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UNIVERSITAT AUTÒNOMA DE BARCELONA

Abstract
Physics faculty

Radiation Detector Group

Doctor of Philosophy

Radiation Hard Timing 3D Detectors for Future Colliders

by Òscar David Ferrer Naval

This thesis focuses on the characterization and simulation of 3D silicon sen-
sors fabricated at the Centro Nacional de Microelectrónica (IMB-CNM-CSIC)
within the framework of the RD50 collaboration. This work is encouraged
by the upcoming upgrades for the Large Hadron Collider (LHC), the High-
Luminosity LHC (HL-LHC), and the planned Future Circular Collider (FCC).
These upgrades will increase the number of events per collision, which re-
quires radiation hard silicon sensors with good time resolution to properly
resolve events in time. 3D sensors are considered the best candidates for ra-
diation harsh environments. Their short inter-electrode distance leads to a
shorter travelling distance for drifting carriers, reducing the probability of
being trapped by non-ionizing effects. Additionally, they yield faster signals,
necessary for good time resolution performance. In this work, 3D sensors
built on 200µm thick n-type wafers are studied, both before and after various
levels of irradiation. In Chapter 2, an electrical characterization is performed.
In Chapter 3, devices are studied using an infrared laser to investigate charge
collection and time resolution. In Chapter 4, a radioactive source setup us-
ing strontium-90 is commissioned for the Radiation Laboratory at CNM and
used to study the sensors’ performance with ionizing particles in terms of
charge collection efficiency and time resolution. I Chapter 5, 3D sensors de-
signed for timing applications, featuring thicker wafers and a hexagonal dis-
tribution of pixels, are investigated with electrical characterization, and stud-
ied with simulations to understand the difference with the usual orthogonal
geometry.
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Chapter 1

Radiation Silicon Sensors for
Particle Accelerators

1.1 Introduction

The Standard Model (SM) is the most accepted physical model which de-
scribes three of the four fundamental forces in nature: weak, strong and elec-
tromagnetic interactions, lacking yet the possibility to unify them with the
gravitational interaction. [1] The SM also describes the underlying funda-
mental particles that constitute matter, including quarks, leptons, bosons, or
notably the Higgs boson which was first theoretically predicted by the SM
and later observed experimentally [2], [3].

To observe these subatomic particles, particle colliders are employed. In
these experiments, a large amount of kinetic energy is transferred to bunches
of charged particles which are made to collide. The resulting nuclear inter-
actions produce other particles, which interact with radiation silicon sensors,
this allows for the reconstruction of the tracks of the particles. With these
tracks, it is possible to deduce physical properties of the crossing particles.

This thesis is focused on the performance of the radiation silicon sensors
used in particle accelerators. First the LHC, the largest existing particle col-
lider will be introduced, followed by its upcoming upgrade, the High Lumi-
nosity LHC (HL-LHC). Next, the project Future Circular Collider (FCC) will
be discussed together with its objectives. Additionally, the physical princi-
ples in which radiation silicon sensors are based on will be explained, in-
cluding the concepts of charge collection efficiency, radiation damage and
the time resolution. Finally, the physical properties used for the Technologi-
cal Computer-Aided Design (TCAD) simulations used for this thesis are pre-
sented and more thoroughly explained in Appendix A.
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1.1.1 LHC

The largest particle collider to date is the Large Hadron Collider (LHC), lo-
cated in Geneva, on the border between Switzerland and France. It is primar-
ily operated by the European Organization for Nuclear Research (CERN) and
involves collaborating institutes from around the world. The LHC is built at
a depth ranging from 50m to 150m underground and comprises a ring with a
circumference of 27km. It operates two proton beams that collide with each
other, achieving a record energy of 13.6 TeV at the beginning of Run 3, which
started in July 2022 [4]. Along the LHC’s pipes there are currently nine ex-
periments, each with different objectives according to their unique character-
istics [5]:

• ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid):
These are the most general-purpose ones. Both study the SM, including
the Higgs bosson, search for extra dimensions, and potential candidates
for dark matter. Despite sharing the same goals, the magnet-system de-
sign and the technical approaches are different.

• LHCb (Large Hadron Collider beauty): This experiment aims to ob-
serve the slight asymmetry between matter and antimatter present in
interactions involving the b-quark.

• ALICE (A Large Ion Collider Experiment): ALICE studies the proper-
ties of quark-gluon plasma created immediately after the collision due
to the large temperatures reached. This state of matter is believed to
have existed right after the Big Bang. ALICE observes how the quark-
gluon plasma expands, cools, and forms the particles that constitute
matter in the universe. The properties of the quark-gluon plasma are
key issues for the theory of quantum chromodynamics (QCD).

• LHCf (Large Hadron Collider forward): LHCf measures particles pro-
duced very close to the direction of the beams to test models estimating
the primary energy of ultra-high-energy cosmic rays. It consists of two
detectors placed 140m away from the ATLAS collision point, allowing
for nearly zero-degree measurements from the proton beam direction.

• MOEDAL-MAPP (Monopole and Exotics Detector At the LHC - MoEDAL
Apparatus for Penetrating Particles): This experiment searches hypo-
thetical highly ionising particles such as magnetic monopoles or other
exotic particles that could indicate physics beyond the Standard Model.
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• TOTEM (TOTal cross section, Elastic scattering and diffractive dissocia-
tion Measurement at the LHC): TOTEM aims to make precise measure-
ments of protons that emerge from proton-proton collisions at small
angles, occurring in a forward direction not accessible by other LHC
experiments.

• FASER (ForwArd SEarch ExpeRiment): FASER searches for light and
extremely weakly interacting particles, such as dark matter or neutri-
nos, and investigates the imbalance between matter and antimatter in
the observable universe.

• SND @ LHC (Scattering and Neutrino Detector at the LHC): This ex-
periment studies neutrinos and particles with no electric charge and ex-
tremely low masses, as well as searches for weakly interacting particles
not predicted by the Standard Model that could constitute dark matter.
Additionally, since neutrinos originate from the decay of particles made
of heavy quarks, it also investigates the production of heavy-quark par-
ticles at angles that are inaccessible to other LHC experiments.

Among these experiments, the ATLAS and CMS experiments are the most
relevant to this thesis. The sensors considered for the inner parts of these
experiments are of the same architecture as those studied in this work, the
so-called 3D sensors, due to their high radiation tolerance. This feature is es-
sential for the areas closer to the collision points, where higher radiation per
surface area must be withstood. Currently, the Inner Tracker pixel detector
(ITk) in the ATLAS experiment features 3D sensors, which were installed in
2017 [6], [7].

1.1.2 High Luminosity - LHC

Run 3 of the LHC is expected to conclude by 2024, at which point much
of the physics attainable currently will have been explored. To advance the
frontiers of physics discovery, particle accelerators pursue the maximization
of two critical values: beam energy and integrated luminosity. Beam energy
is defined as the sum of the energies of the two colliding beams, measured
in teraelectronvolts (TeV). The current ion beam collision energy is 13 TeV,
designed with a maximum of 14 TeV, a target set to be attained by the High-
Luminosity LHC (HL-LHC) [8]–[10].

Integrated luminosity is directly proportional to the number of collisions
per unit area over a specified time period [11], and is denoted in the inverse
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(A)

(B)

FIGURE 1.1: In A, the diagram of the ATLAS detector with its
different parts. In B, a computer-generated image of the Inner

Tracker pixel detector.

unit of femptobarn
[

f b−1]. It is expected to increase from the current run’s
350 f b−1 to an anticipated 3000 f b−1 by the end of the HL-LHC, representing
an almost tenfold increase. This boost in luminosity results in a greater num-
ber of events, providing more statistical data that can reveal rare phenomena
that might otherwise go undetected [12].

1.1.3 Future Circular Collider

The Future Circular Collider (FCC) is a European project aiming to construct
the largest particle accelerator ever built. It will consist of a ring with a di-
ameter of 80-100km, situated in an average depth of 300 meters. The FCC
will target collision energies of up to 100 TeV for protons and 350GeV for
electrons, with an instantaneous luminosity expected to exceed 1034cm−2s−1.
The FCC is planned to be operational by the time HL-LHC reaches its end
in 2040, promising to enable new physics studies. The project includes plans
for two different stages: the FCC-ee, focusing on electron-positron collisions,
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FIGURE 1.2: Computer generated image with a size compari-
son between the LHC and the project for the FCC [13].

and the FCC-hh, based on hadron-hadron collisions, which will complement
each other.

Some of the key areas of focus for the FCC are:

• Follow-up of the Higgs boson: Higher energy interactions will allow for
more precise measurements of the production and decay of the Higgs
boson and other Standard Model (SM) particles. This could reveal any
deviations from the SM and determine whether the Higgs boson is an
elementary or composite particle. The increased luminosity will also
improve statistical data, providing insights into Higgs self-interaction.

• Search for dark matter: While dark matter is not included in the SM and
no experiments can probe the range of masses allowed by astrophysical
observations, models suggest it could have masses ranging from GeV
to tens of TeV. The FCC could potentially observe particles that interact
with dark matter, broadening the search possibilities.

• Mass of the neutrinos: The SM does not predict a mass for neutrinos,
although experiments indicate they have a small mass. The FCC aims
to discover the origin of this mass, which might not stem from the SM.

• Matter-antimatter asymmetry: The SM includes C-P violation, suggest-
ing a possible asymmetry between matter and antimatter. However,
observed C-P violations have not been sufficient to explain the matter



6 Chapter 1. Radiation Silicon Sensors for Particle Accelerators

present in the universe. The FCC’s higher luminosity could help de-
tect these violations more clearly, enhancing our understanding of this
asymmetry.

• Supersymmetry: To explain the unexplained phenomena in current
physics, supersymmetric theories propose the existence of supersym-
metric particles. The FCC’s energy range would enable the observation
of these particles.

Overall, many of the most significant questions in contemporary physics
cannot be answered by the current largest particle accelerator. The FCC’s
higher energy and luminosity capabilities are expected to address these ma-
jor uncertainties. A feasibility study assessing the technical and financial vi-
ability of such a facility at CERN has been ongoing since 2023 and is planned
to continue until 2027 [14], [15].

1.2 Silicon Physical Properties

Silicon has been a core material in the semiconductor industry due to its
abundance on Earth while still featuring the required properties for many
electronic applications. Devices based on silicon are typically built on silicon
wafers through a series of fabrication steps that vary depending on the appli-
cation. Despite the use of many other materials during the fabrication pro-
cess (such as oxides, metals or silicon without crystalline structure) the final
device’s properties and fabrication methods strongly depend on the intrinsic
properties of silicon. In the following sections the most relevant properties of
silicon related to this thesis will be highlighted. Most of the information has
been extracted from the books from references [16]–[19].

To understand the main properties of silicon as a radiation detector, it is
essential to focus on the energy-momentum relationship (E-k) for electrons,
as it shows their allowed states. The E-k relation can be found by solving the
Schrödinger equation:[

−h2

2m∗∇
2 + V(r)

]
ψ(r, k) = E(k)ψ(k, r) (1.1)

The Bloch theorem states that the Schrödinger equation in a system with
periodic potential energy in the direct lattice space can be written as a Bloch
function:
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(A) (B)

FIGURE 1.3: In A the energy bands of intrinsic silicon, and in B
the carrier concentration dependence on temperature in intrin-

sic silicon [16].

ψ(r, k) = exp(jk · r)Ub(r, k) (1.2)

Where ψ(r, k) and Ub(r, k) are periodic in the direct lattice space, and b
represents the band index. Hence, we have multiple energy bands along the
periodicity of the crystalline structure.

By solving equation 1.2 numerically for silicon, we obtain the band struc-
ture in Fig. 1.3a. The multiple energy bands can be separated by a gap with
no allowed state, the band-gap. The energy band below the gap is the va-
lence band, and the one above is the conduction band. For silicon, the band
gap has a value of 1.12eV at room temperature. However, since the maxi-
mum of the valence band is at a different wave vector value than the min-
imum of the conduction band, a phonon interaction is needed for the tran-
sition, requiring a total of 3.6 eV to promote an electron to the conduction
band, creating an electron-hole pair as a result.

Without external energy injection, electrons cannot move due to the lack
of available states in the valence band. One mechanism to promote electrons
from the valence band to the conduction band is through thermal energy. In
a pure semiconductor, the dependence of the carrier density on temperature
is given by:
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ni = 4.9x1015 ·
(

mdemdh

m2
0

)3/4

M1/2
C T3/2exp

(
−

Eg

2kT

)
(1.3)

Thus, the carrier concentration is proportional to an exponentially decay-
ing function of temperature. As shown in Figure 1.3b, the carrier concentra-
tion increases with temperature. For silicon at room temperature, the amount
of carriers is of the order of 108ni/cm3, which for many semiconductor ap-
plications is insufficient. This concentration can be modified through a con-
trolled introduction of impurities into the silicon lattice, called doping

Silicon has four electrons in its valence band, and due to its crystallo-
graphic structure, each silicon atom is bound to four atoms through covalent
bonds, hence completing the 3s 3p electron shell. Introducing impurities with
three or five valence electrons creates two scenarios:

• Acceptors (p-type doping): When a silicon atom is replaced by a group
III (such as boron) element with three valence electrons, a hole is cre-
ated because one less electron is available to complete the 3s 3p shell.
This results in a negatively charged region due to filling the remaining
covalent bond with an electron. With the carrier majority being holes,
the material is classified as p-type.

• Donors (n-type doping): When a silicon atom is replaced by a group V
element (such as phosphorus), an extra electron is introduced into the
silicon lattice. This extra electron cannot form a covalent bond with sil-
icon atoms, so it becomes free to move and is promoted to the conduc-
tion band. Hence, the missing electron effectively leads to a positively
charged region with the majority of carriers being the electrons. The
material would then be classified as n-type.

These impurities create defects in the lattice that introduce energy lev-
els within the energy band gap shifting the Fermi energy level closer to the
valence (conduction) band if the impurity is an acceptor (donor). This in-
creases the probability of having a change of state and promoting an electron
from the valence band to the conduction band as a result. Since less energy
is needed to promote an electron to the conduction band, the impurities in-
crease the amount of carriers in the material, enhancing the material conduc-
tivity.
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(A) (B)

FIGURE 1.4: Representation of introducing an acceptor (A) or a
donor (B) in a silicon crystallographic lattice.

1.3 P-N Junctions

When a p-type semiconductor is joined with an n-type, there is a flow of
charge at the interface to achieve an equilibrium for the electric field. Elec-
trons flow from the n-side (donor) to the p-side (acceptor), creating a pos-
itively charged region in the n-side. Simultaneously, holes from the p-side
diffuse to the n-side, creating a negatively charged region. These combined
effects create a region with a charge gradient called the space-charge region,
or the depletion region. The inherent electrostatic charge creates an electro-
static potential known as the built-in voltage (Vbi), given by:

Vbi = Ψn − Ψn =
kT
q

ln

(
NAND

n2
i

)
(1.4)

where ni is the intrinsic carrier concentration, NA and NA are respectively
the doping concentrations for acceptors and donors, k is the Boltzmann con-
stant, T the temperature (in Kelvin), and q the charge of an electron. The
width of the depletion region can be calculated as:

W =

√
2ϵ

q

(
NA + ND

NAND

)
Vbi (1.5)

Thus, if one of the doping concentrations is much larger than the other,
the depletion will be primarily in the less doped region, and will be given by:
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FIGURE 1.5: Representations of the (from left to right) band di-
agram, density of states, Fermi-Dirac distribution and carrier
concentrations for (a) intrinsic, (b) n-type and (c) p-type at ther-

mal equilibrium. [16]

W =


√

2ϵVbi
qND

if NA >> ND√
2ϵVbi
qNA

if ND >> NA

(1.6)

In this scenario, there is a potential barrier (Fig. 1.6c) that can only be
overcome by carriers through thermal excitation. Thus, assuming that the p-
n junction is not at absolute zero, some current will flow. However, when an
external bias is applied, there are two scenarios depending on the direction
of the bias:

• Reverse bias - When the bias is applied against the natural flow of
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(A) (B)

(C) (D)

FIGURE 1.6: Figures representing, along the junction, the
charge distribution (A), the electric field (B), the potential en-
ergy, where ψbi is the built-in potential (C) and the energy bands

diagram (D).

the carriers, with the positive terminal connected to the n-side and the
negative to the p-side. In this configuration, electrons flow to the p-
side, and holes to the n-side, enlarging the depletion region, resulting
in very little current flow. Such small current is called leakage current
and will be covered more in detail in section 1.3.1.

• Forward bias - The bias is applied in favour of the natural flow of
carriers, with the positive terminal connected to the p-side and the neg-
ative terminal to the n-side. In this configuration, the depletion region
decreases and the current increases exponentially with voltage.

1.3.1 Leakage Current

In an ideal p-n diode under bias, the current can be described as:

I = IS

(
e

qV
kBT − 1

)
(1.7)

Where V is the applied bias voltage, and IS is the saturation current under
the reverse bias condition, described by:

IS =
qDp pn0

Lp
+

qDnnp0

Ln
(1.8)
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FIGURE 1.7: I-V curve for an ideal p-n junction, according to
Eq. 1.7. [16]

Where Dn and Dp are the diffusion coefficients for electrons and holes
respectively, Ln and Lp the diffusion length for electrons and holes respec-
tively, and np0 and pn0 the density of holes in the n region and the density of
electrons in the p region in thermal equilibrium, respectively.

While a forward bias causes the current to increase exponentially with
voltage due to the reduction in the energy barrier (as represented in Fig. 1.6),
a reverse bias in an ideal p-n junction results in a saturation current equal to
IS, as shown in Fig. 1.7. An increasing reverse bias eventually leads to a point
where the electric field in the junction becomes strong enough to give carri-
ers enough energy to promote additional electrons to the conduction band,
creating new electron-hole pairs. The newly created pairs can then create
more pairs through further collisions. This multiplication mechanism leads
to what is known as the breakdown voltage, which typically occurs in silicon
when the electric fields reaches the order of 3 · 105V · cm−1 [17].

1.3.2 Capacitance

A reversely biased ideal p-n junction has a charged region known as the de-
pletion region, where very little current flows. Therefore, it effectively acts
as a capacitor, and its capacitance can be approximated to that of a parallel
plate silicon capacitor:

C
A

=

√
qε
∣∣Ne f f

∣∣
2 (Vbi + V)

(1.9)
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Where Ne f f is the effective doping concentration in the region with the
higher doping, and Vbi the built-in potential when no external bias is ap-
plied. The capacitance decreases with bias because it essentially depends on
the size of the depletion region. Once the external reverse bias reaches the
full depletion voltage, the capacitance will reach a minimum value, which
depends on the size and geometry of the sensor.

If the inverse square is applied to Eq. 1.9 one obtains:

A2

C2 =
2 (Vbi + V)

qε
∣∣Ne f f

∣∣ (1.10)

From Eq. 1.10 the effective doping can be extracted from the non-fully
depleted region through the slope:

∣∣Ne f f
∣∣ = 2

d(1/C2)
dV

· 1
qεA2 (1.11)

The 1/C2 can also be used to obtain the full depletion voltage. The volt-
age at which the capacitance (1/C2) reaches its minimum (maximum) value
determines the full depletion voltage. This can be determined by calculating
the intersection of the linear fits to the plateau region and the initial increas-
ing slope [20]. In Fig. 1.8 an example of a 1/C2 curve from a sensor of the
type discussed in Chapter 2 is presented. In that example, the full depletion
occurs at approximately 4V. The small depletion at low voltages do not de-
liver reliable measurements, therefore the first initial points are not taken into
account.

1.4 Radiation-matter Interactions

Radiation particles can interacting with matter, and if they have sufficient
energy, they can promote an electron from the valence band to the conduction
band, creating an electron-hole pair. In this section, we consider two different
types of radiation: electromagnetic radiation and charged particles. [18]

1.4.1 Electromagnetic Radiation

Electromagnetic radiation can generate charge in the bulk of silicon through
various mechanisms, depending on the energy range. For energies ranging
from a few eVs to some keVs, the most probable interaction is the photo-
electric effect. From a few keV to 1.02MeV the Compton effect dominates,
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FIGURE 1.8: 1/C2 vs bias for a sample sensor further studied in
Chapter 2. The full depletion voltage is set by the intersection of
the fits to the initial increase and the plateau after full depletion.

and beyond 1.02MeV, the pair production occurs, resulting in an electron-
positron pair. This thesis focuses on the photoelectric effect, as it is within
the range of energies used in the studies. The energy of the electron resulting
from the photoelectric interaction can be expressed as:

Ee = hν − Eb (1.12)

Where Ee is the resulting energy of the electron, h the Plank constant co-
efficient, ν the frequency of the photon, and Eb the binding energy of the
electron to the original atomic shell.

