7.6, where the test structures are enclosed within red squares. The TILGAD
periphery elements were optimized using TCAD simulation before the beginning of
this thesis. The main results can be found in [24] and are hereunder summarized.

FIGURE 7.6: Photograph of the first ILGAD wafer fabricated with
the CNM1086 mask.

On one hand, it was found that the trench width (w; in Figure 7.5) played a key
role in the periphery’s stability. The wider the trench, the higher the breakdown
voltage of the device, which is a direct consequence of having a larger amount
of dielectric material smoothing the electric field at the core edge. Nevertheless,
wider trenches present a drawback from a technological standpoint, as they are more
difficult to fully fill with deposited SiO, and poly-silicon. Additionally, they compli-
cate subsequent photolithography processes, as the photoresist would slip through
partially filled trenches. Thus, the CNM1086 mask was designed with a trench width
of 8 ym, which would theoretically ensure a breakdown voltage over 300 V, enough
for operating the device, while maintaining a sufficiently narrow trench to try to
avoid the aforementioned technological issue. On the other hand, it was found that
the trench would necessarily need to be in direct contact with the P** layer. Other-
wise, edge electric field effects would cause an earlier breakdown at the gap between
it and the trench. The TILGAD core optimization was partially designed in [24] and
further refined as part of this thesis. As previously mentioned, two types of wafers
(Si-Si and epitaxial) were used to manufacture the first TILGAD prototypes, each
requiring a different design approach. Let us talk through it.
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Si-Si wafers for the TILGAD batch were obtained by metallurgically bonding two
300 ym FZ wafers: an n-type low-resistivity wafer (phosphorus-doped) that serves
as the handle wafer, and a p-type high-resistivity wafer (boron-doped). The lat-
ter was implanted with boron prior to the bonding process to create a deep multi-
plication layer, as schematically represented in Figure 7.5. The boron implantation
parameters are detailed in Table 7.1. Notably, the boron implantation dose (~10'*
at/cm?) was one order of magnitude higher than the typical value used for IMB-
CNM LGADs (~10'3 at /cm?). This is because the bonding process was known to be
conducted at 1200°C for 60 minutes, which causes a greater diffusion of the multi-
plication layer compared to the typical annealing process at 1100°C for 180 minutes.
Thus, implantation doses on the order of ~10'® at/cm? would have been insufficient
to construct devices with inner gain. In other words, the 1200°C bonding process
would have diffused a multiplication layer implanted at ~10' at/cm? to such an
extent that the devices would have ended up being PiN detectors. Once the two
wafers were bonded, the high-resistivity one was thinned from 300 ym to 50 ym,
an optimal thickness for timing applications. The resulting wafer is schematically
represented in Figure 7.7.

The manufacturing process for epitaxial wafers differs significantly from that for
Si-Si wafers. In this process, two epitaxial layers are tailored onto a low-resistivity
n-type substrate. First, the multiplication layer is created via epitaxial growth (see
section 3.2) onto the 450 ym thick n-type low-resistivity substrate (arsenic-doped).
Subsequently, a high-resistivity epitaxial p-type layer is grown onto the multiplica-
tion layer. The result is a wafer like the one depicted in Figure 7.7, and the different
epitaxial layer features are listed in Table 7.1.

It is worth remarking that both the Si-Si and epitaxial processes described above
were carried out by external vendors (i.e., not conducted at IMB-CNM). Therefore,
an additional advantage of TILGAD manufacturing at IMB-CNM is that the raw
wafers already include the multiplication layer, which further reduces the number
of photolitography steps.

A

High Resistivity p-type layer
50 um

Multiplication layer

Low resistivity n-type handle wafer

FIGURE 7.7: Schematics of a Si-Si or epitaxial wafer used for 4TILG2
and 4TILG3 fabrication runs.
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4TILG2-v1 (Si-Si wafers)

wi [ w2 | W3
Handle wafer thickness (ym) 300
Handle wafer dopant concentration 119
(at/en®) and type ~ 10" (Phosphorus)
Active thickness (ym) 50
Bulk doping concentration (at/cm?®) <10%
Boron implantation dose in
multiplication layer (10' at/cm?) 3.7 3.9 41
Boron implantation energy in 150

multiplication layer (keV)

4TILG3-v1 (epitaxial wafers)

W4 \ W5 \ W6

Handle wafer thickness (y#m) ~450

Handle wafer dopant concentration .

(at/cm3)pand type ~ 4-10' (Arsenic)
Active thickness (ym) 45-55
Bulk doping concentration (at/ cm®) <108
Boron doping concentration in 3.0-4.5
multiplication layer (10 at/cm?) -

Multiplication layer thickness (ym) 2.7-3.3

TABLE 7.1: Fabrication features of the 4TILG2-vl and 4TILG3-v2
runs.

7.3.1 TiLGAD core optimization via TCAD Sentaurus simulation

As discussed in Chapter 3, the first process in any detector fabrication workflow is
the growth of a field oxide through oxidation (see section 3.3). In the case of TiL-
GAD sensors, this oxidation step also serves as a thermal conditioning process for
the multiplication layer. To determine the optimal annealing recipe for growing a
sufficiently thick field oxide while maintaining a multiplication layer suitable for im-
pact ionization, TCAD Sentaurus simulations were implemented. The outcome was
that the typical IMB-CNM annealing recipe for the multiplication layer (180 min-
utes at 1100°C) was suitable, including temperature ramps and stabilization times,
provided that the temperature was increased from 1100°C to 1175°C. Such anneal-
ing grows ~8000 A of oxide, which is the standard thickness for field oxide layers
at IMB-CNM. Additionally, TCAD Sentaurus simulations indicated that the opera-
tional voltage of the devices would be reasonable if an initial thermal step of 180
minutes at 1175°C is conducted. It is worth noting that in the simulation not only
such annealing was taken into account, but the entire thermal load of the fabrication
process (e.g. P*™ annealing or screen oxide processes), which would be addressed
in the next subsection. The simulation results of the expected Vgl and Vpp values are
shown in Figure 7.8.