A photon traveling through the silicon bulk has an increasing probability
of being absorbed along its path, resulting in an attenuating light intensity
following the Beer-Lambert law:

I(x) = I0eαx (1.13)

Where x is a point inside the silicon bulk, I(x) is the intensity at such
point, I0 initial intensity, and α is the absorption coefficient. The absorption
coefficient depends on the photon’s wavelength and the material it interacts
with. The I(x) curve for silicon is shown in Fig. 1.9.

The absorption coefficient depends on the interaction cross-section be-
tween the atoms and the photons, which varies with the characteristics of
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FIGURE 1.9: Wavelength dependence of the absorption coeffi-
cient. [21]

the electrons and the type of atoms they are bound to in the lattice. There-
fore, the overall absorption coefficient may change according to the doping
concentration due to different interaction cross-sections compared to silicon
atoms. In Fig. 1.10 we see that at high doping concentrations the transmis-
sion decreases, meaning more light is absorbed and the absorption coeffi-
cient increases. At low doping concentrations (up to doping concentrations
of the order of 1019cm−3), the effective cross-section of photon interactions
with electrons remains nearly unaffected.

1.4.2 Charged particles

When a charged particle traverses a material, it transfers energy to the atoms
within the lattice via Coulomb or nuclear interactions with the nuclei or elec-
trons. The mean rate at which a moderately relativistic charged heavy parti-
cle loses energy is described by the Bethe equation:

−
〈

dE
dx

〉
= Kz2 Z

A
1
β2

[
1
2

ln
2mec2β2Tmax

I2 − β2 − δ(βγ)

2

]
(1.14)
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FIGURE 1.10: Light transmission intensity dependence with the
doping concentration in silicon with a wavelength of 1550nm.

[22]

Where
〈

dE
dx

〉
is the energy loss rate along the track, K = 0.307075MeV ·

cm2, z is the charge of the traversing particle, Z and A are atomic and mass
numbers of the absorbing material, mec2 is the energy of the electron at rest,
β is the particle’s velocity (in units of the speed of light), γ the Lorentz factor,
I is the excitation energy, and Tmax is the maximum kinetic energy that can be
transferred to an electron by a particle of mass M in a single collision, given
by:

Tmax =
2mec2β2γ2

1 + 2γ
M + me

M

(1.15)

If the colliding particle is much lighter than the absorbing material, Tmax

can be approximated to:

Tmax = 2mec2β2γ2 (1.16)

In Fig. 1.11 the rate of energy loss due to ionization of a charged pion
traversing silicon is represented, calculated using the Bethe equation. For
non-relativistic energies, the energy loss rate is inversely proportional to the
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FIGURE 1.11: Rate of energy loss due to ionization as a function
of the kinetic energy of a charged pion traversing silicon (effec-
tive ionization potential I = 173eV) with (continuous line) and

without (dotted line) density and shell corrections. [17]

energy, reaching a minimum value. Particles with energies near this mini-
mum value are called Minimum Ionizing Particles (MIP). Beyond the MIP
energy, the energy loss rate increases with the particle energy.

1.4.3 Signal Formation in Silicon p-n Junctions

The number of e-h pairs created in a silicon semiconductor depends on the
energy required to promote an electron from the valence band to the con-
duction band, the energy of the ionizing particle, and the total path length
through the semiconductor. In silicon, the average energy to create an e-h
pair is 3.6eV. Therefore, for an ionizing particle with an energy loss rate of
dE
dx the total number of e-h created along a path of length l in silicon is given
by:

N =
l · dE

dx
3.6eV

(1.17)

For a MIP-like particle, this results in approximately 75 e − h pairs/µm,
which can vary and is often reported as 72pairs/µm or 80 e − h pairs/µm.

When a carrier is generated in the bulk, it creates an electrostatic field that
induces a current at the electrodes. Therefore, although the charge created in
the bulk relates to the signal measured at the electrodes, it is not simply the
charge itself. This effect is explained through the Shockley-Ramo’s theorem
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[23], which states that the current induced to an electrode due to a moving
charge is given by:

I = q−→v · −→Ew (1.18)

Where q is the charge, −→v is the instantaneous velocity, and
−→
Ew is the

weighting field, which is defined as the electric field in the system with no
charges present, and all electrodes set to zero potential except for a single
electrode set to 1 V. The total current induced in the electrode is then given
by:

Q = −q∆φw (1.19)

Where ∆φw is the potential difference of the weighting field in the elec-
trode system which can be found by solving the Laplace equation with bound-
ary conditions of no charges and one electrode set to 1 V.

1.5 Non-ionizing effects on silicon

As discussed in section 1.4 radiation can interact with matter by providing
energy to the electrons in the lattice, promoting them from the valence band
to the conduction band and thus creating electron-hole pairs. Besides this
mechanism, radiation can also transfer energy to the nucleus, potentially dis-
placing atoms from their lattice positions if the radiation particle has enough
energy, creating defects as a result. If the particle carries enough energy, it
can even initiate a chain reaction, causing multiple defects.

Some of the classified defects include interstitials (I), which are atoms lo-
cated outside a lattice site, and vacancies (V), which are the absence of atoms
in lattice sites. When two or more vacancies or interstitals are located next
to each other, they are called bi-interstitial/vacancy (I2/V2), triple-vacancy/
interstitial (I3/V3), etc. Additionally, a pair consisting of an interstitial and
a vacancy is called a Frenkel pair. Additionally, when a charged particle dis-
places a lattice atom and takes its place,it is referred to as an impurity sub-
stitute. These defect types are graphically represented in Fig.1.12. [19]

(I2/V2), triple-vacancy/interstitial (I3/V3)
The amount of induced defects in the silicon bulk depends on the type

and energy of the radiation interacting with it. To compare the radiation
damage from different types and energies of radiation sources, the Non-
Ionizing Energy Loss (NIEL) hypothesis is defined, considering the energy
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FIGURE 1.12: Graphical representation of the different type of
lattice defects that non-ionizing effects can create in the silicon

lattice. [19]

transferred in non-ionizing interactions independently of the type and en-
ergy of the particle. This energy is calculated using the displacement damage
D(E):

D(E) = ∑
i

σi (Ekin)
∫ ER,max

0
fi(Ekin, ER)P(ER)dER (1.20)

Where σi is the cross-section of the interaction type i, fi(E, T) is the proba-
bility of a collision with a kinetic energy Ekin, transferring a recoil energy ER,
and P(ER) is the Lindhard partition function, describing the fraction of en-
ergy used to displace a silicon atom. For example, P(ER) is 50% for 10 MeV
protons and 42% for 24 GeV protons. The standard reference is neutrons with
1MeV of energy, thus the standard unit of fluence levels is the neutron equiv-
alent fluence, with units of n1MeV/cm3. A conversion factor κ is used translate
radiation damage from any source to the 1MeV neutrons:

κ =

∫
D(E)ϕ(E)dE

95MeVmb · ϕ
=

ϕeq

ϕ
(1.21)

where ϕ =
∫

ϕ(E)dE is the total irradiation fluence, and ϕeq is calculated
with units of

[
ϕeq
]
= n1MeV/cm2 (often denoted as neq/cm2), by:

ϕeq = κϕ = κ
∫

ϕ(E)dE (1.22)

The collective effect of these defects is the creation of energy levels within
the band gap, leading to several macroscopic effects which are listed and
discussed below.
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FIGURE 1.13: Displacement damage function D(E) normalized
to 95MeVmb for neutrons, protons and electrons. [19]

1.5.1 Increase of depletion voltage

Displacements in the lattice can affect the dopants, such as phosphorus or
boron, causing them to change the behaviour as acceptors or donors. For in-
stance, a vacancy-phosphorus complex would shift to a total neutral charge,
while phosphorus alone in the depletion region would be positive. There-
fore, the effective doping changes with irradiation. For n-type silicon wafers,
the effective doping concentration, as shown in Fig 1.14, decreases until it
becomes intrinsic silicon, after which it increases with fluence, known as type
inversion [24]. This inversion is due to the suppression of acceptor and donor
activities [25], and the defects themselves acting as acceptors and donors,
resulting in a net p-type doping concentration.

Changes in doping concentration affect the voltage required for full de-
pletion, as stated in Eq. 1.5. For n-type silicon wafers, the full depletion volt-
age decreases with fluence until the substrate inversion occurs, after which it
increases as shown in Fig. 1.14.

1.5.2 Increase of leakage current

Defects in silicon, acting as acceptors, change the effective doping of the sili-
con bulk. Thus, as shown in Eq. 1.7 and Eq. 1.8, the leakage current depends
on the density of carriers within the bulk. Therefore, changing the effective
doping concentration alters the leakage current. Such an increase can be ex-
pressed as:
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FIGURE 1.14: Depletion voltage and effective doping concen-
tration versus fluence. [19]

∆I
V

= αϕeq (1.23)

where ∆I is the change in leakage current before and after irradiation, V is
the active volume, α is the current-related damage rate which is estimated to
4 · 10−17 A/cm [26], and ϕeq is the fluence level normalized to 1MeV neutrons.
For fluence levels higher than 1015neq/cm2, the leakage current curve flattens
and does not increase linearly [27].

1.5.3 Decrease of charge collection

Defects induced by non-ionizing effects can act as charge traps, which may
capture carriers generated by ionizing particles and release then later. It has
been demonstrated experimentally that trapping times have a linear depen-
dence with low fluence levels, which changes at higher fluence levels [28]:

1
τe f f ,e,h

= βe,hΦeq (1.24)

where β is the traps introduction rate, with



22 Chapter 1. Radiation Silicon Sensors for Particle Accelerators

β =

(4.2 ± 0.3) · 10−16cm2/ns For electrons

(6.1 ± 0.3) · 10−16cm2/ns For holes
(1.25)

While trapped charges may eventually be released and collected at the
electrode, in particle detection, the measured charge is calculated within a
time window. If the trapped charge is released outside the integration time
or the preamplifier peaking time, it will not be accounted for and effectively
is lost. For example, the bunch crossing time in the LHC is 25ns, much larger
than the de-trapping time [29]. Hence, higher defect concentrations lead to
more trapped drifting carriers and reduced collected charge. The Charge
Collection Efficiency (CCE) is measured as:

CCE =
Qirr

Q0
(1.26)

where Qirr is the charge collected after irradiation, and Q0 is the charge
collected before irradiation.

1.5.4 Annealing

In the same way that silicon atoms can be displaced from their lattice sites,
defects in the bulk do not remain immobile. They have the potential to inter-
act with other defects or impurities, creating other defect structures or even
cancelling each other, such as in the case of a Frankel pair recombining to fill a
lattice vacancy. This process is called annealing and its rate is strongly depen-
dent on temperature, since thermal energy allows defects to move through
the lattice. The interaction rate increases with higher temperatures, and de-
creases with lower temperatures.

Annealing effects macroscopic behavior in three phases: a short-term ben-
eficial annealing, where the most mobile defects are displaced and essentially
decreases both the leakage current and the full depletion voltage; a stable an-
nealing regime that involves non-mobile defects; and a long-term (or reverse)
annealing that increases the space charge concentration [26]. The change in
doping concentration with time is illustrated in Fig. 1.15.

In addition to affecting doping concentration, both leakage current and
charge collection efficiency are also affected by annealing. For leakage cur-
rent, annealing always results in a decrease [30]. For CCE, short-term an-
nealing may slightly increase or maintain CCE, while long-term annealing
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FIGURE 1.15: Variation of the doping concentration versus an-
nealing time. Figure adapted from [26].

decreases CCE due to the increase in full depletion voltage. This is illus-
trated in Fig. 1.16. Typically, a beneficial annealing is performed on newly
irradiated sensors during 80 minutes at 60◦C.

1.6 Silicon P-N junctions as Radiation Detectors

A charged particle crossing a reversely biased p-n junction will create e-h
pairs that, due to the inherent electric field in the space charge region (Fig.
1.6b), will be separated, with electrons moving to the n-side and holes to the
p-side, thus creating a measurable signal described with equation 1.18.

Radiation silicon sensors are built on silicon substrates, with either n-type
or p-type doping concentrations, and electrodes placed at both sides of the
substrate by means of highly doped regions, where charge is collected. The
separation between electrode determines the spatial resolution of the sen-
sor. There are multiple ways in which electrodes can be constructed and
segmented which depend on how the electrodes are built.

When spatial resolution is not crucial, strip sensors are used. Electrodes
are interconnected in one direction by means of a metal strip, resulting in a
higher spatial resolution in one direction then its perpendicular one. Each
strip conforms a channel which is connected to the readout. Strip sensors
in modern experiments may include from 500 to 800 independent channels
[32]. Conversely, when higher spatial resolution is required, pixel sensors are
used. They are composed of p-n diodes with very small dimensions which
can be easily placed adjacent to each other, creating a matrix of separated
regions which enhances the spatial resolution. In this configuration, each
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FIGURE 1.16: Variation of charge collection efficiency versus
annealing time in a 300µm thick strip sensor. [31].

pixel conforms an independent channel, hence considerably increasing the
amount of readout channels.

In LHC experiments, spatial resolution depends on the section. For inner
sections, pixel sensors are required due to necessity for precise spatial res-
olution when compared to other sections of the experiments. For instance,
for the innermost region of the ATLAS tracker, a spatial resolution of 10µm
is required, a characteristic not achievable by strip sensors. Therefore, since
this thesis focuses on sensors designed for the innermost sections of future
colliders, pixel sensors are used and will be the only ones considered in this
thesis.

In high energy physics, when high spatial precision is required, such as
for tracking applications, the preferred sensor type is the pixel detector. Pixel
detectors are composed of p-n diodes with very small dimensions, which can
be easily placed adjacent the each other, forming a matrix of pixels that make
up the entire sensor. This sensor is then bump bonded to a readout chip.

Besides the segmentation, there are two main architectures considered
for silicon radiation sensors: planar and 3D. In planar sensors, electrodes
are implanted on each side of the silicon wafer, whereas in 3D sensors, elec-
trodes are created by etching a column into the silicon wafer and filling it
with highly doped poly-silicon, resulting in an electrode that extends the full
depth of the wafer.
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1.6.1 Planar Sensors

The most basic and most used structure for a silicon radiation detector is
obtained by highly doping one side of a high resistivity silicon wafer with
donors and the other side with acceptors. Electrical contacts are made by
metalizing the highly doped regions for reverse biasing and charge collec-
tion. This simple structure is called a PiN diode due to the bulk with low
doping concentration (effectively acting as "intrinsic") between a p-n junc-
tion. Regardless of whether the less doped silicon region is n-type or p-type
it can be biased in reverse mode, creating a depleted region where electron-
hole pairs can be generated by an ionizing particle and separated by the elec-
tric field.

With this architecture, the volume to deplete is defined as the thickness of
the substrate between the electrodes. Depending on the architecture, it can
be from some tens of micrometers to a few hundreds of micrometers.

If a layer of high doping is introduced just below the charge-collecting
electrode, it can create a region with high electric field that can cause drifting
carriers to undergo impact ionization. This results in charge multiplication
and intrinsic gain. This type of sensor is called a Low Gain Avalanche Diode
(LGAD, Fig. 1.17), first fabricated and designed by the IMB-CNM in 2014 by
the Radiation Detector Group (RDG) [33]. LGADs have gained significant
interest due to their intrinsic gain, which provides good spatial and excellent
time resolution. However, their major drawback is a decrease in gain after
high radiation exposure due to the acceptor removal phenomenon discussed
in section 1.5.1, which becomes dominant at fluence levels of few times 1 ·
1015neq/cm2.

1.6.2 3D sensors

Another architecture was proposed by S.I Parker et. al [34] in which elec-
trodes penetrate the bulk in a cylindrical shape, as shown in Fig. 1.18a.
While it maintains the PiN structure, the distance between electrodes is de-
termined by the mask design rather than the wafer’s thickness, allowing for
much shorter inter-electrode distances

The shorter inter-electrode distance results in shorter travelling distance
for drifting carriers, leading to a faster signal collection, which is crucial for
time resolution, which will be discussed in section 1.7. Additionally, the
shorter drifting distance reduces the probability of carriers being trapped by
defect points caused by non-ionizing effects, improving the charge collection
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FIGURE 1.17: Schematic representation of the Low Gain
Avalanche Detector. The p-type multiplication layer is the
highly doped region that leads to impact ionization, resulting
in intrinsic gain. The Junction Termination Extension (JTE) sep-
arates separates the high electric field from the multiplication
layer from nearby pixels, and limits the collected charge to a

controlled region. Extracted from [33]
.

and thus radiation hardness. Moreover, since there is a shorter distance to
fully deplete the sensor, the full depletion voltage is lower for 3D sensors,
resulting in reduced power consumption.

However, the 3D architecture requires a more complicated production
technology, with runs usually featuring more than 120 fabrication steps. One
of the most critical production steps with 3D detectors is etching the holes
in which highly doped polysilicon is deposited to create the electrodes. The
technique used is the Deep Reactive Ion Etching (DRIE), which alternates be-
tween directional etching with a biased plasma containing a reactant species,
typically SF6, and a passivating step where a passivating species, typically
C4F8, is deposited to prevent lateral etching [35]. By repeating this cycle, di-
rectional etching creates cylindrical holes for the electrodes. However, this
method does not yield perfectly smooth cylindrical shapes, often resulting in
lateral etching artifacts known as scalloping. Another issue is that the end of
the column is not perfectly flat, featuring some curvature that affects the col-
umn’s length and the electric field at the end of the column, which is crucial
for sensor performance. Additionally, monitoring DRIE performance is crit-
ical to ensure proper column depth. Etching shorter columns increases the
drifting distance and depletion volumes, while longer columns can lead to
full wafer penetration, causing a short circuit between the front to the back-
side of the wafer.

Moreover, the non-uniformity of the electric field in 3D sensors affects the
timing resolution. Ionizing particles hit the sensor from the top, making the
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(A)

(B)

FIGURE 1.18: Cross section representations for 3D sensors (A)
and planar sensors (B).

actual hit position within a pixel less critical for planar sensors but significant
for 3D sensors due to the radial variation of the electric field from the column
electrode, resulting in different travel times for carriers depending on the hit
position.

1.7 Time Resolution

As discussed in Section 1.1.2, the HL-LHC and future colliders will feature an
increased number of events per collision, needing as a result a better sensor
capability to resolve events in time (graphically represented in Fig. 1.19).

The total time resolution of a detector mounted on a readout electronics
system is given by the contribution of different factors expressed by:

σ2 = σ2
j + σ2

tw + σ2
Landau + σ2

distortion (1.27)

where σ2
j is the contribution from the jitter, σ2

tw is the Time-Walk contri-
bution, σ2

Landau is the Landau contribution, and σ2
distortion is the contribution

from the distortion of the weighting field.
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FIGURE 1.19: Graphic representation of the necessity of a good
time resolution for silicon sensors. If the tracks are only re-
solved in space but not in time (left), it is not possible to re-
construct the whole path, resulting in loss of information. [37]

1.7.1 Jitter

The factor contributing to the time resolution due to the jitter is described by
[36]:

σj =
N

dV/dt
≈

tp

(S/N)
(1.28)

where N is the RMS noise level, (dV/dt) is the rise of the signal at the
output of the amplifier, tp is the peaking time (the time difference between
the signal reaching 10% and 90% of its maximum value), and S/N is the
Signal-to-Noise Ratio. A graphical explanation of the jitter is represented in
Fig. 1.20.

Hence, the main factors determining how dominant the jitter contribution
is:

• The slope of the signal: This depends essentially on the velocity of the
drifting carriers, which is influenced by the material and its tempera-
ture; and the drift distance, since not all carriers move at the same ve-
locity. Therefore, a longer drifting distance leads to a larger difference
in arrival times for carriers moving at different velocities. Additionally,
if a signal amplifier has a peaking time slower than the sensor, it may
alter the signal rise time.

• The height of the signal: It depends on the total amount of carriers
generated by an ionizing particle crossing the sensor. By Ramo’s the-
orem (Eq. 1.18), the current in the electrodes (and the induced charge)
depends on the amount of e-h pairs generated in the depleted bulk.
Therefore, the reduction of charge collection efficiency after irradiation
(discussed in 1.5.3) decreases the signal height, worsening the time res-
olution. One way to increase the signal height is through internal gain,
as in LGADs, which yield excellent time resolution before irradiation.
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FIGURE 1.20: An uncertainty in the y-axis of dV causes a trigger
variation in time of dt, which translates into a decrease in time

resolution. [38]

• The noise in the signal: Common sources of noise include pickup noise
from the electric network, noise from external radio-frequency waves,
electronic noise from amplifiers or any device in the system, and noise
from the detector itself due to leakage current or capacitance.

1.7.2 Time Walk

When detecting signals from particles, it is necessary to set a threshold on the
voltage signal from the amplifier output to avoid false triggers. Considering
two identically shaped signals in the same sensor, but with different heights,
the threshold will be crossed at different times despite having the peak at
the same timestamp (time of arrival, ToA). This effect is called time walk,
graphically represented at 1.21, left.

The Constant Fraction Discriminator (CFD) method can be used to miti-
gate this effect by setting the ToA of a signal at a certain fraction of the total
amplitude instead of the time at which the trigger threshold is crossed. The
optimal CFD depends on the shape of the signals, and it is most effective
when set at a percentage where the signals statistically have a faster rise time.
For instance, for an initially slow signal, any small change at the beginning of
the signal would lead to a large time walk, so a CFD set at a higher percent-
age would be preferable. On the other hand, for an initially fast signal that
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FIGURE 1.21: Representation of the time walk contribution to
the time resolution. If only the trigger ToA is considered, differ-
ent ToAs are given for identcally shaped but differently scaled
signals (A). Using the CFD method largely reduces this effect

(B). Figure adapted from[39]
.

slows down later, a smaller CFD percentage would be more optimal. There-
fore, to mitigate the time walk contribution, a CFD study must be performed
to determine the optimal value.

1.7.3 Landau Noise

While the Bethe equation 1.14 describes the average energy deposited by an
ionizing particle,the actual deposition is non-uniform. Landau studied this
in 1944 [40] for the case of a thin layer. The probability distribution has the
shape shown in Fig. 1.22, featuring an asymmetry where the average en-
ergy deposited is higher than the most probable value (MPV), with a tail that
yields higher signals than a Gaussian distribution. This non-uniform energy
deposition leads to a noise-like effect called Landau noise.

For 3D sensors, since the impinging particle travels parallel to the elec-
trodes, the distortion of the signal due to Landau fluctuations is very small
and often negligible, as the parallel motion of the ionizing track with respect
to the electrode causes drifting carriers to arrive at very similar times to the
electrode.

1.7.4 Non-uniform Weighting Field

By Ramo’s theorem (Eqn. 1.18), the induced current by a drifting carrier is
proportional to the electric charge q, the drifting velocity v, and the weighting
field Ew. While the charge is constant, both the drift velocity and the weight-
ing field will change the signal shape. For a consistent signal, both should be
as constant as possible, regardless of the ionizing particle’s hit position.
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FIGURE 1.22: Probability distribution of energy deposition by
an ionizing particle, following a Landau distribution [41]

If carriers reach the saturation velocity quickly in a high electric field, the
drift velocity can be approximated as constant. However, the non-uniformity
of the weighting field depends on the sensor type. For 3D sensors, this is
crucial because, since discussed in section 1.6.2, ionizing particles impinging
parallel to the electrodes cause the weighting field to vary strongly with hit
position.

1.7.5 Waveform analysis for time resolution measurements

The time resolution of a system composed of two differentiated signals is de-
termined by the sigma from the Gaussian fit to the histogram of the difference
in ToA for both signals, expressed by:

σ2
total = σ2

1 + σ2
2 (1.29)

where σi represents the time resolution of each sensor. Therefore, if the
signals come from two different sensors but one has a known time resolution
that can be used as a reference (for instance, in the case of a Sr90 source setup
as in Chapter 4), the DUT’s time resolution can be determined after acquiring
the system’s time resolution:

σDUT =
√

σ2
Total − σ2

re f (1.30)

If both signals come from a single sensor (which is the case in chapter 3)
or two identical sensors of unknown time resolution (in the case of section
4.2), it can be expressed as:
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σDUT = σTotal/
√

2 (1.31)

In either case, waveform analysis can be treated similarly. If both signals
come from the same sensor, the script must differentiate both peaks from a
single waveform by identifying the maximum or minimum (depending on
the signal’s sign) in the first or second half of the waveform. Conversely,
if the signals come from two different sensors, two separate waveforms are
acquired. Therefore, the peaks are identified in each waveform, and the dif-
ference in ToA is measured between waveforms.

To reduce the time-walk contribution (Section 1.7.2), the CFD method can
be used. To determine the ToA, a quadratic fit is done using the absolute
maximum value and its surrounding points (three in each direction) to de-
termine the exact value of the absolute maximum and its exact time. The
script then scans for the amplitude crossing a threshold corresponding to a
percentage of the signal height (which corresponds to the CFD value) and
performs a linear fit with the eight surrounding points, and determines the
ToA where the fit meets the threshold set by the specific CFD.

By performing linear fits for different CFD percentages, the best time res-
olution can be determined. The CFD values used range from 10% to 90% in
steps of 10%. For future plots, only the time resolution corresponding to the
optimal CFD will be shown.

Other variables studied include:

• Risetime: The time from 10% to 90% of the signal.

• Noise: Calculated as the RMS of the region at the beginning of the
waveform where there are no events. The number of points taken may
vary depending on the measurement.

• Jitter: Having the risetime, the RMS noise and the signal amplitdes, Eq.
1.28 is used to calculate the jitter contribution to time resolution.

• Charge: Calculated by integrating the signal between points where the
waveform is at 10% of the peak height. The conversion from the inte-
gral to the collected charge is by means of the relations Q = Ampl

R

∫
v(t)dt.

1.8 Physical models for TCAD simulations

To better understand new technologies or devices, simulations can be per-
formed. By using appropriate models, it is possible to closely replicate the
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real world behaviour. The software used for this thesis is the TCAD Sysnop-
sys Sentaurus [42], which is widely used for semiconductor technologies.

A TCAD simulation starts with the definition of the device, achieved
through the Sentaurus Structure Editor. In it, the materials, their sizes, their
locations, and the doping profiles at each point are defined. For the software
to perform calculations, each region must be discretely divided into small re-
gions so that the software can interpolate values from one small region to the
adjacent ones. This process is called meshing, and it is a complex and crucial
topic. To obtain accurate results, fine meshing is required, but it cannot be
infinitely small due to the computing time being tied to the number of mesh-
ing points. Therefore, the meshing strategy must be carefully studied for
each case. The meshing points should be smaller at regions where relevant
parameters change significantly over small distances (for example, near an
electrode, where the doping concentration decays as a Gaussian), and larger
in regions where less significant phenomena happen, such as between elec-
trodes.

After the meshing is defined, Sentaurus Device can load the modelled
sensor created by Sentaurus Structure Editor and solve the Poisson equation
with contour conditions, including a bias applied at the electrodes. Many
relevant physical magnitudes can be simulated, such as the electric field, car-
rier mobility, current at the electrodes at different voltages (I-V curves), or
the simulation of an ionizing particle crossing the device.

To accurately calculate such variables, it is crucial to use appropriate phys-
ical models that recreate the environment of the carriers in the device, such as
mobility models, generation and recombination in the sensor or any depen-
dence on the doping concentration. In this section, the physical models used
for the simulations are presented and discussed, while more details on the
mathematical representation and their coefficients can be found in appendix
A

1.8.1 Mobility models

To properly simulate the behavior of a device, it is crucial to take into ac-
count the various factors that affect carriers behavior. This can be achieved
by using some of the mobility models available in TCAD Sentaurus software.
When multiple mobility models are used, the total mobility results from the
Mathiessen’s rule:
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1
µ
=

1
µ1

+
1
µ2

+ · · · (1.32)

Where µ is the total mobility and µ1, µ2, · · · are the different mobility
contributions from bulk, surface or thin layers. In our case, the models used
are the doping dependence model, the Lombardi, high field saturation and
carrier-carrier scattering:

• Impurities in semiconductors act as scattering points in the lattice, de-
grading the mobility of the carriers. Masetti et al [43] extracted the
relationship between mobility and doping concentration, whether pro-
vided by donors or acceptors.

• Since the transverse electric fields at semiconductor interfaces are usu-
ally high, carriers are forced to interact with acoustic surface phonons
and surface roughness. For this, the Lombardi model is used.

• At a sufficiently high electric field the velocity of carriers is not pro-
portional to the electric field, but saturates to a certain value vsat. This
behaviour can be explained by the Canali model, which models the mo-
bility in function of the temperature, fitted up to 430K [44].

• At high carrier concentrations, the carrier-carrier scattering degrades
mobility and cannot be neglected. It can be described by the Conwell-
Weisskopf model, which provides a relationship between the velocity
of the carriers and both the carrier concentrations and the temperature.
[45]

1.8.2 Generation-recombination models

Electron-hole pairs in semiconductors have multiple mechanisms to be cre-
ated or eliminated, and taking them into account is important to have a cor-
rect electrical behavior representation.

• Defects and dopants in the crystal lattice introduce extra energy levels
within the band gap, which are called deep energy levels when close to
the Fermi level. These additional energy states facilitate carrier transi-
tions between bands, which effectively acts as a recombination process.
This mechanism is known as Schockley-Read-Hall recombination.

• When an electron transitions from the conduction band to the valence
band, the released energy may be transferred to another electron, which
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then relaxes through phonon emission. This process is called Auger re-
combination, and is particularly relevant at high carrier density regions
due to the increase of interaction probability.

• When the space charge region width exceeds the mean free path of a
carrier, an avalanche effect may occur, where an induced drifting carrier
produces additional carriers along its path. This process is known as
the Avalanche effect or Impact ionization.

1.8.3 Effective Intrinsic Density

At high doping levels, the band gap narrowing must be considered. The
band gap for a given temperature can be expressed as the difference between
the band gap energy at zero temperature and a temperature-dependent term
[46]:

Eg(T) = Eg(0)−
αT2

T + β
(1.33)

The total effective band gap, accounting for the temperature dependence
and doping concentration variation, can be expressed as:

Eg,er f f (T) = Eg(T) + δEbg (1.34)

The model used for δEbg is the old Slotsboom model, which was fitted
using a transistor built on a p-type wafer.
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Chapter 2

3D Double Sided n-on-n
characterization and technology

The n-on-p sensor configuration is widely employed in sensor architectures,
primarily due to the superior mobility of electrons with respect to holes, be-
ing fastest drifting carriers. Electrons are collected at the n-electrode, which is
subsequently connected to the readout electronics. For the p-n junction to be
located at the n+ electrode, the bulk must be p-type. This is crucial because,
with an n-type bulk, the electrostatic potential barrier between the bulk and
the n+ electrode is lower, resulting in higher leakage current compared to the
n-on-p configuration.

However, must be considered that, as discussed in section 1.5.1, n-type
substrates undergo substrate inversion after a certain level of irradiation due
to non-ionizing effects. As shown in Fig. 1.14, the full depletion voltage of
n-type wafers decreases until substrate inversion occurs. This characteristic
allows them to potentially operate at lower biases than their n-on-p counter-
parts.

N-type wafers as substrates for silicon sensors have already been used
in experiments at the LHC. For instance, they were employed in the VELO
detector for the LHCb experiment, where strip sensors with a thickness of
300 µm and n-on-n planar architecture were utilized. Additionally, two n-
on-p sensors were employed as candidates for future upgrades [47]. Fig. 2.1
shows the measured effective depletion voltage over time against the equiva-
lent fluence level of radiation. A noticeable decrease in the depletion voltage
of the sensors is observed until substrate inversion occurs. In contrast, for
the n-on-p configuration, the depletion voltage increases with fluence, reach-
ing levels up to approximately 40V higher than the n-on-n configuration, at
a fluence of 20 · 1012 MeV neq.

In this chapter, we explore the behavior of 3D n-on-n sensors produced
at the clean room facility from the Centre of Microelectronics of Barcelona
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FIGURE 2.1: Depletion voltages versus fluence level, separated
according different initial depletion voltages. Extracted from

[47].

(IMB-CNM). Our primary focus is on electric characterization, involving a
detailed analysis of I-V curves and C-Vs both before and after an irradiation
campaign, during which the sensors were exposed to neutron radiation. The
following chapters, Chapter 3 and Chapter 4, will extend this study. Chap-
ter 3 will employ the Transient Current Technique (TCT) to measure their
response to an infrared laser, while Chapter 4 studies their performance to a
Sr90 source.

2.1 N-on-N technology and samples

The studied sensors are of 3D architecture from the run 10339 fabricated in
the clean room in IMB-CNM, and are built on 200µm thick, high resistivity,
n-type wafers. The columns are 180µm deep and have a diameter of 8µm in
a double sided process, meaning that n-electrodes and the p-electrodes are
etched from opposite sides of the wafer. A cross section of the sensors is
shown in Fig 2.2.
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FIGURE 2.2: Schematic cross section of the 3D n-on-n architec-
ture studied in this work.

Label Geometry Size (µm) Pixel array
1 − X 50x50µm, 1E 20.42x10 mm2 400x192
2 − X 25x50µm, 2E 20.42x10 mm2 384x200
3 − X 25x100µm, 1E 20.42x10 mm2 384x200
5 − X 50x50µm 6.2x6.2 mm2 100x100
6 − X 50x50µm 4.0x4.0 mm2 50x50
7 − X 25x50µm 6.2x6.2 mm2 200x100
8 − X 25x100µm 6.2x6.2 mm2 200x50

TABLE 2.1: List of the samples featured in the run 10339 and
some of their key characteristics.

The run features a variety of samples, most notably RD53 sensors, with
both 50x50µm and 25x100µm pixel pitches. The latter can have two configu-
rations: a single pixel connected to one (1E) or two (2E) electrodes. Addition-
ally, test devices are featured such as pad diodes of 50x50 and 100x100 pixels
arrays, with pixel pitches of 50µm x50µm, 25µm x 100µm and 25µm x 50µm.
Pad diodes are used to understand sensor behavior on a smaller scale to pre-
dict their performance in larger scale. Table 2.1 shows a list of the sensor and
some their geometrical characteristics.

Test structures of a single pixel surrounded by eight pixels in an orthog-
onal geometry with a pitch of 55µm x 55µm are also included. These sam-
ples are crucial for time resolution studies because time resolution is affected
by sensor capacitance by introducing noise. Connecting multiple pixels is
equivalent to connecting capacitors in parallel, thereby increasing the total
capacitance.

To study the large scale samples, such as RD53B sensors, without the need
of specific ASICs or complex systems, a temporary metal deposition process
is typically employed. This process consists of the deposition of two metal
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layers, titanium and aluminium, which cover the sensors entirely, which fa-
cilitates I-V and C-V measurements by providing a single contact for all elec-
trodes. For RD53B sensors, no temporary metal was deposited, so only single
pixels could be chatacterized.

For pad diodes (devices 5-X, 6-X, 7-X and 8-X), instead of the temporary
metal, a highly doped layer of polysilicon is deposited to short all electrodes.
Using highly doped polysilicon allows for laser measurements, as photons
would be reflected on a metallized surface and no signal could be induced.

2.1.1 Re-metalization for the small test structures

For some test structures, the metalization on the contact pads was insuffi-
cient, having as a consequence no contact point for measurements. This was
particularly significant for devices irradiated at the highest fluences, which
are the most relevant for this thesis. Scanning Electron Microscope (SEM) im-
ages before and after re-metalization are shown in Fig. 2.3. Fig. 2.3-A shows
that there was nearly no metal before being processed.

To repair them, a Focus Ion Beam (FIB) deposition was performed us-
ing platinum mixed with a low concentration of carbon. The result of the
deposition is shown in Fig. 2.3-B. I-V measurements performed after the de-
position showed a short between the pads for the central electrode and the
guard ring. Mounting the sensors to a PCB for testing with the TCT setup
(explained in Chapter 3) showed that the measured current versus applied
voltage behaved like a resistor, hence the current was not coming from the
sensor’s bulk. A SEM image showed a halo of metal around the pads (Fig.
2.3-C). Typically, FIB processes deposit material in areas spanning a few mi-
crons, but the size of the pads was of a hundred microns. Therefore, a higher
ion flow was needed to depost within a feasable timescale, which increased
the amount of scattered ions.

To separate the channels, an etching step was performed, with the re-
sult shown in Fig. 2.3-D. Two perpendicular strips represent the etching
performed. The resulting I-V curves will be shown in Section 2.2.2, which
showed that while it was possible to measure separate currents from both
pads a noisy current was measured, most likely due to the combination of
poor contact and the alteration of the electric field by the metal halo.
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(A) (B)

(C) (D)

FIGURE 2.3: SEM images of the pads for the small test struc-
tures, showing that (A) there was no metal before depositing
with FIB, (B) how the deposited metal looks like, (C) that there
is a thin layer of metal around the area where the metal is de-
posited, and (D) the etching in the shape of strips to separate

the channels.

FIGURE 2.4: Image of the probe station setup at CNM, high-
lighting the different components.
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2.2 Electrical characterization

Current-Voltage (IV) curves were obtained using the Cascade probe station
at the Radiation Detectors Laboratory at CNM. It features probes that can
be finely moved to make contact with the metal pads of each Device Under
Test (DUT). They are connected to a Keithley 2410, which provides the nec-
essary bias to the sensors and reads the output current. The power sources
are remotely controlled via software that records the current for each voltage
and can average multiple measurements per voltage to reduce noise contri-
butions.

During biasing, the ground is set at the backside of the device, while the
bias is applied through the probe at the contact pads, requiring a positive
voltage to reversely bias the sensor. The probe station also includes an ES-
PEC ETC-200L, which regulates the temperature of the chuck, capable of en-
suring a constant temperature -20ºC, which is the target for low temperature
measurements. Additionally, a nitrogen gas flow kept maintained through-
out all measurements to prevent humidity from interfering. While relative
humidity does not change the leakage current, it affects the breakdown volt-
age of 3D sensors. In a humid enviornment, negative charges accumulate
over the oxide region and aggregate around electrodes of the opposite sign
[48]. Simulations have shown that the presence of a greater surface charge
leads to a larger electric fields, lowering the breakdown voltage [49].

In addition to the IV curves, Capacitance-Voltage (CV) measurements
were also carried out using the probe station. An Agilent 4284A LCR me-
ter has been used together with a Keithley 2410, conected to a decoupling
system that separates the sinusoidal signal from the LCR from the applied
bias voltage. For all measurements, the AC voltage from the LCR was set to
500mV with a frequency of 10kHz, if not stated otherwise. An image of the
probe station setup is shown in Fig. 2.4.

2.2.1 Before irradiation

Since no temporary metal was deposited on the RD53B sensors, measure-
ments could not be carried out shorting all the pixels, so only a single pixel
could be measured at a time. Therefore, results from the I-V curves are pre-
sented as quantities per pixel, rather than for the entire device. This approach
make results more easily comparable across different device types.

The I-V curves for the RD53B sensors are presented in fig 2.5 as the current
at room temperature for a single pixel. As expected for an n-on-n sensor, the
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(A) (B)

(C)

FIGURE 2.5: I-V curves measured at room temperature (T =
20◦C) for the RD53B sensors of types 1-X (A), 2-X (B) and 3-X

(C).

leakage current is high due to the lower energy barrier at the electrode-bulk
junction.

The breakdown voltage varies depending on the sensor, ranging from just
a few volts to approximately 70V in the highest case. However, a 3D detector
can be fully depleted with just a few volts, making it operational. Despite the
high leakage current being a concern it should be partially mitigated after
irradiation due to substrate type inversion. Full depletion is shown in Fig.
2.7, where the 1/C2 curves are shown for devices 5-X and 8-X from wafers 1,
2 and 11. Both sensor types show a initial rapid increase in 1/C2 followed by
a very slowly increasing curve given by the slower depletion at the backside.
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(A) (B)

(C) (D)

FIGURE 2.6: I-V curves measured at room temperature (T =
20◦C) for the pad diode arrays of 5-X (A), 6-X (B), 7-X (C) and

8-X (D).

In [50], simulations showed that a higher bias is necessary to fully deplete
around the p-stop, hence having a slow decrease of capacitance after lateral
depletion. Therefore, full lateral depletion is reached with less than 5V.

The I-V curves for test pad diodes are shown in Fig. 2.6, where currents
are presented per pixel instead of the total measured current. When compar-
ing the I-Vs from the RD53B sensors (1-X to 3-X) with the pad diodes (5-X to
8-X), the former exhibit larger leakage current. This is attributed to having
floating neighbouring pixels when only one is biased, hence collecting carri-
ers generated further away from the measured pixel, increasing the current
as a result. Therefore, the current per pixel for sensor a fully covered with
temporary metal would be lower.

In some cases of high leakage current, the main contribution comes from
surface current due to defects or imperfections from fabrication steps. Since
the temperature dependence to leakage current (Eqn. 1.7) is given by the



2.2. Electrical characterization 45

FIGURE 2.7: C-V curves of 5-X and 8-X devices, with the capac-
itance represented as quantity per pixel.

bulk contribution, a high leakage current that does not vary with tempera-
ture indicates a surface current. In Fig. 2.8 the I-V curves for 6-X and 8-X
pad diodes are presented. Comparing them with Fig. 2.6-B and Fig. 2.6-D,
the leakage current is an order of magnitude lower at lower temperatures,
indicating that it is a bulk current.