The simulation for TILGAD devices on epitaxial wafers (Figure 7.8 B) was con-
ducted considering three scenarios based on the multiplication layer thickness and
doping concentration ranges listed in Table 7.1. The minimum (maximum) gain
scenario corresponds to the lowest (largest) initial thickness and doping concen-
tration values, while the average gain scenario corresponds to the average initial
thickness and doping concentration.
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FIGURE 7.8: TCAD Sentaurus predicted Vg1 and Vpp for TILG2-v1
(A) and TILG3-v1 (B) devices.

It is important to note that the simulation was performed using a set of boron
and phosphorus diffusivity values that were initially tuned to predict the electrical
behavior of a traditional LGAD (see Section 5.5.1). However, it was later discov-
ered that this tuning was based on inaccurate fabrication parameters, specifically
the screen oxide thickness prior to implantation processes. As a result, the quan-
titative accuracy of the TILGAD core optimization conducted via TCAD Sentaurus
with these diffusivity values was likely detrimental. Despite this limitation, a few
fundamental qualitative insights were still derived from the simulation.

On one hand, Figure 7.8 suggests that the TILGAD performance is more dif-
ficult to predict if the multiplication layer is epitaxially grown rather than im-
planted. This is due to the large relative error of the epitaxial layer parameter values
provided by the wafer manufacturer, with the layer thickness and doping concen-
tration varying by up to 20% and 40%, respectively, of their average values. In con-
trast, a multiplication layer constructed by ion implantation is a more controlled
process, where parameters like the dose and energy have a relative error generally
under 5%. Potential non-uniformities in the doping concentration of thin silicon lay-
ers was a setback that was known beforehand, as the epitaxial growth technique was
not optimized for the resistivity values required to construct a multiplication layer.

On the other hand, TILGAD detectors are expected to have a lower active thick-
ness when using Si-Si wafers, despite the fact that its high-resistivity layer has the
same initial thickness (50 ym) as the epitaxial wafers. This is a direct consequence
of the difference in diffusivity for every N** handle wafer dopant species. In the
epitaxial case, the dopant is arsenic, which has a very low diffusivity in silicon. Con-
versely, the handle wafer in the Si-Si case is doped with phosphorus, which has a
much higher diffusivity in silicon compared to arsenic [53]. As a result, the N™
layer will diffuse more deeply into the silicon bulk, leading to a reduction in the
TiLGAD active thickness when the device is fabricated on Si-Si wafers. This is illus-
trated in Figure 7.9.
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FIGURE 7.9: TCAD Sentaurus simulation of the doping profiles for
TiLGAD fabricated on Si-Si (W3 in Table 7.1) and epitaxial wafers.

Last but not least, an theoretical result from TCAD Sentaurus simulations is that
TiLGAD devices might be suitable for applications that imply the detection of
both low- and high-penetration particles in silicon with a moderate gain. Let us
recall that traditional IMB-CNM LGAD devices are well-suited for high-penetrating
particle detection experiments, but its performance is degraded if the particle is
stopped or absorbed close to the entrance window surface. This led to the develop-
ment of nNLGAD sensors (see section 6.3), which are able to detect low-penetrating
particles with a high SNR, but are also limited to a penetration depth (photons) or
range (charged ions) in silicon below ~1 ym. As Figure 7.10 shows, TILGAD have
the potential to overcome such limitations of traditional LGAD and nLGAD devices
by providing a good gain response for both low-penetrating (e.g. 404 nm wave-
length photons of ~ 0.1 ym penetration depth in silicon [16]) and high-penetrating
(e.g. 1064 nm wavelength photons of ~ 1000 ym penetration depth in silicon [16])
particles.
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FIGURE 7.10: TCAD Sentaurus simulation of a single-pad TILGAD
gain response, at 20°C, to 404 nm (blue light) and 1064 (IR light) wave-
length.

It is worth mentioning that a TiLGAD built on a n-type high-resistivity layer
would not, theoretically, provide the same values of inner gain for both high- and
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low-penetrating particles. This was simulated using TCAD Sentaurus, and the re-
sults are shown in Figure 7.11. In the simulation, all layers of the n-type and p-
type TILGAD devices are identical in terms of doping concentration, with only the
conductivity type exchanged. Photon-beam illumination was conducted under the
same conditions and through the same entrance window (opposite the thick handle
wafer). To keep the illustration clear, the figure only presents the simulation results
for TILGAD sensors (n- or p-type) on epitaxial wafers.

The simulated results suggest a gain drop for both wavelengths when an n-type
TiLGAD is used. This is attributed to the nature and number of charge carriers re-
sponsible for impact ionization in each scenario. In a p-type TILGAD, and regardless
of the photon species, electrons are the primary contributors to triggering avalanche
multiplication as they drift towards the N electrode. Conversely, in a n-type TiL-
GAD, the major contributors are holes, which are less efficient at causing impact
ionization (see Section 2.3.4). However, it is important to point out that the results in
Figures 7.10 and 7.11 are based on TCAD Sentaurus simulations, and they may not
hold true until validated by scientific evidence.
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FIGURE 7.11: TCAD Sentaurus simulation of a single-pad n-type and
p-type TILGAD gain responses, at 20°C, to 404 nm (blue light) and
1064 (IR light) wavelength.

7.3.2 TiLGAD fabrication process at IMB-CNM

As previously mentioned, the first TILGAD fabrication step is a annealing to both
grow ~8000 A of field oxide and thermally pre-condition the multiplication layer.
Following this, a photolithography process is performed to implant and diffuse
boron for the P*, guard ring and channel stopper wells, as shown in Figure 7.12.
Boron is implanted at 50 keV with a dose of 10 at/cm?, to be further annealed at
1000°C for 30 minutes. It is worth remarking that, while a traditional LGAD (or nL-
GAD) requires three separate photolithography processes to construct each of these
layers, the TILGAD achieves this with a single photolithography step.

300
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FIGURE 7.12: Cross section of a detector of 2 x 2 TILGAD pixels after
the P+, guard ring and Channel stopper fabrication.