(A) (B)

FIGURE 2.8: I-V curves taken at low temperature (T = −20◦C)
for the sensors of types 6-X (A) and 8-X (B).

For some devices, I-Vs curves with forward bias were recorded to verify
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that the behavior is that of a diode. The results are presented in Fig. 2.9,
where the curves show an exponential behavior, appearing as linear curves
in a logarithmic scale. Thus, they behave as diodes when the bias is applied
in the forward mode.

FIGURE 2.9: I-V curves of some diode arrays with different ge-
ometries and sizes from different wafers.

I-Vs curves were also taken for test structures with a single central column
surrounded by eight neighboring pixels. The curves are presented in Fig.
2.10-B. When compared with the curves taken for 1-X to 3-X, the leakage cur-
rent is slightly smaller, with a higher breakdown voltage. This is consistent
with the fact that for the RD53B the surrounding pixels are floating, resulting
in current from further distances, whereas for the small test structure there
are at least eight working pixels surrounding it. However, the current per
pixel is higher than that of the larger area diode arrays, indicating a surface
contribution, likely due to a higher edge-to-area ratio.

2.2.2 After irradiation

To study the behavior of the senors after being irradiated, an irradiation cam-
paign was carried at the nuclear reactor in the Jožef Stefan Institute (JSI)
[51] using thermal neutrons. The list of sensors included 1-X, 2-X, 6-X, 8-
X and some of the small test structures with a single central pixel. They
were irradiated with up to the 1MeV neutron equivalent fluence levels of 1 ·
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(A) (B)

FIGURE 2.10: Mask design for the test structures (A) and the
I-V taken from a few samples from wafer 4 (B)

1014neq/cm2, 1 · 1015neq/cm2, 5 · 1015neq/cm2, 1 · 1016neq/cm2, 5 · 1016neq/cm2

and 1 · 1017neq/cm2. As a reference, the expected accumulated equivalent flu-
ence level at the end of the HL-LHC upgrade is of 2 · 1016neq/cm2, while for
the innermost part of the FCC, it is 8 · 1017 [52]. Therefore, this work studies
radiation damage levels before and beyond the currently expected limits for
the HL-LHC, though not for the most extreme cases of the FCC. After irra-
diation, a beneficial annealing process was applied to all sensors by heating
them for 60 min at a temperature of 80 ◦C.

To accurately measure the I-V characteristics of the irradiated sensors, it
is necessary to perform the measurements at low temperatures. Defects act
as generation points and introduce carriers which contribute to the leakage
current, which can get compensated with a lower temperature. Thus, all
measurements for irradiated sensors were carried out at a temperature of
−20 ◦C with a constant nitrogen gas flow. This is also the same order of
magnitude as the operational voltage in particle accelerators, being −25◦C in
the ATLAS ITk, for instance [6].

I-Vs for 1-X, 2-X devices are shown in Fig. 2.11, and for 6-X and 8-X in at
Fig. 2.12 at various fluence levels. Due to an issue during shipping, the 1-X
and 2-X sensors irradiated at fluence level of 5 · 1016neqcm−2 were damaged
and could not be measured. For the 6-X and 8-X devices, the I-Vs at low
temperature before irradiation are also plotted for easier comparison.

For 1-X and 2-X sensors, the leakage current shows a slight increase with
fluence but maintaining the same order of magnitude. As discussed in sec-
tion 1.5.2, there is a saturation of the leakage current versus fluence at levels
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(A)

(B)

FIGURE 2.11: I-V curves for the 1-X (A), 2-X (B) at different
fluence levels.
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(A)

(B)

FIGURE 2.12: I-V curves for the 6-X(A) and 8-X (B) at different
fluence levels.
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higher than 1 · 1015neq/cm2. However, at 1 · 1014neq/cm2 the leakage current
is not lower. On the other hand, 6-X and 8-X sensors show an increase of
leakage current with fluence that saturates at levels above 1 · 1015neq/cm2, a
phenomena discussed in section 1.5.2.

To better understand the depletion volume in irradiated sensors, C-V
curves have been performed. Fig. 2.13 shows the inverse square of the ca-
pacitance per pixel (1/C2) versus bias for 6-X sensors with a pixel pitch of
50µm x 50µm (left) and 8-X sensors with a pixel pitch of 25µm x 100µm. The
higher the equivalent fluence level, the slower the 1/C2 increases, indicating
slower depletion. For example, at the fluence level of 1 · 1014neq/cm2, both
devices reach saturation with just a few volts, while at 1 · 1016neq/cm2 full
depletion is reached before 50V. At 1 · 1017neq/cm2 for 6-X devices it reaches
a maximum after which it decreases due to a much larger leakage current.
As studied and explained in [53], a high leakage current can alter the capac-
itance of the sensor by effectively introducing a resistor in parallel making it
difficult to determine the full depletion voltage at high fluence levels. At the
fluence levels of 5 · 1016neq/cm2 and 1 · 1017neq/cm2 for 8-X devices it is only
observed a constant increase without reaching a plateau. Further bias could
not be applied due to reaching the compliance current, since 8-X devices are
larger arrays of electrodes.

The full depletion voltage can be calculated by extracting the crossing
point of the two straight-lines fits to the rapid initial increase and the plateau
in the 1/C2 vs V curves. For the fluence levels of 5 · 1016neq/cm2 and 1 ·
1017neq/cm2 for the 6-X, 1/C2 decreases before reaching a plateau, so the
maximum value is taken. The same fluences for the 25µm x 100µm pixel
pitch geometry do not show any maximum point and are not considered.
Fig. 2.14 shows the full depletion voltage versus fluence level for both pixel
pitches. In both geometries, the full depletion voltage increases with fluence.
The 25x100 µm pixel pitch geometry requires a slightly larger bias to fully
deplete, due to the larger distance between n-type electrodes.

For the 1-X and 2-X devices, C-V curves could not be performed because
the capacitance per pixel is of the order of 1 · 10−13F, which is lower than the
noise level of the system. Large devices need to be used to obtain a measur-
able capacitance.

Some of the small test structures with a single central channel were also
irradiated at the same fluence levels. As discussed in Section 2.1, some of
them required a re-metallization process to be measurable, specifically those
irradiated at 5 · 1016neq/cm2 and 1 · 1017neq/cm2. The resulting I-V curves
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(A) (B)

FIGURE 2.13: 1/C2 versus V curves for irradiated pad diodes 6-
X (A) and 8-X (B). The curve before irradiation was not included
for the 8-X devices. The C-V for the 6-X devices were done at a
frequency of 1kHz due to other frequencies not yielding reliable

enough results.

FIGURE 2.14: Full Depletion voltage for the 50x50 µm (black)
and 25x100 µm (blue) geometries.
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FIGURE 2.15: I-V curves of small test structures irradiated at
different fluence levels.

are presented in Fig. 2.15. Similar to the case for 1-X and 2-X sensors, the
leakage current does not significantly change with fluence, making it diffi-
cult to differentiate the dependence of the leakage current on fluence level.
Sensors irradiated at 5 · 1016neq/cm2 and 1 · 1017neq/cm2 show a noisy behav-
ior, attributed to the re-metallization process not yielding high-quality metal
and leaving some non-uniform extra metal on the surface that could not be
removed and may produce changes in the leakage current.

For a better comparison of the leakage current at different irradiation lev-
els, Fig. 2.16 shows the mean value of the leakage current for all samples irra-
diated at the same fluence level, plotted against the fluence level. The values
of the leakage current are taken at a bias of 100V to ensure full depletion for
all sensors below 1 · 1016neq/cm2 (see Fig. 2.14). The error bars represent the
spread of the measurements. The leakage currents for 5 · 1016neq/cm2 and
1 · 1017neq/cm2 are based on single measurements.

From 1 · 1014neq/cm2 to 1 · 1015neq/cm2, the leakage current decreases, in-
creasing again at higher irradiation levels. This phenomenon, also observed
for the 1-X and 2-X sensors, can be attributed to the substrate undergoing
type inversion at a fluence around 1 · 1014neq/cm2.
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FIGURE 2.16: Leakage current of the test structures at a bias of
100V for the different fluence levels.
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Chapter 3

Transient Current Technique (TCT)
measurements

One way to characterize a radiation sensor is by measuring its response to
a laser projected onto it while it is partially or fully depleted. By doing so,
as explained in section 1.4.1, the photons will create free carriers that can be
collected at the electrodes, resulting in a measurable signal as described by
Ramo’s theorem. A suitable experimental setup for this purpose is the Tran-
sient Current Technique (TCT). In this study, the top-TCT method was used,
where the laser illuminates the top of the sensor. This method is particu-
larly useful for 3D sensors, as it allows for the study of the non-uniformity
of the electric field from the top view. The alternative method, edge-TCT, in-
volves illuminating the sensor from the side and is most useful for studying
the depletion volumes of planar sensors. However, this configuration is not
considered in this work.

3.1 Setup

The TCT setup used for this work is the Particulars [54] top-TCT setup with
some additional components for the time resolution measurements, shown
in Fig. 3.1. The setup features an IR laser of 1064nm which is connected to
an optical system that focuses the light on a supporting plate which holds
the PCB that contains the sensor. According to Fig. 1.9, in the range of
the 1064nm, the intensity of the beam will decrease a factor 1/e with some
dozens of centimeters, which are orders of magnitude above the thicknesses
of the silicon sensors under study. Therefore, lasers with a wavelength within
the IR range allows the photons to go through the sensor with effectively not
losing energy, hence allowing the study the behavior of the sensor through-
out the whole sensor’s thickness. The laser is sent by pulses with a duration
ranging from 350ps to 4000ps with energy depositions up to the equivalent
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(A) (B)

FIGURE 3.1: Photos of the TCT setup, of (A) the equipment for
biasing, cooling down and the oscilloscope, and (B) the optics

to create two signals, as well as the amplifier and the DUT.

of 1000 times a MIP particle [55], [56]. The frequency at which the pulses are
sent can be changed in a range from 500Hz to 500kHz. Moreover, the laser
features an output which sends a signal when a laser pulse is created which
can be used as a trigger in the oscilloscope.

The PCB containing the DUT and used for the read-out was designed in
DESY [57], and is shown in Fig. 3.2. It features a ground for both the back-
plane and the surounding strips, and a second connection used for both the
bias and the read-out. In order to apply the bias and to collect the output of
the sensor, a bias-T is needed. It has been used by means of the integrated
bias-T that has the Cividec amplifier used for the measurements. It features a
gain of 40dB and a bandwidth of 2GHz. In order to bias the DUT, a Keithley
2410 has been used as a power supply, while the TTi EX354Tv low voltage
supply has been used to bias to the Cividec amplifier.

The PCB is mounted on a plane with motorized stages which move in the
X and Y directions. A third motorized stage moves the focusing lens in the
perpendicular direction of the plane of the sensor, used for focusing the laser
beam on the DUT, with a procedure that will be explained in section 3.2. The
stages can be controlled by the software designed by the company Particu-
lars. Therefore, waveforms at specific positions can be taken by using the
stages and the digitizer controlled by software and by using the trigger sent
by the laser. The digitizer of choice is the PSI DRS4, featuring up to 5GSPS
(Giga-Samples per second) with 1024 sampling points, and a bandwidth of
700MHz [58].
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FIGURE 3.2: Image of the PCB board designed by DESY used
for the TCT measurements. The DUT is a 300 µm thick PiN

sensor used for signal calibration, explained in section 3.3.

As explained in section 1.7.5, two signals are required for timing measure-
ments. In order to have two signals from a single sensor, the laser beam is
split by means of an optical splitter. One of the resulting beams is delayed by
passing through a 5m optical fiber cable, causing a delay of approximately
50ns, which ensures that both signals do not overlap while are still within
the same frame of the oscilloscope. Both signals are then recombined by us-
ing a splitter in reverse, namely a combiner, producing in a single output that
conform the two laser pulses. Due to an imperfect combining process, after
the process there may be a signal higher than the other. Therefore, a tun-
able attenuator is introduced to equalize both signals in the oscilloscope, so
that equation 1.31 holds. Additionally, since the first splitter does not have
a coefficient of transmition of 1, some of the pulse would be reflected and
go back to the laser generator, which could cause damage. To prevent this,
a filter is introduced, which blocks any light from returning to the laser. A
schematic representation to the different optical parts for the time resolution
is represented in Fig. 3.3.

While for focus scan measurements and charge collection maps the PSI
DRS4 is enough, for timing measurements it is crucial that the waveforms
are correctly resolved in time. 3D sensors have rise-time of the order of the
picoseconds [59]. So, in order to properly resolve the signals a bandwidth
of the order of the GHz would be necessary. For that, the Agilent infiniium
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SDA90804A oscilloscope has been used, featuring a bandwidth of 8GHz and
40GSPS.

FIGURE 3.3: Schematic representation of the circuit with which
the beam from the laser is separated in two different paths to

induce two signals to the sensor.

3.2 Focus Scan

The first step to get high quality measurements in a TCT setup is to get a good
focus of the laser beam in order to have the smallest beam spot size possible
on the top of the sensor. To achieve so, the optical axis has to be moved so
that the focus point from the optical system is found within the sensor. This is
performed by means of a focus scan, where waveforms are taken at different
points along one of the axis on the plane of the sensor, the scanning axis, at
different positions in the optical axis. The scanning direction has to cross a
region in which there is metalization, so that no charge is collected, towards
another with active region where charge is collected, or viceversa. By doing
so, there will be a transition from having no signal to having the signal in the
sensor, which will depend on the size of the beam on the sensor. A smaller
beam size will lead to a sharper transition, while a larger one will smoothen
it. The FWHM of the beam size can then be extracted by means of the fit
of the error function to the plot of the charge along the scanning axis at the
region of the transition.

An example of a focus scan performed on a 3D test structure irradiated at
a fluence level of 1 · 1016neq/cm2 is shown in Fig. 3.4. The regions A, B and C
correspond to regions where alternate having a metal on top, hence having
no charge collection, with having no metal and therefore having charge col-
lected. The size of each region is, respectively, 40 µm, 25 µm and 35 µm. In
Fig. 3.4-A the curves in black, red and green, being the first three curves, do
not show any significant difference in charge collection along the scanning
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(A)

(B)

FIGURE 3.4: A: Charge collected along the scanning axis, corre-
sponding to the direction represented in Fig. 3.5. B: The FWHM

extracted from the fits for each of the taken curves in A.

distance. For that reason, no fit could be done on them and the script fails
at fitting an error function, resulting in a flat curve. However, the curves in
blue, yellow, pink and teal show the expected behavior, and the fits could be
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performed. In Fig. 3.4-B, the resulting FWHM from the error function fits are
presented. The first three points are to be ignored due to corresponding to
the flat curves to the first three curves. The remaining points correspond to
the curves 4 to 6, and range from FWHM of 12 µm to approximately 22 µm.

FIGURE 3.5: Graphical representation of different spot sizes
with relation to the test structures and the travelled distance
along the focus scan from Fig. 3.4. The diameters of the spot
sizes correspond, in the scale of the mask layout and from top

to bottom, to 40 µm, 20 µm and 12 µm.

In order to compare these sizes with the test structures, a representation
in scale of different spot sizes on the mask layout of the sensors are shown
in Fig. 3.5, with spot sizes corresponding to 40 µm, 20 µm and 12 µm. The
three regions correspond to the same three regions differentiated in Fig. 3.4.
Region B, which features the largest charge collection due to not having any
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metalization, has a width of 25 µm. Therefore, spot sizes of more than 25 µm
would lead to having large reflection of the laser in the regions between pix-
els, leading to a smoothed curve instead of the sharp transition that would
feature a small spot size.

3.3 Signal calibration with beta source

One of the studies conducted in this work is the time resolution of the n-
on-n sensors. As discussed in section 1.7.1, one of the main contributions
to the time resolution of a sensor is the jitter, which depends on the signal
height of the sensor. Since the laser does not provide information about the
number of emitted photons, and the aperture of the optical system cannot be
quantified, it is important to have a reference for the laser intensity projected
on the device under test (DUT) to avoid arbitrary biases toward higher or
lower signal heights that may skew the results. For this purpose, a planar
PiN sensor with a thickness of 300µm has been chosen as the reference.

Using the exact same equipment as in the TCT to read out the signal, a
Sr90 radioactive source was used in order to create MIP-like signals. The
waveforms were taken with the Agilent infiniium SDA90804A and analyzed
with a python script. The histogram distribution of the signal height when
operated at 300V at room temperature is shown in Fig. 3.6, with the Gausian
fit in green. The number of bins in the histogram is given by using the Shi-
mazaki Shinomoto algorithm [60]. It calculates the optimal number of bins
by creating different possible histograms with a variety of binwidths and
minimizes the Cost Function:

C(h) =
2n̄ − σ2

h2 (3.1)

Where n̄ is the mean number of samples per bin, σ2 is the variance of the
number of samples per bin, and h is the bin width. This method has been
used for all the histograms within this thesis.

A Gausian fit on the histogram distribution shows a Most Probable Value
(MPV) of 63mV. Therefore, prior to any performed measurements, the PiN
reference sensor was mounted and the laser was set so that it creates a signal
in the sensor as close as possible to 63mV. In the case that a higher signal has
been used, it will be stated as a multiple amount of 63mV and will be referred
as certain amount of times the signal of a MIP.
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FIGURE 3.6: Histogram distribution of the signal height taken
for the planar PiN reference sensor. The mean value of 63mV
has been used as the charge generation resulting from the laser

intensity and the iris opening of the optical focusing system.

3.4 Pad diode arrays

The first sensor that has been studied in the TCT setup are the pad diode
arrays of 50x50 pixels with a pixel pitch of 50µm x 50µm, labeled as 6-X,
already introduced in section 2.1. An image of the mask is shown in Fig.
3.7. These pad diode have all pixels shortened by means of a layer of highly
doped polysilicon in order to minimize the metalized area, since it would
reflect all the photons coming from the laser. It is important to note that the
highly doped polysilicon layer may induce some reflection due to the differ-
ence in refractive index. However, in [61], optical studies were carried out
for highly doped polysilicon layers. A comparison of the measured refrac-
tive index is shown in 3.8, where at the range of 1060nm in wavelength, show
approximately a refractive index of 3.35 for the doped polysilicon, while for
crystalline silicon would be of 3.5450. The reflectance in the case of normal
incidence, which is a good approximation for the top-TCT setup, can be cal-
culated by means of Fresnel’s equation:

R0 =

∣∣∣∣n1 − n2

n1 + n2

2∣∣∣∣ (3.2)

Where R0 is the reflectance in the case of normal incidence, and n1 and n2

are the refractive indexes of the two materials. This results in a reflectance of
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FIGURE 3.7: Representation of the mask for the 6X devices. A
zoomed in region has been presented so that can be compared

with the 2D charge collection map.

approximately 0.02%, which effectively is quite negligible.
The only featured metal in the pad diodes are placed as the contact for

the n+ electrodes with the highly-doped polysilicon, as well as a metal pad
at the bottom of the sensor used as a contact for I-V measurements at the
probe station. Moreover, it is used as the wire-bonding place, which was
connected to a single-channel PCBs from DESY, shown in Fig. 3.2.

3.4.1 2D charge collected map

One crucial aspect of studying 3D sensors for timing applications is the charge
collection efficiency (CCE) of the sensor and how charge is collected at differ-
ent positions within a cell lattice. One way to achieve this is by taking wave-
forms in a 2D scan and integrating the charge at various positions. Since
the pad diode has no temporary metal and is fully covered with polysilicon,
there should only be reflection at the metal contacts of the n-type electrodes.
However, due to the noise observed during the focus scan, as discussed in
section 3.2, the spot size may vary between 10µm and 20µm. Such sizes mean
that the beam spot might be too large relative to the spatial resolution re-
quired for certain information. For instance, a spot size of 20µm compared
to a pixel pitch of 50µm represents a significant percentage of a pixel cell,
resulting in a loss of resolution in the spatial information.