Next, the fabrication of the trenches begins, consisting of several sub-processes.
First, a 0.5 ym thick layer of aluminum is deposited uniformly across the surface
of the silicon wafer. This layer acts as a protective mask during the trenches etch-
ing process. After a photolithography step, the exposed aluminum is etched away
via wet etching, leaving behind an aluminum mask that protects the silicon under-
neath it where the creation of trenches is not desired. The wafer is then subjected
to the aforementioned DRIE process. The status of the wafer after such processes is
depicted in Figure 7.13.
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FIGURE 7.13: Cross section of a detector of 2 x 2 TILGAD pixels after
the DRIE process to create the trenches.

After that, the aluminum mask is removed from the wafer surface via wet etching
and the process of trench filling starts. First, an oxidation is conducted to grow 0.1
pum of oxide on both the trench surfaces and the wafer surface. This thermal process
consists of two steps. Initially, a dry oxidation is conducted, which grows an oxide
layer of 2100 A. This thin oxide layer forms the interface with the PN junction and
the guard ring, providing the necessary isolation and insulation for these structures.
That is the reason why it is grown using dry oxidation, as such process produces a
higher-quality oxide compared to wet oxidation or deposition (see section 3.3). The
second step involves wet oxidation, which grows the remaining ~900 A.
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Next, the trenches are capped with a 2.5 y layer of poly-silicon. On one hand, this
seals the trenches cap more effectively than oxide to recover surface planarization.
On the other hand, it also provides mechanical strength to the structure. This step is
particularly important in TILGAD manufacturing, as the wafer will undergo further
planar fabrication steps that subjects it to mechanical stress. The poly-silicon layer is
uniformly deposited across the wafer surface and then selectively removed through
plasma etching. This process ensures that the poly-silicon outside the trenches is
completely removed, while the material inside the trenches remains largely intact.
Following that, an extra oxide layer of 1 ym is deposited to further cap the trenches.
This is schematically depicted in Figure 7.14.

Oxide + polysilicon

50 ym High Resistivity p-type layer
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FIGURE 7.14: Cross section of a detector of 2 x 2 TILGAD pixels after
trench filling process.

The status of the trench after filling was investigated using Scanning Electron Mi-
croscopy (SEM). It was found that the trenches had not been completely capped by
the aforementioned processes. This is shown in Figure 7.15, where the poly-silicon
(granulated bands of ~2.5 ym on both sides of the trench) can be spotted. Addi-
tionally, the trench width was slightly larger than expected, as the photolithography
was designed to pattern 8 mum trenches. However, this partial cap was sufficient
to ensure both isolation and enhanced mechanical strength, further filling processes
were discarded to avoid additional mechanical stress on the wafers.
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FIGURE 7.15: Top view of a filled trench, obtained via SEM.

Nevertheless, this introduced a setback already mentioned earlier. Due to the
partial capping of the trenches, photoresist seeped into them during subsequent
photolithography steps, as shown in Figure 7.16. An attempt was made to resolve
this issue by depositing thicker photoresist layers during the photolithography pro-
cess, increasing the typical thickness from 1.2 ym to 3 ym. This method partially
mitigated the problem, as only a few localized regions on the wafers were observed
where the photoresist had seeped through the trenches. These localized defects were
corrected by manually applying photoresist.

FIGURE 7.16: Optical view of the TILGAD wafer around the trenches
after the oxide and poly-silicon filling process.

After the trench filling process, the wafers underwent the photolitography for
contacts opening, metallization and passivation, fabrication steps that were dis-
cussed in detail in Chapter 3 (see section 3.3). The final manufactured devices are
schematically represented in Figure 7.17, regardless the wafer type (Si-Si or epitax-
ial). The only difference during these processes was the dielectric material used for



Chapter 7. Trench iLGAD:s for fill factor optimization 186

the passivation layers. For Si-Si wafers, the standard passivation layers were used:
0.7 ym of silicon nitride over 0.4 ym of oxide. For the epitaxial wafers, hafnium was
used. This dielectric material had been previously employed at IMB-CNM for con-
structing passivation layers, yielding good results. The main advantage of hafnium
lies in its high density and excellent dielectric properties, which allow it to func-
tion effectively as a passivation layer with a reduced thickness down to 0.03 um.
Its use was implemented in this TILGAD run with the aim of studying the poten-
tial enhancement of the device’s sensitivity to low-penetrating particles. A thinner
passivation layer (reduced from the standard 1.1 ym to 0.03 ym) over the entrance
window of the TiLGAD could potentially improve the detection of particles with
very low penetration depth (photons) or range (charged ions) in silicon.

Channel Pa?sivation _
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FIGURE 7.17: Cross section of a detector of 2 x 2 TILGAD pixels after
metallization and passivation processes.

It is worth remarking that a second trench is also manufactured at the periphery
to define the cut lines. The separation between this outer trenches between adjacent
devices was designed to be 50 ym, which matches the average thickness of the di-
amond saw used for wafer dicing. Consequently, the dicing process was expected
to remove roughly half of this trench, leaving an outer periphery in the devices as
schematically represented in Figure 7.18. This procedure helps avoid having a float-
ing PN junction at the TILGAD periphery, which could potentially lead to leakage
current issues. Additionally, the remaining inner fill of the trench serves as a passi-
vation layer that encloses the entire volume of the detectors, enhancing protection
against contamination and preventing potential surface leakage current paths from
edge defects.

As in the case of previous LGAD runs, the electrical characterization of TILGAD
devices was carried out on single-pad devices, depicted in Figure 7.18.
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FIGURE 7.18: Front view and cross section schematics of a single-pad
TiLGAD.