2D maps of the charge collection of a small region of the 6-X sensors
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FIGURE 3.8: Plot of the refractive index for different doping
concentrations in polysilicon . Graphic extracted from [61].
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(A) (B)

(C) (D)

FIGURE 3.9: 2D maps of the charge collected for different flu-
ence levels at different devices. Must be taken into account that
some of them have different step size and total scanning dis-

tance for both directions.
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FIGURE 3.10: 2D map of the charge collected for the device ir-
radiated at the fluence level of 1 · 1017 neq/cm2. Red and black
circles highlight the intercalation of the n-type electrodes, with
the positions equidistant to the n-electrodes coinciding with re-

gions with low charge collection.

for fluences up to 1 · 1016neq/cm2 are represented in Fig. 3.9. The best-
defined patterns are observed before irradiation and at a fluence level of
1 · 1016neq/cm2. For fluences of 1 · 1014neq/cm2 and 1 · 1015neq/cm2 the profiles
are more diffused, primarily due to poorer focus which reduces the reflection
of the laser spot from the metalization on top of the n-electrodes. Regardless
of the sharpness of the transitions in the metalized region, the pattern be-
tween low and high charge collection has a pitch of 50µm, corresponding to
the pixel pitch of the sensor. This indicates that the highest charge collection
in a TCT setup occurs at positions equidistant to the n+ electrodes, which
are near the p+ electrodes, due to the lower amount of light reflected by the
metallization.

In Fig. 3.10-A, the 2D map of a 6-X sensor irradiated to an equivalent
fluence level of 1 · 1017neq/cm2 is presented. The charge collection pattern
shows two distinct 50 µm pitch patterns, shifted by 35 µm diagonally. These
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patterns are highlighted with red and black circles. This shift suggests that
while the metal still reflects some light, reducing charge collection in those
areas, regions furthest from the n+ electrodes also show reduced charge col-
lection. This implies that the mean free path of the generated carriers in these
regions is less than the 35 µm distance they must travel to reach the electrode.

3.4.2 Time resolution

Time resolution measurements have been conducted using the splitting sys-
tem described in section 3.1, with the waveform analysis performed as out-
lined in section 1.7.5 over 2000 samples per measurement. These measure-
ments were taken at locations with the highest charge collection by adjusting
the stages to avoid laser reflection. Consequently, all time resolution mea-
surements for the 6-X sensors were conducted in regions approximately on
top of a p+ electrode, which is the furthest possible position from the n+ elec-
trode. Given that such a large array of pixels generates high noise due to the
resulting capacitance connected in parallel, this becomes a more dominant
factor, especially with the inherently fast response of 3D sensors.

The sigma of the fit for the difference in Time of Arrival (ToA) of the
two peaks, which determines the time resolution, for different fluences and
bias voltages with a prior 1 MIP-like signal calibration is shown in Fig. 3.11.
From the figure, it can be concluded that the best time resolution is achieved
post-irradiation, likely due to the higher noise from the leakage current be-
fore substrate inversion. Additionally, higher operational voltage results in a
stronger electric field, leading to faster signals and potential charge multipli-
cation.

No measurements were possible at the fluence level of 1 · 1017neq/cm2

due to an insufficient SNR. This was attributed to the high noise from the
combined effects of leakage current and capacitance, as well as significantly
reduced charge collection efficiency due to radiation damage. To achieve tim-
ing measurements, a better SNR is necessary, which could only be obtained
by increasing the laser intensity. Therefore, another time resolution measure-
ment was performed with the PiN signal calibrated to double the intensity of
the 1 MIP calibration, achieving an amplitude of 126mV compared to 63mV
for 1 MIP calibration. The time resolution using a 2 MIP signal is shown in
Fig. 3.12. Comparing the time resolutions with 1 MIP and 2 MIP signal cal-
ibrations, the 2 MIP calibration consistently yields a better time resolution,
reducing from 255ps to 197ps before irradiation and more significantly from
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(A)

FIGURE 3.11: Time resolution for 6-X sensors irradiated at dif-
ferent fluence levels at different bias voltages for a 1 MIP-like
signal calibration. Since the sensor irradiated at 1E16neq/cm2

has a much higher value for the time resolution a separate plot
for the other fluences has been done so that the difference in

time resolution with voltage can be better seen.

412ps to 248.6ps at the fluence level of 1 · 1016neq/cm2. With higher laser in-
tensity, a time resolution of 688ps was achieved at the 1 · 1017neq/cm2 fluence
level at 225V.

Fig. 3.13 shows a study of the time resolution for different multiple a MIP
calibration, where time resolution was measured for various fluence levels
with controlled amounts of laser intensities. The plot indicates that as laser
intensity increases, the time resolution improves but eventually reaches a
plateau, with other factors such as field distortion and rise time becoming
more dominant contributors to the time resolution, as further explained in
section 1.7.

Given the significant impact of electric field distortion on time resolution
in 3D sensors, a preliminary 2D map of the time resolution of a pixel cell was
created by performing time resolution measurements at various positions of
the 6-X sensor irradiated at 1 · 1017neq/cm2 with a 3-MIP calibration. In Fig.
3.14-A the timing distribution is presented, with time resolution measured in
steps of 10µm. When compared with the amplitude map (Fig. 3.14-B), a clear
dependence of time resolution on amplitude is observed, where higher sig-
nals yield better time resolutions. Thus, the limiting factor for time resolution
in these devices at high fluence levels is the SNR, due to the high capacitance
of the large array combined with reduced signal from charge trapping at ex-
treme radiation doses.
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(A)

FIGURE 3.12: Time resolution for 6-X sensors irradiated at dif-
ferent fluence levels at different bias voltages for a 2 MIP-like
signal calibration. Since the sensor irradiated at 1 · 1017neq/cm2

has a much higher value for the time resolution, a separate plot
for the other fluencies is provided to better illustrate the varia-

tion in time resolution with bias voltage.

(A)

FIGURE 3.13: Time resolution versus bias for 6-X sensors irra-
diated at different fluence levels, with the laser intensity set at

different multiple times 1-MIP.
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(A) (B)

FIGURE 3.14: 2D map of the time resolution (A) and peak am-
plitude (B) taken for a 6-X sensor irradiated at an equivalent
fluence level of 1E17neq/cm2 and biased at 250V. The laser in-

tensity calibration was of 3-MIP.

3.5 Small test structures

As seen in section 3.4.2, achieving good time resolution, especially with 3D
detectors, requires a high signal-to-noise ratio (SNR), as it is the most limit-
ing factor. One way to decrease the noise is by using smaller arrays of pixels,
which reduces the capacitance contribution and thus improves the SNR. In
this section, test structures featured in the run 10339 and introduced in chap-
ter 2 with the mask diagram in Fig. 2.10, are characterized using a TCT setup
with the same methodology as described in the previous section. In these
samples, the central column and the neighbouring pixels are connected in
two different pads (mask diagram in Fig. 2.10). Since the PCB has a sin-
gle readout, see section 3.1 for more details, it is necessary to connect it to
both pads simultaneously. For that reason, a wire-bonding process was em-
ployed, in which the soldering was placed between both pads, ensuring that
a sufficiently large solder joint was used to make contact with both pads con-
currently.

As discussed in section 3.2, performing a focus scan requires a metallized
region to ensure a rapid transition from signal to no signal. In this case, un-
like the 6-X sensors, there is no metal pad on top of the sensor. The region
used was the metalization on top of the n+ electrode from the central pixel
which has a size of 40µmx50µm. A sample focus scan with this type of sen-
sor was shown in Fig. 3.4, where a focus scan on a test structure irradiated
with a fluence level of 1 · 1016neq/cm2 yielded a spot size with a FWHM of
approximately 12 − 13 µm.
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3.5.1 2D charge collection map

Using the same procedure as the 6-X sensors, 2D charge collection maps have
been performed for the test structures at different equivalent fluence levels,
and different bias voltages, shown in Figs. 3.15 and 3.16. In them, the metal-
ized regions can clearly be identified as the regions with a lower charge col-
lection, while both the external and internal active area have a higher charge
collection, with also the mask design matching the patterns observed.

Before irradiation, the charge collection is considerably uniform across
the active area of the central pixel and the surrounding pixels. However, the
higher noise prevented achieving a sufficiently sharp focus, resulting in less
distinct transitions on the metallized regions compared to other scans.

For the fluence level of 1 · 1014neq/cm2, the metal transitions are more
defined, and charge is collected in regions beyond the surrounding pixels.
This can be attributed to the much higher operational voltages, which cre-
ate a stronger electric field, while the radiation damage is not yet sufficient
to cause significant charge trapping. At 1 · 1015neq/cm2, there is a very high
signal close to the metal pad region, which should not be considered rele-
vant for ionizing particle measurements. However, the signal generated in
the regions between the central pixel and its neighboring ones is consistently
higher compared to lower fluences. This increase may be due to a multipli-
cation effect caused by the higher reverse bias voltage.

For the fluences of 5 · 1015neq/cm2 and 1 · 1016neq/cm2 the profiles appear
quite similar. The former exhibits less defined regions and lower charge col-
lection, likely due to the use of a reverse bias of 150V. Despite reaching full
depletion, this voltage is insufficient to trigger an avalanche effect as seen at
1 · 1015neq/cm2. In contrast, at 1 · 1016neq/cm2, a reverse bias of 220V provides
more optimal performance.

At 5 · 1016neq/cm2, a high reverse bias of 300V induces a multiplication
mechanism similar to that observed at 1 · 1015neq/cm2, resulting in signifi-
cantly higher charge collection. However, due to increased trapping of drift-
ing carriers, little charge is collected in regions beyond the neighboring pix-
els, as their travel distance is greater.

Lastly, at a fluence of 1 · 1017neq/cm2, charge collection decreases signif-
icantly. Similar to the previous fluence level, collection is primarily limited
to regions near the pixels, indicating a higher probability of carrier trapping
and thus shorter mean free paths for free drifting carriers
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(A) (B)

(C) (D)

FIGURE 3.15: 2D maps of the charge collected for different
fluence levels for the test structures. The operational volt-
ages from no fluence to higher fluence levels were 30V (Be-
fore Irr), 30V (1 · 1014neq/cm2), 150V(1 · 1015neq/cm2) and 150V

(5 · 1015neq/cm2).



3.5. Small test structures 73

(A) (B)

(C)

FIGURE 3.16: 2D maps of the charge collected for different flu-
ence levels for the test structures. The operational voltages from
lower to the highest fluence level 220V (1 · 1016neq/cm2), 300V

(5 · 1016neq/cm2) and 350V (1 · 1017neq/cm2)
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3.5.2 Time resolution

After obtaining the charge collection maps, the stages were moved so that
the focus of the laser was placed between the central pixel and the one di-
rectly above it, based on their positions in the 2D charge collection maps.
Subsequently, 3000 waveforms were recorded and analyzed by means of the
method discussed at section 1.7.5. The results of time resolution measure-
ments at a 1-MIP calibration are presented in Fig. 3.17-A. The error bars are
given by the square root of the covariance matrix of the parameters result-
ing from the Gausian fit in the histogram distributions. A comparison with
time resolutions of 6-X devices shows noticeable improvement, particularly
for the sensor irradiated at a fluence equivalent to 1 · 1016neq/cm2, where the
resolution improved from 412ps to 52ps. The resolutions are even around 30
ps for fluences ranging from 1 · 1014neq/cm2 to 5 · 1015neq/cm2, with the non-
irradiated sensor performing worse due to higher leakage current attributed
to the n-on-n configuration before substrate inversion.

At the fluence level of 1 · 1015neq/cm2 there is a minimum time resolu-
tion value after which it begins to increase. This increase is due to a soft-
breakdown process where the leakage current rises significantly but still al-
lows for time resolution measurements. The avalanche effect is evident when
examining the representation of peak amplitudes vs. voltage in Fig. 3.17-B,
where a significant increase in amplitude at 150V indicates a charge multi-
plication mechanism, as well as an increase of the noise RMS shown at Fig.
3.18-A for this fluence level.

At the equivalent fluence level of 5 · 1015neq/cm2, the capacity of biasing
towards a high voltage of 250V allows for a time resolution of 32ps, while for
1 · 1016neq/cm2, it increases up to 53ps. However, at the equivalent fluence
level of 5 · 1016neq/cm2 the time resolution deteriorates to 106ps. This degra-
dation can be attributed to a longer rise time, as observed in Fig. 3.18-B which
is approximately three times longer compared to the other sensors. It was not
feasible to obtain the time resolution at the fluence level of 1 · 1017neq/cm2

due to a SNR insufficient for accurate analysis by the script.

3.5.3 Charge Collection Efficiency

In order to get the charge collected at each fluence level, the integral of the
charge for each waveform was performed. A histogram of the distribution
of the charge was performed, and a Gausian fit was done. The mean value
of the fit was considered as the MPV of the charge for each point. The square
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(A)

(B)

FIGURE 3.17: In A, time resolution of the test structures irradi-
ated at different fluence levels at different bias voltages for a 1
MIP-like signal calibration. In B, amplitude of the signal peak

for the different fluence levels at different bias voltages.

root of the sigma was taken as the error bar. The charge collection efficiency
(CCE) was then calculated by means of the relation CCE = Charge before
irradiation/Charge after irradiation. The resulting plot is shown at Fig. 3.19.

Before irradiation and the fluence level of 1 · 1014neq/cm2 have very sim-
ilar charge collections efficiencies, due to them being at approximately the
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(A)

(B)

FIGURE 3.18: Noise RMS (A) and risetime (B) values versus
bias at the different equivalent fluence levels.

same range of biases. However, similarly as with the amplitude plot, Fig.
3.17-B, at equivalent fluences ranging from 1 · 1015neq/cm2 to 5 · 1016neq/cm2,
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it is possible to achieve higher charge collections due to charge multiplication
at higher biases. Conversely, the bias required to reach these values increases
with fluence, potentially increasing the power consumption. Fig. 3.20 show-
cases the bias required to have the same charge collection as a non-irradiated
sensor, showing the increase of bias required to reach the same amount of
charge collected.

(A)

FIGURE 3.19: Charge collection efficiency versus bias at the dif-
ferent fluence levels.

Similarly to the time resolution analysis, it was not possible to analyze
individual waveforms for the sensor irradiated at the equivalent fluence level
of 1 · 1017neq/cm2. Despite of this, unlike the time resolution analysis, noise
does not affect the charge collection calculations. Therefore, integration was
performed on waveforms averaged over the 3000 recorded measurements.
Comparing the integrated charge, a charge collection efficiency of 13% was
determined, as also shown in Fig. 3.19.
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A potential contributing factor to the low charge collection at the flu-
ence level of 1 · 1017neq/cm2 could be that, as discussed in Section 2.1.1, a
re-metalization process had to be performed in order to repair the damage
contact pads. It was observed that this processes deposited a metal thin film
around the area of the contact pads. If this metal film was as well deposited
in the area where the measurements were performed, it would absorb light,
thereby reducing the number of incident photons on the active area.

(A)

FIGURE 3.20: Voltage at which a 100% CCE is reached at the
different fluence levels.

3.5.4 Conclusions and Future work on TCT measurements

In this chapter, TCT measurements were conducted on arrays of 50x50 pixels
with a pixel pitch of 50µmx50µm, and test structures of 3x3 pixels with a
pixel pitch of 55µmx55µm. The CCE for both configurations have shown
to be high when operated at optimal voltages, occasionally exceeding 100%.
These results are consistent with previous studies where CCEs of 90% were
achieved for 50µmx50µm pixel pitch 3D sensors [62] and 65% for a fluence of
1.7 · 1016neq/cm2 [63], both measured using radioactive sources.
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Thus, TCT proves to be a reliable method for studying 3D sensors, demon-
strating agreement with measurements using radioactive sources. It is im-
portant to note that variations in light absorption with fluence have been
observed, [64] which could potentially lead to an overestimation of charge
collection and time resolution at extreme fluences. These observations high-
light the necessity for validation through comparisons with measurements
using radioactive sources.

Moreover, timing measurements have been carried out with both type of
sensors. For the 6-X, the time resolution with a 1-MIP previous calibration
have been extracted up to the fluence level of 1 · 1016neq/cm2, showing a time
resolution ranging from around 200 ps to around 450 ps, due to the high noise
attributed to the capacitance. By increasing the intensity of the laser, the time
resolution can be improved significantly, demonstrating how dependent the
signal-to-noise ratio (SNR) can be in the case of 3D sensors, where the rise
time does not change enough to be a dominant factor. Additionally, tim-
ing measurements were conducted on a sensor irradiated at the fluence level
of 1 · 1017neq/cm2, yielding a time resolution of around 700ps when using a
previous 2-MIP calibration. While this is a high value for time resolution, it
should be noted that the large array configuration used for the measurements
would not be typical for actual ASIC connections, which would feature much
lower noise and hence better time resolution. A study on the signal height
showed that the time resolution depends on the laser intensity up to a point
of saturation, even at the highest fluence level of 1 · 1017neq/cm2, indicating
that at extreme fluences, rise time or electric field distortion becomes more
dominant than the jitter contribution.

Time resolution measurements have also been performed on the test struc-
tures, all with 1-MIP calibration, up to the fluence level of 5 · 1016neq/cm2.
These measurements showed a time resolution of 80ps before irradiation,
which improved to 30ps up to the fluence level of 5 · 1015neq/cm2, after which
it increased to 50ps and 100ps at the fluence levels of 1 · 1016neq/cm2 and
5 · 1016neq/cm2 respectively. Previous results reported in [65] are within the
same range of time resolutions, being of the order of 50ps before irradiation
and 80ps at the fluence level of 1 · 1016neq/cm2. Additionally, in [66], time res-
olutions of the order of 30ps have been reported, showing improvement after
irradiation due to higher electric fields and potential multiplication mecha-
nisms.

Lastly, a charge collection efficiency study has been performed on the test
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structures. It was found that the charge multiplication at high bias for ir-
radiated sensors yield charge collection efficiencies of more than 100% for
fluence levels ranging from 1 · 1015neq/cm2 to 5 · 1016neq/cm2. Before irra-
diation and at fluence level of 1 · 1014neq/cm2 show lower charge collection
due to lower bias levels which yield lower electric field. For the fluence level
of 1 · 1017neq/cm2 the study had to be carried for a waveform averaged over
3000 samples taken at the measurements. In it, a CCE of 13% was observed,
although could be attributed the potential presence of a thin metal film de-
posited during a the process of repairing the metal pads for the contact.

As future work, to further investigate the dependence of time resolution
on the position within the sensor, a 2D map of the time resolution should
be generated by setting up an automated system to take waveforms at con-
trolled multiple positions, similar to the 2D charge collection maps. This ap-
proach would provide more detailed information about the contribution of
electric field distortion, which is not adequately accounted for when the sen-
sor is in a fixed position. Additionally, it has been observed that noise from
external sources at the CNM facilities may underestimate the time resolution
measurements, which should be investigated and removed. Furthermore,
improving the control over the laser intensity would be advantageous, as the
beam intensity changes with the laser temperature, and potential changes
cannot be monitored after calibration.



81

Chapter 4

Beta-source setup

In the previous chapter, the performance of n-on-n 3D silicon sensors was
tested using an infrared laser to create electron-hole pairs in the bulk, gen-
erating signals in the electrodes. While this method is convenient for study-
ing the spatial performance related to the electric field or the charge collec-
tion range, and for understanding the order of magnitude of time resolution
and charge collection efficiency (CCE), the calibration of the laser intensity is
not ideal and may lead to biased results. Additionally, it neglects the Lan-
dau fluctuations of a minimum ionizing particle (MIP). Although the effects
of these fluctuations are mitigated by the architecture of 3D sensors, they
should not be completely ignored. In this chapter, measurements using a
beta source setup will be introduced. The commissioning and calibration of
the new setup at the CNM Radiation Detector Laboratory will be presented,
followed by a discussion of the DUTs and the results obtained from these
measurements.

4.1 Setup

To perform time resolution measurements, two signals from the same particle
must be recorded within the same timeframe on the oscilloscope. To achieve
this, a radioactive source is placed in front of both sensors, supported by
metal plates designed to hold the sensors and the source. These plates are
mounted on a gridded plane inside a metal box that acts as a Faraday cage,
and includes a small aperture for dry air flow to prevent freezing or con-
densation during cooling down or warming of the system. The metal box is
placed inside a freezer that reaches temperatures around −30·C to achieve
low temperatures. Strontium-90 (Sr90) is used as the radioactive source due
to its emission energy of 0.546, which is close to the energy range of a MIP of
1-2MeV.
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FIGURE 4.1: Picture of a UCSC board used for the Sr90 source
setup.

The PCBs used were developed at the University of California Santa Cruz
(UCSC). They feature discrete components that provide a wide bandwidth of
2GHz and maintain low noise levels, even in noisy environments [67]. This
low noise level is crucial due to, as the time resolution of 3D sensors strongly
depends on the signal-to-noise ratio. The board also features an internal first
stage amplifier with a gain of 10, supplied with a voltage of 2.25V. A picture
of the board, highlighting its principal connections, is shown in Fig. 4.1, with
more technical details available in [68]. The board has separate channels for
both biasing and readout to the oscilloscope, eliminating the need for a bias-
T. The sensors are biased using a Keithley 2410 for the DUT and a Keithley
2470 for the reference sensor. After the first-stage amplifier, each board uses
a Cividec amplifier, as introduced in section 3.1, as a second-stage amplifier.
All the amplifiers are powered by a TTi EX354Tv low-voltage supply. The
signal is read out on an Agilent infiniium DSA90804A oscilloscope, with a
bandwith of 8GHz and a sampling rate of 40GSa/s. Images of the setup can
be found in Fig. 4.2, and a schematic representation of the system connections
is shown in 4.3.