7.4 4TILG3-v1 run: TILGAD on epitaxial wafers

7.4.1 IV and CV measurements of single-pad TILGAD sensors

Single-pad TiLGAD devices on epitaxial wafers (as the ones depicted in Figure 7.18)
were tested for their IV and CV behavior at 20°C. IV measurements were performed
on 10 devices distributed across different regions of the wafers and using a Keithley
2410. CV measurements were carried out for the same samples using a Keysight
Agilent 4284A LCR-meter in parallel mode, at 10 kHz and 500 mV AC. Initially, the
IV measurements were conducted by reverse biasing the P** (V<0) and grounding
the N*+, finding an average Vpp of ~20 V at 20°C, significantly different from the
expected value. At a later stage, the same IV measurements were conducting by
reverse biasing the N™* (V>0) and grounding the P*™*. While the average Vpp re-
mained the same, a difference in the leakage current value during linear mode was
observed. Specifically, a low level of leakage current was observed when reverse
biasing the P, as Figure 7.19 shows.
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FIGURE 7.19: Average leakage current, at 20°C, of 4TILG3-v1 devices.
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Figure 7.20 displays the average CV curve (A) and CV-extracted boron profile (B),
obtained when biasing the P** and grounding the N**. The results indicate that
the TiLGAD sensors do not fully deplete before breakdown occurs. This could
also explain the low levels in leakage current when biasing the P+, as the charge
may be partially recombining on its drift through a non-depleted active thickness of
50 ym. Additionally, the boron concentration values from the CV-extracted profiles
suggest that the multiplication layer is significantly more doped than expected. Let
us recall that the maximum doping concentration expected at it, before any thermal
annealing, was 4.5-10'¢ at /cm? (Table 7.1).

(A) (B)

8x1076 ﬁ‘f‘

.2 6x10° o

&

a
800p |
b

\

4x10"%

200p -
2x10"8 - B

Capacitance (F)
r o
o (=]
(=] (=]
° . %
{&:
%
Ml
Boron concentration (at/cm?®)
1
ﬂ\n
\
B.n
I}

N
]

0 5 10 15 20 00 01 02 03 04 05
Reverse bias (V) Depletion width (um)

FIGURE 7.20: Average CV curve (A) and CV-extracted boron profile
(B) of 4TILG3-v1 devices.

In order to discard that the devices were experiencing Zener rather than avalanche
breakdown, the leakage current dependence on temperature was studied for one
TiLGAD device. In a nutshell, Zener breakdown occurs in a silicon diode when a re-
verse bias creates an electric field intense enough to cause electron tunneling across
a narrow depletion region [127]. This results in a sudden increase in leakage current
at a specific Zener breakdown voltage, which decreases with increasing tempera-
ture due to the increased energy of the charge carriers. Conversely, the avalanche
breakdown voltage increases with increasing temperature because, at higher tem-
peratures, charge carriers have a shorter mean free path [128], making it less likely
for them to gain sufficient energy between collisions to cause impact ionization.

The results of this temperature dependence study, shown in Figure 7.21, indi-
cated that the TILGAD devices were experiencing avalanche, not Zener breakdown.
This, in turn, suggested that the early Vgp was being caused by impact ionization
rather than due to a any other technological malfunction. However, this could not
yet be fully determined, as TCAD Sentaurus simulation also pointed out that a TPiN
(that is, without a multiplication layer) would also experience avalanche breakdown
at the trenches.
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FIGURE 7.21: Leakage current dependence on temperature for a
TILG3-v1 device.

Such simulation was carried out with the structure depicted in Figure 7.22, that
aimed to qualitatively replicate the studied TILGAD devices layout. Figure 7.23
shows the simulated IV curves for different temperatures, highlighting an increas-
ing dependence on the breakdown voltage with temperature. Therefore, a potential
malfunction of the trenches leading to early breakdown of the device could not be
ruled out, and further measurements needed to be planned and conducted in order
to fully assure that the low Vpp was linked to an excessively high boron concentra-
tion in the multiplication layer.
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FIGURE 7.22: Structure used to simulate the breakdown voltage na-
ture of TPiNs.
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FIGURE 7.23: TCAD Sentaurus simulation of the leakage current de-
pendence on temperature for a TPiN.

7.4.2 Reverse engineering measurements: SRP and cross-section

The doping concentration of the PN junction composing the TILGAD samples was
investigated via SRP technique. Two samples per wafer (six in total), taken out from
the distant left and right parts of the wafers, were analysed using this method, and
its averaged results are shown in Figure 7.24. Let us recall that the SRP technique
requires correction models around the multiplication layer to account for junction
field effects (see section 5.6.4). Since the appropriate correction model for IMB-CNM
LGADs has not yet been determined, the SRP method cannot provide a quantitative
understanding of the shape of PN junctions.
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FIGURE 7.24: Averaged SRP doping profiles of TILG3-v1 devices de-
pendence on the junction field correction model.

Despite the aforementioned limitation, implementing TCAD Sentaurus simu-
lations with the averaged SRP profiles provided some qualitative insights. These
simulations were conducted using the structure shown in Figure 7.22 and the Van
Overstraeten-De Man avalanche model (set by default in Sentaurus). The simula-
tions predicted that the breakdown voltage of the devices would be under 50 V, as
shown in Figure 7.25. More importantly, regardless of the junction field correction
model used, an early breakdown occurring before the multiplication layer reached
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its depletion voltage was also predicted. These results qualitatively match the ones

extracted via IV and CV measurements (Figures 7.19 and 7.20).
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FIGURE 7.25: TCAD Sentaurus simulation of TILG3-v1 devices using

the averaged SRP PN junction profiles.

Additionally, a raw epitaxial wafer was partially diced to study the original mul-
tiplication layer shape (e.g. before fabrication). The results are shown in Figure
7.26, highlighting that, with independence of the junction field correction model,
the boron concentration in the multiplication layer is always higher than the max-
imum value provided by the manufacturer (4.5-10'° at/cm®). Only the SRP profile
without any correction model fits within the manufacturing specifications. How-
ever, it is well established in several studies that applying no junction field correc-
tion to the inferred SRP profiles tends to underestimate their doping concentration
[92]-[95], [129]. Therefore, the likelihood that the original shape of the multiplication
layer matches the one obtained without a correction model is small.
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FIGURE 7.26: SRP doping profiles of raw epitaxial wafers (before fab-
rication) dependence on the junction field correction model.

It is worth remarking that the results shown in Figure 7.26 correspond to a single
SRP measurement conducted on a sample from the far corner of the wafer. On one
hand, this could explain the non-uniform behavior of the SRP-inferred bulk doping
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concentration, as edge defects are more likely at the wafer’s outer periphery. On the
other hand, a single SRP measurement from such a localized area does not provide
insight into the uniformity of the multiplication layer across the wafer. Therefore,
further SRP measurements from different regions of the wafer are necessary to
fully investigate the original multiplication layer profile.

As stated at the beginning of this chapter, the development of TILGAD devices
aimed to overcome the technological drawbacks associated with other LGAD pro-
posals featuring a 100% fill factor. However, based on the results presented in this
section, it is clear that the use of epitaxial wafers for TILGAD fabrication introduces
a significant setback that cannot be overlooked. As previously mentioned, the epi-
taxial growth technique is not standardized for the doping concentrations required
in the multiplication layer of an LGAD device. Consequently, 4TILG2 technology
is dependent on the quality of a non-standardized process, which can only be eval-
uated once the wafers have been tailored.

Additionally to SRP, a diced TiLGAD was inspected via optical microscopy to
evaluate both the trench depth and the thickness of silicon layers with different re-
sistivity. For the latter, the sample underwent a chemical development to expose the
transition between layers of different doping concentration. The results are shown
in and 7.28.

Before the chemical development (Figure 7.27) the geometrical parameters of the
trench can be inferred. The trench is wider (9.2 ym) than originally designed (8
um), as already spotted in the SEM picture shown in Figure 7.15. Also, the oxide
and poly-silicon layers are observed to fill the trench more effectively at its base
than at its cap.

FIGURE 7.27: Optical view of the cross-section of a TILGAD sample
around a trench, before chemical development.

After chemical development, the transition regions between layers of different
doping concentration can be clearly observed, as shown in Figure 7.28. Additionally,
the second trench at the device periphery was observed to have been completely
removed during the dicing process.
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FIGURE 7.28: Optical view of the cross-section of a TILGAD sample
around a trench, after chemical development.

7.4.3 TCT Gain response to 1064 nm wavelength photons

One TiLGAD detector from the TILG3-v1 run was investigated for its gain response
when exposed to IR light of 1064 nm. The measurements were carried out at room
temperature with a TCT setup [105]. The laser beam was focused around the center
of the active area, at normal incidence with respect to it and with a projected area
of ~ (71/4)60 - 60 yum? on the surface of the entrance window (of ~ (7r/4)700 - 700
um?). Such center was found by scanning the signal response of the devices in X
and Y using steps of 2 ym. The laser pulse intensity, frequency and width were kept
constant for both TILGAD and reference PiN during the measurements. Such refer-
ence PiN belongs to the 6LG3-v1 run (see section 5.4), fabricated on high-resistivity
p-type epitaxial wafers and with an active area and thickness of, respectively, 3.3x3.3
mm? and 55 pym. For it, the laser beam was also focused around the center of
the active area, at normal incidence with respect to it and with a projected area of
~ (71/4)60 - 60 um? on the surface of the entrance window (of of ~ (71/4)2300 - 2300
pm?). Within the setup, the laser-generated signal goes through a C2-HV Broadband
Cividec amplifier, with an analog bandwidth of 2 GHz, 40 dB gain and an integrated
Bias-Tee, before being analysed using a DRS4 Evaluation Board Oscilloscope. For
every device and voltage point, 10000 waveforms were averaged to extract the gain,
that was inferred by dividing the integrated amplified output signal (CC) of the TiL-
GAD by the reference PiN one.

The measurements were conducted within a voltage range of 20 to 22 V, corre-
sponding to the transition from linear to Geiger mode as inferred from the IV curves.
Figure 7.29 (A) shows the signal response of both the TILGAD and the reference PiN
at reverse biases of 20, 21, and 22 V. Figure 7.29 (B) presents the gain response of the
TiLGAD over the aforementioned voltage range. The results indicate a clear Geiger
behavior of the studied TILGAD, as the gain response is boosted from 0 to 50 in
less a volt. It is also worth remarking that we are comparing the CC of a TiLGAD
with a depletion width under 1 ym (Figure 7.20), to a fully depleted 55 ym PiN.
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FIGURE 7.29: Signal (A) and gain (B) responses to TCT IR light of
1064 nm wavelength for a TILG3-v1 device and a reference PiN.

Figure 7.30 shows a 2D map of the average TCT signal amplitude for the TiL-
GAD at reverse biases of 20.5 V and 22 V. At 20.5 V, the average gain for IR light is
~2.5, indicating that the device is operating in linear (LGAD) mode. The 2D scan
demonstrates that, while in linear mode, the trenches effectively serve their isolat-
ing purpose, as no signal is detected at the device periphery. In contrast, at 22V, the
average gain exceeds 50, and the device operates in Geiger mode. At this voltage,
charge injection is observable from all areas of the device, even when the laser beam
is projected on the reflecting metal layer. Moreover, the 2D map clearly shows that
breakdown occurs at the trenches, where the amplitude of the signals is even higher
than the photo-generated signals at the core.

Peak 2DScan Peak 2DScan

2000 25 200
=

3
.
b

200 400 600 800 1000 1200 1400 1600 1800 2000 0
X position [um]

205V 220V

200 400 600 800 1000 1200 1400 1600 1800 2000
x position [um]

FIGURE 7.30: 2D map of the average TCT signal amplitude for the
TiLGAD at 20.5 and 22 V.
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7.5 4TILG2-v1: TiLGAD on Si-Si wafers

In the case of Si-Si wafers, single-pad TILGAD sensors were IV tested before the fab-
rication was completed, specifically between the metallization and passivation steps.
These IV measurements were performed in the IMB-CNM clean-room at 20°C, using
a probe station and a Keithley 6482 picoammeter with a maximum operating voltage
of 200 V. The setup had long been available at IMB-CNM and was introduced as
a best practice for this LGAD run and any future ones.

This is particularly important for engineering fabrication runs, as in this case.
As previously discussed, there was uncertainty regarding the temperature ramps to
reach 1200°C during the Si-Si bonding process, so the total thermal load applied to
the multiplication layer was not fully known. Moreover, this bonding process also
removed, in most of the purchased wafers, the identification mark indicating the
boron dose at which the multiplication layer was implanted. Only five wafers could
be identified for their boron doses. Three were used for this 4TILG2-v1 batch, while
the other two were kept for the 4TILG2-v2 run, which will be discussed later in this
chapter.