The bias on the DUT at the PCB is applied from the back side, and ground
must be set connected to the top of the sensor to properly apply the re-
verse bias. Additionally, the readout is performed from the same part as the
ground, allowing for bias to be applied to different channels while reading
out a single one. This possibility is crucial for measurements on the 3D test
structures studied in the previous chapter, as it allows for the measurement
of individual pixels. Reading out all the pixels simultaneously would result
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(A) (B)

FIGURE 4.2: Pictures from the Sr90 source setup. On the left,
the used equipment for biasing, the oscilloscope, the metal box
and the freezer, and on the right where the sensors are placed,
the amplifiers and the sensor used to monitor the temperature.

FIGURE 4.3: Schematical representation of the Sr90 source
setup.

in signals being measured over distances larger than the inter-pixel spacing,
leading to slower signals.

4.2 Timing Calibration

As was discussed in section 1.7.5, the time resolution of a sensor from a sys-
tem formed by two sensors can be expressed as:

σDUT =
√

σ2
Total − σ2

re f (4.1)

Where σre f is the time resolution of the reference sensor, and σTotal the
time resolution of the sensors system. Since the Sr90 setup at CNM was not
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yet used, there was no characterized reference sensor for the system. There-
fore, it was necessary to determine the time resolution of a sensor to measure
the DUT’s time resolution. One way to obtain a sensor’s time resolution is
by measuring the time resolution of a system consisting of two identical sen-
sors and applying equation 1.31. The usual choice for reference sensors are
unirradiated LGADs due to their proven good timing performance before
irradiation.

For this setup, two LGADs from the CNM, which will be named A and
B, were used as the reference sensors. The gain and the I-V curve of a sensor
from the same wafer, which should perform very similarly, are shown in
Fig. 4.4. The current (A) and the gain (B) are plotted against the reverse
bias voltage in green. These sensors are expected to have a breakdown at
about 400 V at room temperature, with a lower breakdown voltage at colder
temperatures, and a gain of around 15 at maximum voltage. In [69], similar
devices were tested and reported to have time resolutions of the order of 30
ps.

(A) (B)

FIGURE 4.4: Gain (A) and current at rom temperature (B) ver-
sus reverse bias voltage from devices from the run 13002 for
devices from different wafers. The sensors used for the calibra-
tion are from the same run as the sensor in green. Measure-

ments and graphs done by Mr. Jairo Villegas.

The sensors were wire-bonded to the UCSC PCBs by connecting the guard
ring to the grounding plane and the central pad to the readout channel,
thereby reading only the central pad. The mask diagram of the sensors is
shown in Fig. 4.5. Measurements were carried out at low temperatures, and
since the cooling process is slow, it was possible to perform measurements at
various temperature steps before reaching the final minimum temperature of
−32 · C.
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FIGURE 4.5: Mask diagram of the LGAD sensors used for the
Sr90 source setup calibration.

The trigger logic system on the oscilloscope was configured so that sig-
nals from the channels connected to the sensors had to surpass a threshold
of 100mV within the same time frame to record the waveforms. Coinci-
dent events were enforced to ensure that only waveforms at which a particle
crossed both sensors were recorded. The threshold was set high enough to
avoid recording noise events, yet low enough to capture valid signals.

In Fig. 4.6 the time resolution (A) and charge collection (B) are presented.
At the same bias, both sensors show different charge collections, likely due
to variations in gain given by different doping concentrations during fabri-
cation processes. However, charge collected primarily affects the jitter con-
tribution, as Landau fluctuations remain constant with gain [70].

In Fig. 4.6-C, the jitter contributions at each voltage are shown, calculated
with σjitter = trise/SNR. The difference in jitter decreases with bias, with
a difference lower than 1ps at a bias of 363V and a temperature of −32◦C.
Therefore, it is assumed that the time resolution is consistent for both sensors.

From Fig. 4.6, the time resolution of either sensor is determined to be
32.34ps at a bias voltage of 363V, and 35.67ps at 375V. Charge collection
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(A) (B)

(C)

FIGURE 4.6: Time resolution (A), charge collected (B) and the
jitter contribution (C) from the CNM LGADs used as reference

sensors.

increases as temperature decreases. Additionally, breakdown voltage de-
creases with temperature, causing noise attributed to leakage current to in-
crease more rapidly at higher applied voltages, thereby degrading time res-
olution. Therefore, a bias of 363V will be applied to the DUT for time resolu-
tion measurements.

If a DUT with a time resolution lower than 32.34ps is being measured, the
reference sensor could bias the results by providing a higher value. However,
3D sensors typically do not achieve time resolutions significantly below this
number, so it is considered that the reference LGAD do not change consider-
ably the time resolution of the DUTs studied in this thesis.
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4.3 3D Test Structures

The DUTs for this study are the same test structures than those examined
with the TCT setup in section 3.5. In contrast with the previous study, the
central pixel is connected to the readout channel while the surrounding 8
channels are connected to the ground. Therefore, while all pixels are biased,
only the central one is read out.

For meaningful events, a single track of a beta particle must cross both
the DUT and the reference sensor. The event rate directly depends on the
size of each sensor and their alignment. The LGAD reference has a size of
1.3mm, but the signal from the DUT only originates at the area surrounding
the central pixel, which is approximately 55µmx55µm. This results in a low
event rate due to the low probability of a beta particle crossing both sensors.

To compensate, a high active radioactive source with an activity of 280MBq
was used. Additionally, since each dice contains four samples, two test struc-
tures were wire-bonded to the PCB. It was not possible to wire-bond more
test structures due to space limitations in the boards resulting from the wire-
bonding process.

4.4 Results

Around 3000 waveforms were taken for each fluence level per bias level, and
the data analysis was conducted as explained in section 1.7.5, extracting the
time resolution of the DUT as follows:

σ3D =
√

σ2
Total − σ2

re f (4.2)

The resulting time resolution, along with the weighting field contribution,
jitter and rise times is shown in Fig. 4.8. The study was performed on a non-
irradiated devices, and devices irradiated at fluence levels of 1 · 1015neq/cm2

and 1 · 1016neq/cm2. The time resolution is the sigma extracted from the fit
to the histogram of ToAs, while the error in the plots are associated with
the covariance in the fitting parameters. An example histogram with its fit
is presented in Fig. 4.7, corresponding the measurements performed at a
fluence level of 1 · 1015neq/cm2 in a bias of 100V, with CFD of 60% for the
DUT and 10% for the reference LGAD.
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FIGURE 4.7: Sample histogram distribution of the difference in
ToA together with the Gaussian fit.

The jitter and rise time are determined from the mean value of the Gaus-
sian fits to the histograms of each measurement, with error bars represent-
ing the spread of the Gaussian fit. The weighting field contribution is cal-
culated by considering that, according to equation 1.27, the Landau contri-
bution can be negligible and the time walk effect is highly mitigated by the
CFD optimization process. This leaves only two contributions: the electric
field/weighting field distortion and the jitter, yielding equation 4.3. The er-
ror is calculated by the error propagation from the total time resolution and
the jitter plots.

σw f ,3D =
√

σ2
Total,3D − σ2

jitter,3D (4.3)

Unirradiated 1 · 1015neq/cm2 1 · 1016neq/cm2

30V 69.02ps 80V 29.09ps 150V 93.54ps

50V 67.98ps 100V 26.77ps 200V 96.86ps

90V 74.84ps 120V 27.03ps 225V 82.51ps

140V 30.50ps 250V 85.29ps

160V 43.98ps

TABLE 4.1: List of the obtained time resolutions with different
biases at various fluence levels.

For better readability, time resolutions are listed in Table 4.1. The best
time resolution is achieved at fluence level of 1 · 1015neq/cm2, reaching the
order of 30ps. As discussed in section 4.2, the reference sensor’s time reso-
lution may bias the results from the DUT. Before irradiation and at fluence
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level of 1 · 1016neq/cm2 time resolutions are of the order to 70ps and 80ps re-
spectively, showing that improves after being irradiated, but higher fluence
levels worsens its performance. The behaviors are supported by the risetime
graph, where a faster risetime is given at 1 · 1015neq/cm2 and a slower for the
unirradiated and 1 · 1016neq/cm2.

It is observed for the sensors unirradiated and irradiated at 1 · 1015neq/cm2

that there is an optimal operational bias for time resolution. This is attributed
to an increasing noise with higher biases, particularly noticeable at 160V for
the fluence level of 1 · 1015neq/cm2, given by a soft breakdown, while main-
taining the same risetime. Therefore, what ends up determining the trend
of its time resolution is the weighting field distortion, which at higher biases
has a greater contribution due to the enhancement of the difference of ToA
for the 3Ds at the different hit positions.

Finally, for the fluence level of 1 · 1016neq/cm2 the limiting factor is the
jitter, similarly to the unirradiated sensor. While the weighting field distor-
tion factor is kept at a value similar to the previous fluence levels, the higher
leakage current and the slower rise times lead to a bigger jitter.

In Fig. 4.9, the signal amplitude and the CCE versus applied bias at dif-
ferent fluence levels are represented. At a fluence level of 1 · 1015neq/cm2

the signal amplitude is higher, similar to the behavior observed in the TCT
measurements. However, at the fluence level of 1 · 1016neq/cm2, the signal de-
creases unless a high bias of 250V is applied, which provides the amplitude
levels similar to those before irradiation. Regarding CCE, at the fluence level
of 1 · 1015neq/cm2 the charge collected decreases compared to before irradi-
ation. In contrast, at the fluence level of 1 · 1016neq/cm2, the CCE increases
significantly, reaching between 200% and 300%, indicating charge multipli-
cation given by higher biases.

The discrepancy between the total charge collected and the signal peak
height at the fluence level of 1 · 1015neq/cm2 can be attributed to waveform
characteristics. A representative waveform is shown in Fig. 4.10. An oscillat-
ing reflection noise is observed, which narrows both the integration window
and the signal width, resulting in a reduced charge collection compared to
the case without reflection contributions. However, the noise occurs after
the peak of the signal, and the study of time resolution focuses on the rising
edge. Therefore, it is expected that the final time resolution is not affected by
the reflection noise, as the signals should be fast even without it. The source
of the reflection is yet unknown and requires further investigation.
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(A) (B)

(C) (D)

(E)

FIGURE 4.8: Graphical representation versus the reverse bias
for different fluence levels of: the noise RMS (A), the risetime
(B), the weighting field distortion contribution (C), the jitter (D)

and the time resolution (E) of the DUT.
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(A) (B)

FIGURE 4.9: Graphical representation versus the reverse bias
for different fluence levels of the peak amplitude (A) and the

CCE (B).

FIGURE 4.10: Sample waveform for the fluence levels of 1 ·
1015neq/cm2 (A) at 100V.

4.5 Discussion and future work

In this chapter, the calibration of LGAD sensors in the new radiation source
setup at CNM, as well as the first measurements using 3D test structures have
been presented and discussed. The sensor used for calibration was an LGAD
fabricated at the CNM facilities with a time resolution of 32.5ps at -32ºC and
a bias voltage of 363V, determined by analyzing coincident signals from two
identical sensors from the same run. One of these sensors was later used as
the reference sensor for future measurements, with the DUTs in this work
being the 3D n-on-n test structures. These test structures were irradiated
at neutron equivalent fluence levels of 1 · 1015neq/cm2 and 1 · 1016neq/cm2,
as well as a non-irradiated sample to compare the performance before and
after exposure to harsh radiation environments. The time resolution for these
sensors ranged from 27ps to 93ps, depending on the fluence level and the
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bias.
Time resolution studies also show that until the highest fluence levels,

the most dominant contribution to the time resolution is the weighting field
distortion, which refers to the dependence of the time resolution on the hit
position of the impinging particle. At the fluence level of 1 · 1016neq/cm2 the
dominant factor was jitter, due to a a combination of the slower rise time and
the higher noise attributed to the increased leakage current coming from the
bulk defects.

The charge collection efficiency was shown to be more than 100% for the
fluence level of 1 · 1016neq/cm2 due to charge multiplication. For the fluence
level of 1 · 1015neq/cm2 it was found to be lower, which was attributed to the
deformation of the tail in the waveforms due to signal reflection that made
the signal narrower. The signal amplitude was found to be much larger for
this particular fluence level, so it is expected that for a cleaner signal, the
charge would be above 100% as well.

The charge collection efficiency was shown to be more than 100% for the
fluence level of 1 · 1016 neq/cm2 due to charge multiplication. For the fluence
level of 1 · 1015 neq/cm2, it was found to be lower, which was attributed to the
deformation of the tail in the waveforms due to signal reflection that made
the peak narrower. The large signal amplitude suggests that a signal with no
reflections would result in a CCE above 100%.

As future work, it would be essential to eliminate the signal reflection
observed at the fluence level of of 1 · 1015neq/cm2, which may be due to an
impedance missmatch along the transmission line [71]. The fact that this is-
sue was only found on the board from this specific fluence level suggests
that the board may have a different total impedance than the others due to a
fabrication issue or degradation effect, resulting in signal reflection that cuts
off the tail and misleads charge collection efficiency studies. Furthermore,
studies on other fluence levels should be conducted, especially for the highly
irradiated samples, as they are the closest to the expected accumulated radi-
ation doses in the FCC collider.
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3D sensors for Timing Applications

As discussed in section 1.1.3, the FCC is estimated that will feature an in-
stant luminosity of more than 1034cm−2s−1. The high luminosity imply that
in order to resolve events in time, as well as in space, the silicon sensors built
within the experiments must have a time resolution of the order of 30ps [72],
which has to be fulfilled throughout the whole lifespan of the runs, hence
requiring as well an excellent radiation hardness. As highlighted in the pre-
vious chapters, 3D silicon sensors are considered the best candidate to with-
stand the high radiation doses in the FCC. Despite of that, its time resolution
does not fulfill the requirement at all stages, specially after receiving substan-
tial radiation exposure. In this chapter, a new configuration for 3D sensors
designed to improve its time resolution is going to be explored, by means of
electrical characterization and complemented with simulations.

5.1 Architecture and Geometry

In 3D devices, the active thickness is independent of collection time. How-
ever, the amount of charge generated by an ionizing particle is not indepen-
dent since the charge generation occurs within the active thickness of the
sensor. Thus, a greater active thickness results in more charge generation
and a larger induced signal. As observed in run 10339, signal height sig-
nificantly influences both charge collection efficiency and time resolution by
providing a better signal-to-noise ratio (SNR). Therefore, a production run at
CNM has produced 3D silicon sensors built on 285µm thick wafers using a
double-sided process. In this process, electrode holes are etched from both
sides of the wafer, making its entire thickness the active thickness. One of the
complications in a double sided process in a thicker wafer is the necessity of
a high Aspect Ratio (AR) for the DRIE process, that is, the ratio between the
depth of the etched column and its width.
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In the clean room facilities at CNM, the highest aspect ratio achieved is
approximately 25. To prevent a short between the frontside and the backside,
it is crucial that the columns and the diffusion of dopants from the highly
doped electrodes do not penetrate through to the other side. Therefore, a
column depth short of about 30 − 40µm from the total thickness is neces-
sary. Given that the wafers are 285µm thick, the column depth would be
approximately 250 µm. To achieve an AR of 25, a column diameter of 10µm
is required.

The most widely used pixel distribution for sensors is in an orthogonal
array, due to the direct translation from a pixel hit position to Cartesian co-
ordinates, and hence having specific read-out chips to be tested with. De-
spite of that, it is known that the most space-optimized pixel distribution is
an hexagonal one, for with this configuration the maximum distance from
the n+ electrode is then reduced by 88% when compared with the usual or-
thogonal distribution [73]. This distance reduction would then be translated
into faster signals (and larger signals), less charge trapping probability and
a lower full depletion voltage, thus improving both radiation hardness and
time resolutions. Moreover, the reduction of the furthest distance also would
slightly decrease the difference in electric field over a single pixel cell, which
would decrease as well the weighting field contribution to the time resolu-
tion of the sensor. In order to study the difference between both geometry
distributions, test sensors with hexagonal and orthogonal geometries have
been fabricated in a production run at CNM, built in different pixel arrays
and sizes with p-type wafers. The distance between pixels in an orthogonal
geometry is defined as the pixel pitch. Since there is not a pitch in the X and
the Y axis for an hexagonal geometry, the same labeling cannot be used. In
order to reference the size of a pixel cell, the radius of a circle that intersects
the p+ electrodes with the n+ electrode at its center is used. For this run,
p-n radius distances of 30µm and 50µm were used. The mask design for the
hexagonal geometry with the two different p-n radius distances are shown
in Fig. 5.1.

This production run successfully fabricated 3 wafers including devices
with different pixel arrays and geometries. It features 7 different types of test
structures: two of them (1-X and 2-X) consist of a single pixel surrounded
by a guard ring, in the same fashion as the ones studied in the n-on-n case
(section 2.1), being one with an orthogonal 55 x 55 µm pixel pitch with 8
surrounding pixels, and the other a hexagonal distribution with a p-n radius
distance of 50 µm and the central column surrounded by 6 pixels. The other
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(A) (B)

FIGURE 5.1: Mask designs for the hexagonal distribution of
electrodes for the 3D sensor with a p-n radius distances of 30µm

(A) and 50µm (B).

test structures consist of pixel arrays with both orthogonal geometry with a
pixel pitch of 50 x 50 µm and a hexagonal with a p-n radius distance of 30 µm
in arrays of 5 x 5 and 10 x 10 pixels. Additionally, two pad diode are featured
with an array of 100 x 100 pixels in an orthogonal geometry with a pixel pitch
of 50 µm x 50µm, with all pixels shorted with a highly doped polysilicon in
order to reduce laser reflection with a TCT setup.

Besides the test structures, samples designed to be mounted on specific
ASICs have been fabricated, specifically for ALTIROC and MEDIPIX:

• ALTIROC: Fast timing readout chip with a time resolution of 25ps de-
signed to fit pixels with an area of 1.3 x 1.3mm2 [74]. Since the distance
between pixels for 3Ds is coupled with the distance between electrodes,
therefore a large area for a pixel would require large travelling distances
for the drifting carriers, hence losing the short inter-electrode distance
that make 3D sensors radiation hard sensors. For that, shorted arrays
of electrodes have been created in order to test 3D sensors with a fast
timing ASIC such as the ALTIROC, including hexagonal arrays with
p-n distances of 30µm and 50µm.

• MEDIPIX 3: array of 256x256 pixels with a pixel pitch of 55 µmx 55µm
and including a guard ring. The device fits for a readout chip designed
for medical imaging by acting as a camera with the capability of colour
imaging and free of dead time [75]. This sensor does not have the pixels
shorted with temporary metal, so it is not going to be considered for
this thesis.
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5.2 Electrical Characterization

I-V and C-V curves have been taken for some of the samples of the 3 fab-
ricated wafers, which are labeled as wafer 4, 5 and 6. Measurements were
carried out with the Cascade probe station at the Radiation Detector Labo-
ratory at CNM, using a Keithley 2410 for biasing and readout of the current,
an ESPEC ETC-200L for temperature control, and Agilent 4284A LCR for
capacitance measurements, more detail in section 2.2. The studied devices
have been the 1-X and 2-X devices, for they allow for the study of single
pixels. Moreover, some of the arrays within the ALTIROC pixels have been
measured in order to study the effect of different amount of pixels in arrays,
including arrays from 5 x 5 pixels to 20 x 20 pixels. Finally, the 3-X have
been measured in order to study the behavior in the case of a large array of
100 x 100 pixels.

In Fig. 5.2 the I-Vs for devices 1-X and 2-X, which correspond to a single
central n+ column surround by 6 (8) n+ electrodes, with hexagonal (orthog-
onal) geometry with 50µm of p-n distance (55 x 55 µm of pixel pitch). The
shown currents are the ones taken for the single central column, although
the measurements were taken with the corresponding guard ring connected
as well, in order to replicate an electrode fully surrounded by working pix-
els. When comparing the results from Fig.5.2 with the ideal I-V curve from a
p-n junction (see Fig. 1.7), the current does not reach a saturation value, but
does keep increasing with bias, and for some cases the current reaches the
compliance value with less than 10V in some cases.

The I-V curves for some of the samples for the ALTIROC chip featuring
different pixel array sizes, are shown in Fig. 5.3, with the current normalized
as the current per pixel. In contrast with the curves in Fig. 5.2, some of
the devices do have a diode-like I-V curve. When comparing the array size,
the ones with fewer amount of pixels per sample (represented with green
tones) have a larger amount of current with respect to larger arrays, specially
being noticeable with the 20x20 array having the lowest of the currents. The
dependency of the current per pixel with the sample size can be attributed to
a surface current contribution.

I-V curves were also taken at low temperature, shown in Fig. 5.4. Sim-
ilarly as in Fig. 5.2, the current rapidly increases not showing the expected
saturation current from an ideal diode, specially at high biases. At low biases,
some of the devices do show a saturation that eventually increases getting to
the same current as the ones with high leakage current. At these low biases
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(A)

(B)

FIGURE 5.2: I-V curves taken from 1-X (A) and 2-X (B) devices
from wafer 4, 5 and 6. Attention must be paid to the scale of
the x-axis, being the one for the 1-X (hexagonal) larger than the

ones for the 2-X (orthogonal).
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(A)

(B)

FIGURE 5.3: I-V curves taken from ALTIROC pixels, which fea-
ture different array sizes, with electrodes in hexagonal arrays

with p-n distances of 30 µm (A) and 50 µm (B).
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at which there is some saturation, there is difference between the current at
room temperature and low temperature, while at high biases, there is almost
none. Therefore, the high leakage current that does not depend on tempera-
ture indicate a surface current that becomes dominant in higher electric field.

Despite the high surface leakage current, the devices should be able to op-
erate correctly if the maximum bias is higher than the full depletion voltage
of the sensor. The 1/C2 vs V curves show the evolution of the depletion vol-
ume with increasing bias. Since the capacitance of a single column is lower
than the noise capacitance of the measuring setup, it is more convenient to
measure the capacitance with the biggest array possible, due to the fact that
the total capacitance of an array of 3D pixels shorted all together is the sum
of each individual capacitance within the array since they are connected in
parallel. The largest pad featured in the mask are the 100x100 arrays with
orthogonal geometry, with a pixel pitch of 50 µm. The resulting curves are
shown in Fig. 5.5. Within a range of 20V, the curve does not reach a fully
flat plateau, although the slope of the curve decreases with voltage, meaning
that in the first place there is a quick depletion, but afterwards the depletion
volume increases slowly. This can be attributed to a fast lateral depletion be-
tween columns, a slower depletion occur at the bottom of the n+ electrode.
This effect will be further explored and studied in the simulations, in section
5.3.2.

1/C2 vs V curves were also taken for some of the ALTIROC pixels, fea-
turing the hexagonal geometry with 30 µm p-n distance, including different
array sizes. The capacitance was normalized for the amount of pixels within
the sample, and since the value of the capacitance mostly depends on the
geometry, all of them should have a very similar value. The ones with the
lower 1/C are the ones that have the lower amount of pixels per array, be-
ing the one with the lowest with 25, followed by 5x10 and 10x20 and with
the highest, 20x20. This can be attributed to the larger leakage current per
surface area found in Fig. 5.3, since the higher leakage current may lead to
a behavior less similar to a capacitor, hence decreasing the capacitance and
decreasing the 1/C value.

5.3 TCAD Simulations

In order to further understand the difference in depletion volume with bias,
as well as the electric field distribution and uniformity, TCAD simulations
have been carried out for the hexagonal geometries with p-n radius distances
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(A)

(B)

FIGURE 5.4: I-V curves taken from test structure with hexago-
nal (A) and orthogonal (B) geometries, taken at room tempera-

ture (red) and low temperature (blue).
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FIGURE 5.5: Representation of 1/C2 versus bias for 100x100
pixel arrays, represented as the quantity per pixel.

FIGURE 5.6: Representation of 1/C2 versus bias for different
pixel arrays within the ALTIROC devices, represented as the

quantity per pixel.
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of 30 µm and 50 µm, as well as for the orthogonal geometry with a pixel pitch
of 50 µm. All simulations have been set at a temperature of −20◦C and the
electrical simulations have been performed by using the models described in
section 1.8 and further described in appendix A.

5.3.1 Structure models

To simulate the behavior of a sensor with a specific architecture, the mesh of
the materials along with their doping concentrations must be created. The
structures have been simulated in 3 dimensions, for 3D sensors have higher
electric fields close to the p-stop and at the tips of the columnar electrodes,
which should not be neglected. The bulk has been defined as a rectangu-
lar prism 285µm thick of silicon with the lateral dimensions that are charac-
teristic for each geometry and configuration, and the electrodes have been
defined as poly-silicon cylinders 250µm deep and 10µm wide. For all the
devices, the peak doping concentration is 1 · 1020 cm−3 for the n-electrodes,
5 · 1019 cm−3 for the p-electrodes, 4 · 1016 cm−3 in the p-stop and 1 · 1012 cm−3

for the bulk doping concentration. These specific values are the ones aimed
for during the production of the sensors, which should represent a realis-
tic case. Additionally, a Gaussian diffusion profile has been established so
that dopants diffuse from regions of high doping concentration to regions of
lower concentration. The diffusion depth is set as 1 µm deep, meaning that
the doping concentration decreases a factor 1/e at a distance of 1 µm from
the point of maximum doping concentration.

One of the potential issues in the simulations of 3D structures is the long
computational time due to the larger amount of meshing points to be con-
sidered. Therefore, it is preferable to make use of the symmetries within the
geometry in order to reduce the amount of meshing points. For the orthogo-
nal distribution, with only a quarter of a single pixel it is possible to recreate
a lattice of pixels by applying mirror symmetries to the X and the Y axis. The
hexagonal pattern, however, can not be reproduced in the same way. Instead,
the region to be simulated is the one involving from the center of an n-type
column to a neighbouring one, as shown in Fig. 5.7. With a two-pixel con-
figuration, then it is possible to reproduce the full lattice with a hexagonal
geometry.

By applying the doping concentrations to the structures defined with their
respective materials, the resulting devices are the ones shown in Fig. 5.8 with
an outside view, while a cross-section is shown in Fig. 5.9. In the legend,
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FIGURE 5.7: Graphical representation of the symmetries ap-
plied by using images of the mask layout. The n-type elec-
trodes are inside the p-stop while the p-type are found in be-

tween them.

(A) (B) (C) (D)

FIGURE 5.8: Simulated structures for the orthogonal geometry
(A) and hexagonal geometries with p-n distances of 30 µm (B)
and 50 µm (C). A legend for the doping concentrations is pre-

sented (D).
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(A) (B)

(C) (D)

FIGURE 5.9: Cross sections of the doping concentration from
the simulated structures of Fig. 5.8 for the orthogonal geome-
try (A) and hexagonal geometries with p-n radius distances of
30 µm (B) and 50 µm (C). A legend for the doping concentra-

tions is presented (D).

positive values indicate phosphorous (n-type) doping concentrations repre-
sented in red, while negative values represent boron (p-type) doping con-
centrations in blue. The green region denotes the doping in the bulk region,
while the magenta color highlights the contour of the contact metallization
area, in which the voltage is applied as well as the acting as the read-out area.

In the cross-section view it is highlighted with circles that there are some
protrusions of the doping concentration at the p-type electrodes, which does
not represent a real case. These artifacts are due to the adaptation of the
meshing at the tip of the column, resulting in inaccuracies that could not be
eliminated despite various adjustments to the meshing. Despite of that, as
will be seen in the next section, this artifact does not translate to a significant
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effect in the electric field. Therefore, its effect should be neglected and should
not affect the final outcome and conclusions for which this chapter aims for.

5.3.2 Electrical Characteristics

In order to simulate the electrical properties, the sdevice module from the
Sentaurus software has been used. It solves the Poisson equation with spec-
ified contour conditions, which in this case is the electrical potential applied
in each of the contacts defined within the structure. Therefore, by setting
a voltage of 0 at the p-type electrodes and a positive voltage at the n-type
electrodes, it effectively puts the p-n configuration in a reverse mode. The
resulting electric fields are shown in figures 5.12 for the orthogonal, 5.14 for
the hexagonal with a p-n radius distance of 30 µm, and 5.16 for the hexago-
nal with a p-n radius distance of 50 µm, with their respective cross-sections
in figures 5.13, 5.15 and 5.17. In them, a scale of colors for the absolute value
of the electric field is represented from lower values in blue to the larger in
red. A white line represents the depleted region, originating from the n-type
column which can be distinguished from the p-type electrode by the p-stop
surrounding it.

FIGURE 5.10: I-V curves resulting from the simulations for the
different geometries. The leakage current saturates at below

10V while the breakdown occurs at 60V.
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FIGURE 5.11: 1/C2 vs V from simulations (straight line) and
measurements (empty symbols).

By extracting the output current at an n-type electrode, the I-V curves can
be obtained, and are represented at Fig. 5.10 with the current normalized
for one pixel. They show a breakdown occurring at 60V, while the leakage
current reach a plateau at less than 10V, specially for the smaller-sized pixel
cells, which are the orthogonal and the hexagonal with the p-n distance of
30 µm. Hence, the electric fields are shown at biases of 1V, 5V, 10V and 60V
to depict the evolution of the depletion region. Additionally, 1/C2 vs V simu-
lations have been performed, shown in Fig. 5.11, and compared with the C-V
curves from Figs. 5.5 and 5.6. The curves from the 100x100 arrays fit with the
simulations, while the measurements with the hexagonal geometries only fit
the one with the bigger array of 20x20. Therefore, only the larger arrays fit
with the values of the capacitance from the simulations. The high surface
leakage current change the measured capacitance in the case of the smaller
samples, similarly as discussed in section 2.2.2 and explained in [53], where
high leakage current yield a higher capacity due to the effective addition of
a resistance in parallel to the equivalent circuit.
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5.3.3 Electric Field Distribution and Uniformity

When comparing the distribution of the electric field from figures 5.12, 5.14
and 5.16, the three cases show a similar general behavior: the regions with
the highest electric fields are near the p-stop and at the tips of the colum-
nar electrodes for higher biases. At the p-stop with just a few volts already
shows a significantly higher electric field than the rest of the structure. How-
ever, the depletion region shows that in any of the structures, with just 1V
they are not fully depleted in the lateral direction, specially in the case of the
hexagonal 50 µm p-n distance, in which the region between pixels is not yet
depleted at all, while for the 30 µm p-n distance is, although not near the p-
type electrodes. At 5V, all the structures are already fully depleted laterally,
but all of them feature a non-depleted region at backside, which gets gradu-
ally depleted with increasing bias, reaching an effective full depletion at 60V.
Therefore, simulations show that, while the lateral depletion occur with just
a few volts, some more bias needs to be applied so that the backside gets fully
depleted, being that the case for any of the configurations.

The figures showing the electric field along a cross section cut depict how
the region in between pixels feature a low absolute value of the electric field,
which is a common phenomenon across all the 3D pixel sensors. Despite of
that, it is still important to know which configurations feature a more uni-
form electric field. One of the relevant contributions to the time resolution is
the non-uniformity of the electric field at the plane perpendicular to the hit-
ting particles, due to yielding a distribution of rise-times which degrade the
time resolution. Therefore, an important factor to determine a better per-
forming configuration for timing measurements, would be the study and
comparison of the uniformity of the electric field within the three configu-
rations. Since there is no specific figure of merit for the uniformity of the
electric field, 2D histograms have been performed which show the frequency
at which there is a certain absolute value of the electric field at a given dis-
tance from the electrode located at the position (0,0), at a bias voltage of 60V
within a cross section plane. The resulting 2D histograms are shown at Fig.
5.18, with the orthogonal geometry found at A, the hexagonal with a p-n ra-
dius distance of 30 µm at B and the hexagonal with a p-n radius distance of
50 µm at C. For the hexagonal geometry, only the points corresponding to the
cell of the n-type electrode located at the (0,0) have been considered, so that
only one cell is analyzed at a time and consequently can be compared to the
orthogonal geometry. The separation has been set by a straight line crossing
both p-type electrodes.
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(A) (B) (C) (D) (E)

FIGURE 5.12: Electric field distributions for the orthogonal ge-
ometry, applying biases of 1V (A), 5V (B), 10V (C) and 60V (D).

(A) (B) (C) (D)

FIGURE 5.13: Electric field distributions at a cross section of the
orthogonal geometry structure, with applied biases of 1V (A),

5V (B), 10V (C), and 60V (D).
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(A) (B) (C) (D) (E)

FIGURE 5.14: Electric field distributions for the hexagonal ge-
ometry with p-n distance of 30 µm, applying biases of 1V (A),

5V (B), 10V (C) and 60V (D).

(A) (B) (C) (D)

FIGURE 5.15: Electric field distributions at a cross section of the
hexagonal geometry structure with p-n distance of 30 µm, with

applied biases of of 1V (a), 5V (b), 10V (c), and 60V (d).
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(A) (B) (C) (D) (E)

FIGURE 5.16: Electric field distributions for the hexagonal ge-
ometry with p-n distance of 50 µm, applying biases of 1V (A),

5V (B), 10V (C) and 60V (D).

(A) (B)

(C) (D)

FIGURE 5.17: Electric field distributions at a cross section of the
hexagonal geometry structure with p-n distance of 50 µm, with

applied biases of 1V (a), 5V (b), 10V (c), and 60V (d).
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To give an idea of how they are to be interpreted, in the case there was a
completely uniform electric field, all the points would be located at the same
position in Y, distributed along the X axis, for it would mean that at all points
in the cell would have the same value of the electric field, independently on
the position. On the other hand, a non-uniform one would have the points
scattered vertically at all distances.

When comparing the three configurations, they show a similar general
behavior by having a first decrease of the electric field with little spread of
electric field values, which correspond to the vicinity of the n-type electrode,
which features a decaying electric field with distance which decays radially.
Afterwards, there is a spread in values of the electric field which correspond
to distances closer to the inter-electrode positions. The spread is attributed to
the fact that at the distances at which there is the lower values of the electric
field, at a close radius there is as well the p-type electrode, which features
as well higher values of the electric field. Despite them showing a similar
behavior, in the case of the hexagonal geometries the spread of the values of
the electric field does not happen until approximately 15 µm for the 30 µm
p-n distance and 25 µm for the 50 µm p-n distance, while for the orthogonal
geometry already shows a spread of values at before 15 µm. Despite of that,
a potential drawback for the hexagonal geometry would be that the region
with the lowest absolute value of the electric field is found at the furthest dis-
tance, which could mean that there could be a major difference between the
rise-times of particles hitting such positions and particles hitting positions
closer to the n-type electrode. However, it is not clear how this would affect
the overall time resolution and whether or not it would be dominant over the
more uniform electric field that remains at the rest of the cell.

Another figure that can give information about the uniformity of the elec-
tric field is the mean value of the electric field at a given distance, with having
as an error bar the spread of the values in said distance, calculated by means
of the standard deviation. The figure is shown in Fig. 5.19. The side-by-side
comparison show how in the three cases there is a smooth decrease of the
electric field with distance, and a small increase in the end except for the case
of the hexagonal with a p-n distance of 30 µm. The eventual increase is at-
tributed to the higher electric field close to the p-type electrode. Moreover,
the orthogonal geometry shows a rapid initial increase followed by a quick
rise, whereas the hexagonal geometry results in a smoother electric field.

In addition to the uniformity of the electric field, another crucial factor
influencing the time resolution is the intensity of the electric field itself. It
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(A)

(B)

(C)

FIGURE 5.18: 2D Histograms of the frequency of the absolute
values of the electric field depending on the distance from the

n-type electrode located at the (0,0) position.
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FIGURE 5.19: Mean value of the electric field depending on the
distance. The error bars represent the spread of the values of the
electric field within a given distance from the n-type electrode.

plays a significant role in minimizing the jitter contribution, where given a
charge faster signals resulting from larger electric fields, produce larger sig-
nals when compared to slower ones. In Fig. 5.19, it is presented the curves
corresponding to the three geometries showing which percentage of points
within the cross sections feature absolute values higher than a certain thresh-
old, given by the values at the X axis. From this plot can be extracted that
with the same bias, the hexagonal geometries feature overall higher electric
fields than with the orthogonal geometry, and while from Fig. 5.19 could be
extracted that the hexagonal 30 µm p-n distance configuration had a smaller
electric field than the one with p-n distance of 50 µm, it is concluded that the
density of the electric field is higher in the former.

5.4 Conclusions and Discussion

In this chapter, 3D sensors with a hexagonal distribution have been discussed
and compared to the orthogonal counterpart, with the design for timing ap-
plications for future colliders. Sensors have been designed and produced at
CNM, building 3D sensors with 285 µm thick wafers featuring both hexag-
onal with p-n distances of 30 µm and 50 µm p-n distances, and orthogonal
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FIGURE 5.20: Mean value of the electric field.

distributions with a pixel pitch of 50 µm. The outcoming sensors have been
characterized by means of I-V at room and low temperatures together with
C-V measurements. The results showed that the same current was found
for both temperature levels, meaning that there biggest contribution to the
leakage current comes from the surface, and not from the bulk. Despite of
that, C-V curves show a fast first depletion followed by a second depletion
reached at close to 20V, which is far below the breakdown voltage, meaning
then that they can be operated fully depleted.

Afterwards, TCAD simulations of the 3D structures using the Synop-
sys Sentaurus software have been introduced. This involved the parame-
ters used to create the structures, the resulting devices, and their electrical
simulations. Despite featuring an artifact in one of the p-type columns the
simulated structures are enough to represent the real structures. Then, the
electrical simulations have been shown, displaying an I − V curve with a
breakdown at 60V, as well as showing the 1/C vs V curves with a first fast
depletion followed by a much slower depletion. Moreover, the 1/C vs V
simulations have been compared with the previous measurements, showing
that the curves fit when the arrays from the measurements are big, while the
smaller arrays would not fit, which is found to be related to the large sur-
face leakage current from the produced sensors. Additionally, the two-phase
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depletion has been confirmed by means of the electric field distribution sim-
ulations, which include the depletion region that shows how with less than
5V there is a full depletion at the direction between electrodes, while there
is still non-depleted volume at the backside of the sensor. Despite of that, at
the maximum voltage of 60V the backside is fully depleted.

Finally, a study of the uniformity and distribution of the electric field with
a bias of 60V has been performed, in order to study which is the best candi-
date for timing measurements, whether if the hexagonal or the orthogonal
geometry. 2D histograms of the distribution of the electric field depending
on the distance from the center of the electrode have been shown, as well as
a comparison among them of the mean value of the electric field depending
on the the distance from the center of the electrode. When comparing the or-
thogonal and the hexagonal geometry, there is a wider spread with distance
in the case of the orthogonal than with the hexagonal. Besides, the distribu-
tion that yields the larger values of electric field is the hexagonal, specially
for the one with 50 µm. Furthermore, it has as well been shown, that the con-
figuration that keeps the highest electric field along its cell is the hexagonal
with 30 µm, meaning that there is a larger percentage of points within the
same structure that features a large electric field.

All in all, while there seems to be some more uniformity in the hexago-
nal geometry which reduces the contribution of the electric field distortion
to the time resolution, the factor that mostly makes the hexagonal configu-
ration a candidate for better timing measurements is the larger electric field
with even larger distance. As seen in chapter 3, one of the most limiting fac-
tors with 3D sensors for timing applications is the SNR, and with a given
amount of charge, faster rise-time yield larger signals, it would imply a po-
tential improvement over orthogonal geometries. Additionally, faster rise-
times, would as well imply lower trapping probability, improving as well
the radiation hardness.

As future work, an irradiation campaign should be performed on the pro-
duced sensors to prove its radiation hardness, as well as time resolution mea-
surements with TCT and Sr90 source, to prove which configuration yield bet-
ter charge collection efficiency and time resolution among them. Moreover,
to further study the potential time resolution of the 3D sensors with orthog-
onal or hexagonal geometries, Montecarlo simulations should be performed
in order to simulate multiple transients which can provide statistics to make
the time resolution analysis.
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Chapter 6

Conclusions and Future Work

In this thesis, 3D silicon radiation sensors have been investigated for radia-
tion harsh enviornments. The work is motivated by the upcoming upgrade
of the LHC, namely High-Luminosity LHC, and the Future Circular Collider
(FCC) project. Both projects expect an increase in events per collision to un-
precedented levels, requiring radiation sensors capable of performing reli-
ably throughout the particle accelerators’ lifetimes.