By measuring the leakage current just after metallization, insight into how the
thermal conditioning of the multiplication layer (180 minutes at 1175°C) affected the
inner gain of the devices could be inferred. Additionally, if Geiger behavior had been
observed, the aluminum layers could have been easily removed via wet etching,
allowing for an additional thermal load to be applied to the wafers. Conversely,
removing both the passivation and aluminum layers to do so is significantly more
complicated from a technological standpoint. Moreover, once the wafers are tested
outside the clean-room, they are considered to be no longer in a clean state, meaning
they have been exposed to environments or processes that do not meet the stringent
cleanliness standards of the clean-room. Thus, any reprocessing (e.g. applying an
additional thermal load) would need to be carried out using equipment that also
does not meet these cleanliness standards, in order to avoid contaminating the clean
furnaces. These are called MNC equipment, which stands for "Metales Nobles" or
"Contaminante” in Spanish and translates to "Noble Metals or Contaminant”. In a
nutshell, using such equipment increases the risk of further contamination of the
TiLGAD wafers.

Two devices per Si-Si wafer (see Table 7.1) were tested at the clean-room probe
station. The results are shown in Figure 7.31, highlighting that the thermal con-
ditioning of the multiplication layer was enough to avoid early breakdown due to
Geiger behavior. Specifically, W1 and W2 (implanted with boron at 3.7 and 3.9-10'
at /cm?) exhibited PiN behavior, while W3 (implanted at 4.1-10 at/cm?) exhibited
LGAD behavior with a Vgl ~25 V. For all wafers, no breakdown voltage was ob-
served below 200 V of reverse bias. However, the devices turned out to be non-
functional once the passivation layers had been deposited and the fabrication was
completed. This is also shown in Figure 7.31.
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FIGURE 7.31: Leakage current, before (solid lines) and after (dashed
lines) the passivation process, of 4TILG2-v1 devices at 20°C.

The origin of this setback was afterwards identified with the SiO, passivation
layer, as similarly discussed in Chapter 5 (see section 5.7). To recall, the SiO, de-
posited onto the devices surface contained a relatively large number of defects,
which can cause local variations in the electric field at the interface with silicon,
in turn boosting the surface current. The wafers were reprocessed to removed the
passivation layers. However, the original IV behavior before passivation could not
be recovered. As aforementioned, wafer reprocessing in MNC equipment is never
desirable, as further contamination issues can degrade the devices performance. TiL-
GAD sensors on epitaxial wafers were fabricated with hafnium as the dielectric ma-
terial for the passivation layer. Thus, the aforementioned leakage current drawback
could be sorted for them.

Nevertheless, it is worth pointing out that the IV measurements conducted on
single-pad TiLGAD detectors before passivation did demonstrate the proof of
concept, as devices showed to be functional either when exhibiting PiN or LGAD
behavior. Furthermore, the devices behavior, PiN for W1 and W3 and LGAD with
Vo1 225V, could still be inferred from the IV curves after passivation.

7.6 4TILG2-v2 and 4TILG3-v2 runs

The results presented in the previous sections have served to design a new TiILGAD
run on both Si-Si (4TILG2-v2 run) and epitaxial wafers (4TILG3-v2 run). This batch is
being fabricated as part of the Advancement and Innovation for Detectors at Accel-
erators (AIDAInnova) WP6 project [130] which, among other goals, aims to develop
TimePix4 sensors for tracking and timing applications with a pitch of 55 ym with an
IP of 10 ym [130].

These fabrication runs will serve as a second engineering run aim to understand
and stabilize the 4TILG2 and 4TILG3 technologies at IMB-CNM. Their main features
are described in Table 7.2
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4TILG2-v2 (Si-Si wafers)

W1

| W2

Handle wafer thickness (ym)

300

Handle wafer dopant concentration
(at/cm®) and type

~ 10" (Phosphorus)

multiplication layer (keV)

Active thickness (ym) 50
Bulk doping concentration (at/cm?®) <10%
Boron implantation dose in 3.7 3.9
multiplication layer (10' at/cm?) ) ’
Boron implantation energy in 150

Pre-conditioning annealing

30 minutes at 1000°C

4TILG3-v2 (epitaxial wafers)

W3 \ W4 \ W5

Handle wafer thickness (#m) ~450

Handle wafer dgpant concentration ~ 410" (Arsenic)

(at/cm?) and type
Active thickness (ym) 45-55
Bulk doping concentration (at/ cm®) <1083
Boron doping concentration in 3.0-4.5
multiplication layer (10 at/cm?) o
Multiplication layer thickness (ym) 2.7-3.3
Pre-conditioning annealing 180 minutes at 1250°C

TABLE 7.2: Fabrication features of the 4TILG2-v2 and 4TILG3-v2

For the 4TILG2-v2 and 4TILG3-v2 run, a new mask is being used (CNM1202)
which is comprised mainly by TimePix4 and TimePix3 detectors. Additionally, single-
pad and pixelated structures are included in the mask, which will serve for IV, CV
and TCT testing. The mask is shown in Figure 7.32, where the single-pad detectors
with an entrance window (colored in blue), designed for TCT measurements, can be

spotted.
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FIGURE 7.32: Schematics of the mask CNM1202.

As listed in Table 7.2, the pre-conditioning annealing of the multiplication layer
will be different for every wafer type. The annealing features in each case has been
design based on the first TILGAD run.

As mentioned earlier, only two Si-Si wafers with identified boron doses (3.7 and
3.9-10" at /cm?) were available for this run. The preliminary IV curves of 4TILG2-v1
devices, whose multiplication layers were implanted with such doses (W1 and W2
in Figure 7.31, respectively) suggested PiN behavior. Specifically, no V,; could be
inferred from their IV curves, in contrast to 4TILG2-v1 devices implanted at 4.1-1014
at/cm?, which showed a Vg =25 V.