3D sensors fabricated at the clean room facilities in Centro Nacional de
Microelectrónica (IMB-CNM-CSIC) on n-type 200µm thick silicon sensors
have been electrically characterized before and after radiation exposure, with
equivalent fluence levels of 1 · 1014neq/cm2, 1 · 1015neq/cm2, 5 · 1015neq/cm2,
1 · 1016neq/cm2, 5 · 1016neq/cm2 and 1 · 1017neq/cm2. The batch included a va-
riety of devices, including sensors designed for specific ASICs, pad diodes
with arrays of pixel pitches of 50µm x 50µm, 25µm x 100µm in a variety
of included number of pixels, and test structures with a single central elec-
trode separately connected from the surrounding eight. Deficient metalliza-
tion was found in multiple test structure devices, notably at fluence levels
of 5 · 1016neq/cm2 and 1 · 1017neq/cm2. These were re-metallized through a
series of Focused Ion Beam processes that restored the contact but left a halo
of metal around the pad contacts. Electrical characterization, in the form of
I-V and C-V curves, was performed on multiple of these sensors, before and
after irradiation. The results are presented in Chapter 2. I-V curves showed
that while the n-on-n architecture showed a higher leakage current due to the
lower electrostatic potential barrier between the bulk and the n+ electrode,
the current decreased after substrate type inversion due to non-ionizing ef-
fects. After substrate type inversions, leakage current increased with fluence,
saturating after an equivalent fluence level of 1 · 1015neq/cm2. C-V curves
showed full depletion with just a few volts before irradiation, and approx-
imately 100V at 1 · 1016neq/cm2. C-V curves could not show full depletion
for fluence levels of 5 · 1016neq/cm2 and 1 · 1017neq/cm2 due to capacitance
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distortion with high leakage currents.
In Chapter 3, the Transient Current Technique (TCT) was used to study

time resolution and charge collection efficiency performance in response to
an infrared laser. The laser intensity was calibrated using a reference PiN sen-
sor. Waveforms were recorded exposing the reference sensor to a Sr90 source
using the same electronics as the TCT, and were later analyzed by extract-
ing the most probable value of the signal amplitude, which was then used
to match the signal height induced by the laser. Setting an appropriate laser
intensity is crucial because time resolution strongly depends on the Signal-
To-Noise Ratio (SNR) of the signal, and an arbitrarily large laser intensity
would yield biased results.

2D maps of charge collection were performed on pad diodes and test
structures before and after irradiation, showing that charge collection had
the same profile as the sensors. At a fluence level of 1 · 1017neq/cm2, the mean
free path was lower than the inter-electrode distance due to lower collected
charge at further distances from the n+ electrodes. Separately, 2000 wave-
forms were recorded at a position that minimized laser reflection by avoiding
any metallization for arrays of 50 x50 pixels and test structures. Waveforms
were then analyzed to obtain the time resolution and the charge collection.
Results showed that large diode arrays yielded worse timing performance
than the small test structures due to higher noise from the larger capacitance.
Across all studies, time resolution was found to improve after substrate in-
version, up to a fluence level of 1 · 1015neq/cm2, after which it had approxi-
mately the same or better time resolution as before irradiation. The improved
time resolution after substrate inversion is mainly attributed to a higher SNR
from larger signals induced by greater applied biases, together with lower
leakage current. At a fluence level of 1 · 1015neq/cm2 an avalanche effect am-
plified the signal. However, at a fluence level of 5 · 1016neq/cm2 degraded
considerably unless a much larger bias was applied, yielding a similar time
resolution as before irradiation.

A study of time resolution with different laser intensities was also con-
ducted using pad diodes. Results showed an improving performance with
laser intensity, saturating with very large signals, indicating that other fac-
tors like weighting field distortion become more dominant. Notably, a time
resolution of 700ps was measured for a pad diode irradiated at a fluence
level of 1 · 1017neq/cm2, with a laser calibrated to twice the intensity of a MIP.
While this is an order of magnitude larger than the standards expected for the
HL-LHC and the FCC (ranging 10 − 30ps), it must be considered the larger
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noise from the capacitance of a large array, so better timing performance is
expected for smaller arrays. Moreover, it shows that 3D sensors can perform
timing measurements even at extreme fluence for particles inducing larger
signals even for large diode arrays. Lastly, a 2D map of the time resolution
with a 3-MIP laser calibration was conducted, showing the strong depen-
dence of time resolution on signal amplitude. The 2D map was performed
by changing positions manually, which was too time-consuming to carry out
for all fluence levels.

CCE and timing studies were performed for test structures, except for
timing at 1 · 1017neq/cm2 due to insufficient signal amplitude. Results showed
CCE of 100% for a fluence level of 1 · 1014neq/cm2, and more than 100% for
higher fluence levels, attributed to the avalanche effect due to applied higher
biases. Additionally, the bias required for a CCE of 100% increases with
equivalent fluence level. However, while at a fluence level of 5 · 1016neq/cm2

a CCE of 200% was extracted at a bias of 300V, at 1 · 1017neq/cm2 only 13%
was collected at a bias of 360V. This indicates that 3D sensors severely de-
grade at fluence levels beyond 5 · 1016neq/cm2. However, further measure-
ments should be performed at extreme fluences for sensors that do not re-
quire undergoing a FIB process that leaves a metal halo around the contact,
which would decrease the charge collected due to laser reflection.

In Chapter 4, the commissioning of a strontium-90 source setup at the
Radiation Detectors laboratory in CNM was conducted. The commissioning
involved finding a time resolution of 32.34ps at a bias of 363V for two LGAD
sensors at a temperature of −32◦C. One of these sensors was later used as
reference for timing measurements performed for test structures irradiated at
fluence levels of 1 · 1015neq/cm2, 1 · 1016neq/cm2 and a non-irradiated one. Re-
sults showed a time resolution of 68ps at a voltage of 50V before irradiation,
27.77ps at 100V for 1 · 1015neq/cm2 and 82.51ps at 225V for 1 · 1016neq/cm2.
Therefore, consistent with TCT measurements, time resolution improves af-
ter irradiation and decreases at higher radiation doses. Additionally, in both
setups, the best time resolution is found around 1 · 1015neq/cm2. Charge col-
lection studies showed better charge collection at 1 · 1016neq/cm2. However,
lower charge collection was found for 1 · 1015neq/cm2, attributed to signal re-
flection that reduced the tail of the signal, resulting in a narrower integration
window that decreases the integrated charge. Despite this, the amplitude
was significantly higher, indicating charge multiplication as observed with
the TCT setup. The signal reflection is most likely due to an impedance mis-
match of the board, as it was not observed in other measurements. Hence,
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for future work, measurements should be carried out using a fully functional
PCB, and ensuring that signals have the expected shape. Moreover, for fu-
ture work, Sr90 source measurements should be performed for higher fluence
levels, especially at 1 · 1017neq/cm2. Additionally, a low event rate was found
for the setup, indicating a misalignment between the DUT and the reference
sensor. Therefore, a mobile support would be convenient for more efficient
data taking, a limiting factor when taking large amounts of data.

TCT and Sr90 source setups showed to yield comparable results, indicat-
ing that while TCT neglects the Landau distribution of energy deposition, the
3D sensors’ characteristics allow for reliable results that can be used to study
sensor performance. Despite this, future work requires optimization of both
setups. For the TCT setup:

• Automatization of time resolution 2D map to better study the time res-
olution dependence on the position in the pixel, a phenomenon espe-
cially interesting for 3D sensors.

• Monitoring of laser intensity to properly control the induced signal and
avoid arbitrarily large or small signals that bias timing results.

• Better temperature control. In some cases, reaching the desired temper-
ature was difficult, even sometimes not reaching −20◦C.

For the Sr90 source setup:

• Controlled movement of the DUTs to improve alignment between sen-
sors, required for better event rate.

• More correctly functioning PCB, to avoid signal distortion and to be
able to wire-bond more fluence levels simultaneously, which helps to
measure more sensors in the same timescale.

In Chapter 5, 3D sensors designed for timing measurements are studied.
The design involves thicker active thickness for larger induced signals, and
the addition of a hexagonal geometry that better optimizes space distribu-
tion, thus further reducing travelling distances for drifting carriers. A batch
of sensors was produced at the CNM clean room facilities and later charac-
terized with I-V and C-V curves. Measurements showed that while a high
surface leakage current was found, compliance was not reached before full
depletion, thus making the sensors completely operational. Moreover, simu-
lations were carried out to better understand the differences in terms of elec-
tric field and depletion between the classic orthogonal geometry and hexago-
nal distributions with p-n distances of 30µm and 50µm. Simulations showed
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a breakdown occurring at 60V, and a lateral full depletion reached with less
than 5V. However, a bias between 10V and 60V is required to deplete the
bottom of the p+ electrode. A study on uniformity of the electric field was
carried out, showing a slightly more uniform electric field for the hexagonal
geometry. More notably, while featuring similar pixel sizes, the hexagonal
geometry maintains higher absolute values of the electric field across the sen-
sor compared to the orthogonal, yielding faster signals necessary for better
timing performances.

For further study, an irradiation campaign should be conducted for the
fabricated 3D sensors designed for timing applications. Afterwards, TCT and
strontium-90 source measurements should be performed to further prove the
difference in timing and CCE between both geometries.
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Appendix A

Simulation Models

In this appendix, further information about the physical models used for the
TCAD simulations is provided.

A.1 Mobility models

To accurately simulate the behaviour of a device, it is crucial to consider fac-
tors that affect carrier behaviour. TCAD Synopsis Sentaurus features mo-
bility models that can be employed for various conditions. When multiple
mobility models are used, the total mobility is calculated using Mathiessen’s
rule:

1
µ
=

1
µ1

+
1
µ2

+ · · · (A.1)

Where µ is the total mobility and µ1, µ2 · · · represent the different con-
tributions to mobility from bulk, surface or thin layers. The models used
are the doping dependence model, the Lombardi, high field saturation and
carrier-carrier scattering.

A.1.1 Doping dependence

Impurities in semiconductors act as scattering points in the lattice, reducing
the mobility of the carriers as a result. To account for this effect, the Masetti
model [43] can be used:

µdop =µmin1exp
(
− Pc

NA,0 + ND,0

)
+

µconst − µmin2

1 + ((NA,0 + ND,0) /Cr)
α − µ1

1 + (Cs/ (NA,0 + ND,0))
β

(A.2)
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Coefficient Electrons Holes Unit
µmin1 52.2 44.9 cm2/Vs
µmin2 52.2 0 cm2/Vs

µ1 43.4 29.0 cm2/Vs
Pc 0 9.23 · 1016 cm3

Cr 9.68 · 1016 2.23 · 1017 cm3

Cs 3.43 · 1020 6.10 · 1020 cm3

α 0.680 0.719 1
β 2.0 2.0 1

TABLE A.1: Coefficients used for the Masetti model.

Where µmin1, µmin2 and µ1 are reference mobilities, Pc, Cr and Cs represent
reference doping concentrations, and α and β are coefficients. µconst is the
low-doping reference mobility, determined by the constant mobility model:

µconst = µL

(
T

300K

)ζ

(A.3)

Where µL is the mobility due to the bulk phonon scattering, T is the
temperature, and ζ is 2.5 for electrons and 2.2 for hole. Therefore, the con-
stant mobility decays with temperature according to a saturation velocity of
1417 cm2/Vs for electrons and 470.5 cm2/Vs for holes. The rest of the coeffi-
cients are listed at table A.1.

A.1.2 Lombardi Model

In semiconductor interfaces, high transverse electric fields are common, which
force carriers to interact with acoustic surface phonons and surface rough-
ness. The mobility contribution due to surface roughness is given by:

µsr =

((
ET/Ere f

)A

δ
+

E3
T

η

)−1

(A.4)

Where ET is the transverse electric field, Ere f is a factor that ensure a unit-
less numerator and equals one, and A, δ, η are parameters. The contribution
from acoustic phonons is given by:

µac =
B

ET
+

C
(

NA,0+ND,0+N2
N0

)λ

E1/3
T

T
300K

(A.5)
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Coefficient Electrons Holes Unit
B 4.57 · 107 9.925 · 106 cms−1
C 5.80 · 102 2.947 · 103 V2/3s

N0 = N2 1 1 cm−3

λ 0.1250 0.00317 1
δ 5.85 · 1014 2.0546 · 1014 cm2/Vs
k 1 1 1
A 2 2 1
η 5.85 · 1030 2.546 · 1030 V2/cms

TABLE A.2: Coefficients used for the Lombardi model.

where B and C are parameters, NA,0, ND,0 represent the concentration of
acceptors or donors, respectively, N0 is a factor that ensure a unitless numer-
ator and equals one, T is the temperature, and B, C, and λ are parameters.

These contributions are included in Matthiessen’s rule (Eq. A.1) with a
coefficient that decreases the contribution with further distances from the
surface:

1
µ
=

1
µb

+
D
µsr

+
D

µac
(A.6)

where µb represents the bulk contribution to mobility, a D = exp−xlcrit

with x being the distance from the interface and lcrit a fit parameter. The
values of the various parameters in the Lombardi model are listed in Table
A.2.

A.1.3 High Field Saturation

For a high enough electric field, the velocity of carriers is no longer propor-
tional to the electric field, but instead saturates to a certain value vsat. This
behaviour can be explained by the Canali model, which describes mobility
in function of the temperature, fitted up to 430K [44]:

µ(F) =
µlow[

1 +
(

µlowF
vsat

)β
]β−1 (A.7)

Where µlow is the low-field mobility, vsat is the saturation velocity and β

is a temperature dependent parameter. β and vsat are given by:

β = β0

(
T

300K

)βexp

(A.8)
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Coefficient Electrons Holes Unit
vsat,0 1.07 · 107 8.37 · 106 cms−1

vsat,exp 0.87 0.52 1
β0 1.109 1.213 1

βexp 0.66 0.17 1

TABLE A.3: Coefficients used for the Canali model.

vsat = vsat,0

(
T0

T

)vsat,exp

(A.9)

The values of the parameters are listed in Table A.3

A.1.4 Carrier-Carrier Scattering

Mobility can also degrade with carrier-carrier scattering, which is described
by the Conwell-Weisskopf model. Its contribution to the total mobility given
by the Mathiessen’s law is expressed by:

veh =
D
( T

300K
)3/2

√
np

[
ln

(
1 + F

(
T

300K

)2

(pn)−1/3

)]−1

(A.10)

Where D = 1.04 · 1021cm−1V−1s−1 and F = 7.452 · 1013cm−2. T is the
temperature of the system, and n and p the electron and holes density, re-
spectively.

A.2 Generation-recombination models

A.2.1 Schockley-Reah-Hall Recombiantion

This model reproduces recombination through deep defect levels in the band
gap. In Synopsis Sentaurus it is implemented in the following form:

RSRH
net =

np − n2
i,e f f

τp(n + n1) + τn(p + p1)
(A.11)

With:
n1 = ni,e f f exp

(
Etrap

kT

)
(A.12)

p1 = ni,e f f exp
(

Etrap

kT

)
(A.13)
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Where Etrap is the difference between the defect level and the intrinsic
level. τp and τn are the electron and holes lifetimes, which are modelled as a
product of a doping-dependent, field-dependent and temperature-dependent
factors:

τn,p = τdop
f (T)

1 + gn,p(F)
(A.14)

Where [1 + gn,p(F)]−1 is the electric field factor, taken into account when
calculating the carrier lifetime due to recombination. For electric fields larger
than 3 · 105V/cm this factor cannot be neglected, due to reversely biased p-
n junctions being more sensitive to defect-assisted tunnelling, yielding an
e-h pair generation even before band-to-band tunneling or avalanche mech-
anisms. For this, the Schenk Trap-Assisted Tunneling Model has been used,
which for the case of the electrons has the form [76]:

gn(F) =
(

1 +
(h̄Θ)3/2√Et − E0

E0h̄ω0

)−1/2
(h̄Θ)3/4(Et − E0)1/4

2
√

EtE0

(
h̄Θ
kT

) 3
2

× exp
(
−Et − E0

h̄ω0
+

h̄ω0 − kT
2h̄ω0

+
2Et + kT

2h̄ω0
ln

Et

εR
(A.15)

− E0

h̄ω0
ln

E0

εE
+

Et − E0

kT
− 4

3

(
Et − E0

h̄Θ

) 3
2
)

Where E0 is the energy of an optimum horizontal transition path, which
is given by:

E0 =
(2εRkT)2)

(h̄Θ)
(A.16)

With εR = Shω0 being the relaxation energy, S is the Huang-Rhys factor,
h̄ω0 the phonon energy, Et the energy level of the recombination center, and
Θ =

(
q2F2/2h̄mΘ,n

)
is the electro-optical frequency. The mass mΘ,n is the

electron tunnelling mass in the direction of the field. The expression for holes
goes as Eq. A.15, but with mΘ,p instead of mΘ,n and Eg,e f f − Et instead of just
Et.

A.2.2 Auger Recombination

In the Auger recombination process, an electron is relaxed from the conduc-
tion band to the valence band, transferring the energy to another electron
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Coefficient Electrons Holes Unit
AA 6.7 · 10−32 7.2 · 10−32 cm6s−1

BA 2.45 · 10−31 4.5 · 10−33 cm6s−1

CA −2.2 · 10−32 2.63 · 10−32 cm6s−1

H 3.46667 8.25688 1
N0 1.0 · 1018 1 · 1018 cm3

TABLE A.4: Coefficients used for the auger recombination ef-
fect model.

that relaxes through the release of phonons. This effect is especially non-
negligible in at high carrier density regions. The rate of recombination due
to band-to-band Auger effect is given by:

E0netA =
(
Cnn + Cp p

) (
np − n2

i,e f f

)
(A.17)

With Cn and Cp being the temperature dependent coefficients:

Cn(T) =

(
AA,n + BA,n

(
T

300K

)
CA,n

(
T

300K

)2
)[

1 + Hn exp
(
− n

N0,n

)]
(A.18)

Cp(T) =

(
AA,p + BA,p

(
T

300K

)
CA,p

(
T

300K

)2
)[

1 + Hp exp
(
− n

N0,p

)]
(A.19)

The term [1 + Hp exp(−p/N0,p)] is used to take into consideration the
decrease of the Auger coefficients at high injection levels, which is due to
excitons decaying at high carrier densities, resulting in a decrease of recom-
bination [77]. The values of the Auger coefficients are listed in table A.4.

A.2.3 Avalanche - Impact Ionization

When the space charge region width is lower than the mean free path be-
tween two ionizing events, an avalanche mechanism can take place, causing
an electrical breakdown process. In this case, the generation for electrons and
holes are treated separately, with a total generation rate that can be expressed
as:

Gii =
1
q

(
αn

∣∣∣−→Jn

∣∣∣+ αn

∣∣∣−→Jp

∣∣∣) (A.20)



A.3. Effective Intrinsic Density 129

Coefficient Electrons Holes Valid range of electric field Unit
a (low) 7.03 · 105 8.37 · 106 1.75 · 105 V/cm to E0 cm−1

a (high) 7.03 · 105 7.03 · 105 E0to6 · 105 V/cm cm−1

b (low) 1.231 · 106 7.03 · 105 1.75 · 105 V/cm to E0 V/cm
b (high) 1.231 · 106 7.03 · 105 E0to6 · 105 V/cm V/cm

E0 4 · 105 4 · 105 - V/cm
h̄ωop 0.063 0.063 - Ev

λ 62 · 10−8 62 · 10−8 - cm
β (low) 0.678925 0.815009 1.75 · 105 V/cm to E0 1
β (high) 0.678925 0.677706 E0to6 · 105 V/cm 1

TABLE A.5: Coefficients from the van Overstraeten-de Man
model for impact ionization.

Where
−→
Jn and

−→
Jp are the electron and hole current density vectors, and

αi is the ionization coefficient of the carrier i, which is the reciprocal of the
mean free path. The Overstraeten-de Man model, based on Chynoweth law,
provides the used coefficients:

α (Fava) = γa exp
(
− γb

Fava

)
(A.21)

With:

γ =
tanh

(
h̄ωop
2kT0

)
tanh

(
h̄ωop
2kT

) (A.22)

The factor γ expresses the temperature dependence of the phonon gas
against which carriers are accelerated. The values of a, b and h̄ωop apply to
fields in the range from 1.75 · 105Vcm−1 to 6 · 105Vcm−1, and vary depending
on the case of high or low electric field. Its values are listed in table A.5.

A.3 Effective Intrinsic Density

In a regions with a high enough doping concentration, the narrowing of the
bandgap becomes non-negligible. The model for the lattice temperature-
dependancy of the bandgap is [46]:

Eg(T) = Eg(0)−
αT2

T + β
(A.23)

Where Eg(0) is the bandgap energy at 0K, α = 4.76 · 10−4eV/K and β =

636K . So, the effective bandgap can be expressed by the contributions of the
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default bandgap according to the temperature Eg(T), and contribution from
the narrowing using a model of choice:

Eg,er f f (T) = Eg(T) + δEbg (A.24)

The one used is the Old Slotboom model, which is expressed as:

δEbg = Ere f

ln

(
Ntot

Nre f

)
+

√√√√(ln

(
Ntot

Nre f

))2

+ 0.5

 (A.25)

Where Ere f = 9.03 · 10−3eV and Nre f = 1.017cm−3.
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