This suggests that a thermal conditioning process of 180 minutes at 1175°C may
have been excessive for Si-Si wafers (implanted at 3.7 and 3.9-10" at /cm?) in the aim
to balance between PiN and Geiger behavior. Consequently, 4TILG2-v2 wafers will
be pre-annealed at a lower temperature and for a shorter time: 30 minutes at 1000°C.
As aforementioned, estimating the performance of TILGAD devices under this an-
nealing process is uncertain due to the lack of information regarding the thermal
processes involved in Si-Si bonding. However, the introduction of IV testing in the
clean-room between the metallization and passivation steps stands out as a valuable
asset for quality control over the annealing process. Specifically, if a pre-annealing
of 30 minutes at 1000°C is not enough to achieve the desired LGAD behavior in
the devices, the metal layer can be easily removed via wet etching, allowing for
additional thermal process in clean furnaces.

In the case of 4TILG3-v1 detectors, the outcome was the opposite of 4TILG2-v1
ones, as APDs were obtained instead of LGADs. Thus, the pre-annealing process
of 180 minutes at 1175°C was insufficient to properly adjust the multiplication layer
for LGAD behavior. For 4TILG3-v1 samples, qualitative information about the raw
wafers was inferred using the SRP technique (see section 7.4.2). For each junction
field correction model, TCAD simulations were performed to explore potential
annealing processes that could resolve this issue. The results indicate that a pre-
annealing time of 180 minutes at 1225°C might produce LGAD devices. This is
shown in in Figure 7.33, where the simulated IV and CV curves point out to LGAD
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behavior for two out of the four junction field corretion models (Model 3 and Model
4 in the figure). Once again, IV measurements in the clean-room will enable thermal
reprocessing if the pre-annealing is insufficient to achieve LGAD behavior in the
devices.
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FIGURE 7.33: TCAD Sentaurus prediction of the IV and CV curves of
4TILG3 devices when annealed for 180 minutes at 1250°C, based on
the raw wafer SRP profiles for every junction field correction model.

7.7 Conclusions and future work

Despite the issues encountered during TILGAD fabrication at IMB-CNM, the main
outcome is that the proof of concept was successfully demonstrated. However,
several manufacturing challenges that require proper attention arose during this
work.

For TILGAD sensors fabricated on epitaxial wafers (4TILG3-v1 run), it was demon-

strated that the technology heavily depends on the quality of a non-standardized
epitaxial growth technique. This poses a challenge for fabrication, as the raw wafer
must be thoroughly characterized before starting the manufacturing process, as
confirmed by SRP measurements. 4TILG3-v1 detectors exhibited a clear APD be-
havior, with the gain response to IR light transitioning from linear to Geiger values
in under one volt.

For TiLGAD devices fabricated on Si-Si wafers (4TILG2-v1 run), implantation
techniques offer a more controlled process. However, the Si-Si bonding process, per-
formed outside of the IMB-CNM clean-room, results in limited knowledge of the full
thermal load applied to the multiplication layer. This likely led to the production of
PiN detectors instead of LGADs in this batch. Nevertheless, the introduction of IV
testing in the clean-room between the metallization and passivation steps proved
to be a valuable tool for quality control over the annealing process in engineering
runs. Additionally, the importance of controlling the quality of the deposited oxide
was highlighted, as the leakage current of the devices significantly increased after
the deposition of a poor-quality passivation layer.

The upcoming 4TILG2-v2 and TILG3-v2 manufacturing batches are targeted to
overcome the aforementioned drawbacks. Additionally, their goal goes beyond
merely reconfirming the proof of concept, as it also seeks for studying and stabiliz-
ing the technology for TILGAD fabrication at IMB-CNM, as well as investigating
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the hypothesis, TCAD Sentauru simulation based, that TILGAD might suitable for
both high- and low-penetrating particles in silicon.
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Conclusions and future lines of
work

This thesis has covered the development of Low Gain Avalanche Detectors (LGAD)
at the IMB-CNM. Specifically, the work has been focused on the design, simulation,
optimization and fabrication of LGAD sensors across various technological configu-
rations. The primary conclusions are hereunder detailed, along with potentital lines
of future work.

LGAD devices for HEP experiments

¢ IMB-CNM fabricated LGAD sensors have shown improved radiation tolerance
across different manufacturing runs. Nevertheless, additional improvements
are required to withstand the extreme radiation conditions forecast for the AT-
LAS HGTD and CMS ETL Phase-II experiment upgrades.

* The study of this radiation tolerance dependence on carbonation has been
thoroughly investigated. The results from the ATLAS 6LG2-v1l LGAD batch
suggested that an optimal balance between gain and radiation hardness is
achieved for LGAD sensors fabricated using a carbon implantation dose of
~3-10' at/cm?. Subsequent studies from the CMS 6LG2-v2 run suggested
that this optimal point is more influenced by carbonation effects during LGAD
fabrication than by the very inner gain. Specifically, a critical point for carbon-
enhanced diffusion suppression was observed at a carbon dose around 4-10'*
at/cm?. However, further investigation is needed to determine whether this
dose represents the optimal point for radiation tolerance.

¢ Despite the need for improved radiation tolerance, it is important to remark
that detectors from the ATLAS 6LG2-v1 run, carbonated at 9-10™* at /cm?, were
shown to meet the CMS ETL specifications both before and after irradiation.
However, after irradiation, these specifications were only met at the upper
voltage limit defined by the same standards.

e Apart from carbonation, transitioning from LGAD to dLGAD devices repre-
sents a promising direction for future research, as several studies have reported
that dLGAD detectors offer improved radiation resistance compared to tradi-
tional LGAD devices. An upcoming dLGAD manufacturing batch is currently
being developed at IMB-CNM, which aims to serve as the baseline for investi-
gating the 6DLG technology.
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nLGAD devices for low-penetrating particles in silicon

¢ The characterization of 4NLG1-v1 and 4NLG1-v2 detectors showed that their
gain response is improved for low-penetrating photons detection. Addition-
ally, the importance of considering the photon beam flux when assessing the
performance of these devices was highlighted, as higher flux levels result in
lower gain values. The nature of this gain suppression effect lies on the in-
creased ionization charge density near the PN junction, that locally drops the
high electric field responsible of triggering the avalanche multiplication mech-
anism.

¢ IBIC measurements with 600 keV protons on 4NLG1-v2 sensors indicated that
moderate gain levels in between 5-20 are achieved for low-energy charged par-
ticles only when electrons predominantly trigger the avalanche mechanism.
Such inner gain levels were observed when the protons Bragg peak was posi-
tioned within the dead entrance window. Considering this, we cannot rule out
that the gain enhancement may also be attributed to a low ionization charge
density around the high-electric field region, which could mitigate gain sup-
pression effects.

¢ The aforementioned results also indicate that the dead entrance window plays
a crucial role on nLGAD gain response to low-penetrating particle detection.
Thus, the design of the P* 1 and passivation layers represents a potential future
line of work, as their optimization during manufacturing would assure that
the fabricated nLGAD will enhance its sensitive to the target low-penetrating
particle.

¢ The 4NLG1-v1 and 4NLG1-v2 runs were not tailored to meet the requirements
of any specific application, but rather to serve as a proof of concept. Follow-
ing their success, opportunities now arise to further investigate the nLGAD
performance, including their timing and spatial resolution when pixelated, as
well as their radiation hardness. Additionally, different nNLGAD technological
configurations may be considered, as fabricating them with the DLG technol-

ogy.

TiLGAD devices for fill factor optimization

¢ The first TILGAD batches for fill factor optimization to 100% were fabricated
at IMB-CNM on Si-Si (4TILG2-v1 run) and epitaxial (4TILG3-v1 run) wafers.
Despite the setbacks encountered during the fabrication, the TILGAD proof of
concept was successfully demonstrated. 4TILG2-v1 detectors shown, in their
preliminary IV testing, both LGAD and PiN behavior. Conversely, 4TILG3-v1
sensors clearly shown APD behavior during their characterization. Neverthe-
less, both technologies proved to work to manufacture silicon detectors.

* The study of TILGAD sensors on epitaxial wafers highlighted that the 4TLG3
technology is heavily dependent on the quality of a non-standardized epitaxial
growth technique, conducted outside the IMB-CNM clean-room, for the mul-
tiplication layer. This represents a fabrication challenge, as the raw wafer must
undergo thorough characterization before the manufacturing process can be-

gin.
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¢ The TILG2 technology does not face the aforementioned challenge, as the mul-
tiplication layer is created through ion implantation, a well-understood and
controlled process at IMB-CNM. However, the Si-Si wafer bonding, conducted
outside the IMB-CNM facilities, leads to limited insight into the full thermal
load applied to the multiplication layer during the process.

* Overcoming these challenges in TILG2 and TILG3 technologies represents the
future direction of TILGAD fabrication at IMB-CNM. A key focus is determin-
ing the optimal thermal load for the multiplication layers to ensure the fabri-
cated devices exhibit LGAD behavior, rather than PiN or APD. The introduc-
tion of IV testing in the clean-room between the metallization and passivation
steps has proven to be a valuable quality control measure, as it allows for ad-
ditional thermal adjustments before completing the manufacturing process.

* The upcoming 4TILG2-v2 and TILG3-v2 manufacturing batches aim to ad-
dress the aforementioned challenges. Furthermore, their objectives extend be-
yond simply reconfirming the proof of concept. They also focus on study-
ing and stabilizing the TILGAD fabrication technology at IMB-CNM, as well
as exploring the hypothesis, suggested by TCAD Sentaurus simulations, that
TiLGAD devices are suitable for detecting both high- and low-penetrating par-
ticles in silicon.

Stabilization of LGAD technology at IMB-CNM

¢ Regardless of the LGAD technological configuration (traditional, dLGAD, nL-
GAD or TiLGAD), the work presented in this thesis also highlighted the im-
portance of stabilizing the fabrication at IMB-CNM. LGAD devices from the
ATLAS-CMS engineering 6LG3-v2, ATLAS 6LG2-v1 and CSM 6LG2-v2 runs
exhibited significantly different electrical performance, despite being fabricated,
in principle, under similar conditions. Therefore, a thorough control and un-
derstanding of all fabrication parameters during manufacturing, such as the
screen oxide thickness before implantation steps, represent a promising area
for investigation to stabilize the technology.

* For this purpose, TCAD Sentaurus simulations are a powerful tool for de-
signing and testing the LGAD behavior before and after fabrication. How-
ever, TCAD Sentaurus by default is unable to predict IMB-CNM LGAD per-
formance accurately. The calibration of TCAD Sentaurus models to predict
carbonated LGAD performance was investigated in this thesis. In particular,
the diffusivity of boron and phosphorus through insterstitials was tuned dur-
ing the simulation calibration, as studies have reported that these diffusion
paths are altered in silicon in the presence of carbon. These adjusted diffusiv-
ity parameters accurately predicted (before irradiation) all Vy;, Vpp at 20°C and
CV-extracted boron profiles of CMS 6LG2-v2 detectors carbonated at a dose of
4-10" at/cm?. However, the same parameters did not accurately predict the
performance of 6LG2-v2 devices with different carbon doses. This result sug-
gested that the diffusivity of boron and phosphorus is not only depend on the
presence of carbon itself, but on its actual concentration around the PN junc-
tion. This open the door to further investigate, by means of TCAD Sentaurus,
the effects of carbonation on dopant diffusion in LGAD detectors.
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¢ Additionally, the Spreading Resistance Profiling (SRP) technique was also in-
troduced to analyse LGAD doping profiles (for all LGAD, nLGAD and TiL-
GAD devices). However, correction models are always needed around a de-
vice PN junction to avoid underestimating the inferred doping concentration
using the SRP technique. These correction models need further refinement to
better align with the various LGAD manufacturing scenarios and to serve as
reliable validation tool.

e TCAD Sentaurus and the SRP technique are crucial for stabilizing LGAD tech-
nology at IMB-CNM, but the tuning of their models relies on precise fabrica-
tion parameters. LGAD devices from the CMS 6LG2-v2 batch are the first for
which all fabrication parameters were documented, making them the baseline
for optimizing TCAD and SRP models and hence stabilizing the technology.
To date, no manufacturing run for dLGAD, nLGAD, or TILGAD devices has
been completed where all fabrication parameters are fully known. To stabilize
the technologies for these LGAD variations, comprehensive control of future
fabrication runs at IMB-CNM is essential.
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