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Abstract

Monolithic Active Pixel Sensors (MAPS) are particle detectors that combine a sen-
sor and corresponding readout electronics in a single silicon wafer. This detector
design is particularly interesting for high-energy physics since it can be fabricated
with commercial CMOS technology at a lower cost compared to hybrid pixel de-
tectors. Furthermore, the thin design allows for a low material budget, which is
essential for applications such as vertex detectors in lepton colliders. This master’s
thesis investigates the performance of two flavors of Depleted MAPS (DMAPS)
with and without radiation damage, particularly the so-called RD50-MPW4 and
the TJ-Monopix2 chips. The RD50-MPW4 chip is a prototype developed by the
CERN-RD50 CMOS group. Significant design works were performed in-house at
HEPHY in the past. The TJ-Monopix2 chip was created to meet the requirements
of the HL-LHC ATLAS ITk upgrade. It is now of particular interest to use for the
Belle-II VTX upgrade.

For the performance characterization, eight samples of the RD50-MPW4 and two
samples of the TJ-Monopix2 were measured at the particle accelerator facility
DESY For unirradiated samples, an efficiency of 99.99 % could be achieved for the
RD50-MPW4. For the unirradiated TJ-Monopix2 sample, an efficiency of 99.94 %
could be reached. Reasonable performance could be measured for the RD50-
MPW4 irradiated up to a fluence of 1 x 10" neeem™2 and for the TJ-Monopix2

irradiated up to a fluence of 5 x 10'* neyem =2
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1. Introduction

In the following chapter, a brief introduction to particle detectors in high energy
physics together with the example of the Belle IT experiment [1] and the RD-50
collaboration |2| are given in order to motivate current developments for silicon
sensors based on |[Complementary Metal-Oxide-Semiconductors (CMOS)| technol-
ogy. In chapter [2| chosen physical concepts are described which are needed for the
practical part of this thesis. Chapter [3| focuses on silicon detectors and contains a
description of the two detectors RD50-MPW4 and TJ-Monopix2 which were stud-
ied throughout this thesis. Furthermore, a description of the analysis of test beam
data is given within this section. Chapter [4] and [5| contain the results of test beam
data for irradiated and unirradiated samples of each detector type.

1.1. Particle Detectors in High Energy Physics Experiments

Particle detectors in fhigh energy physics (HEP)| experiments are built around a
collision point and consist of several layers fulfilling different tasks. The design can
vary depending on the colliding particle types and the objective of the experiment.
A typical structure of the layout of the different detector systems is depicted in
fig[ll Their tasks are described below.

v
o
M+
¥
HCAL ECAL Tracking detector Muon detectors

Figure 1: Schematic of a collider experiment and the interaction of different parti-
cle types with different detector systems. HCAL/ECAL: hadronic/elec-
tromagnetic calorimeter. |3]



Tracking

One of the inner detector systems of a collider experiment is the tracking detector
which reconstructs the trajectories of passing particles. This process is called
tracking. The tracking process can be divided into track finding, where hits on
different detector layers are associated to a single particle and a fitting process
where the trajectory is reconstructed with the hit information from the track
finding. After the track fitting, an assessment of the track quality using statistical
methods is necessary. In the collider detector, a magnetic field is applied, causing
charged particles to follow a curved trajectory. The curvature of the trajectories
allows reconstructing the momentum of the particles and the direction of deflection
allows determining the sign of its charge. [4,/5]

Vertexing

The detector system which is closest to the interaction point is used to reconstruct
primary vertices and further vertices of higher order. In high-luminosity collider
experiments, many collisions occur at a single bunch crossing, resulting in many
initial interaction points called primary vertices. However, it is statistically almost
certain that only one of them is of potential physical interest and activates the
trigger. The aim of vertexing is to find a set of particles produced by the so
called signal vertex which activated the trigger and estimate its position. Particles
with short life times can decay and produce further particles before reaching the
first detector layer. The trajectories of the produced daughter particles can be
used to reconstruct the point where the decay took place which is referred to
as secondary vertex. Vertexing needs detector systems with low occupancy in
order to avoid multiple hits which lead to problems in the event reconstruction.
Furthermore, vertexing algorithms depend on low spatial and timing resolution
in order to reconstruct the vertices accurately. Due to the close distance to the
collision point of this detector system, it has to cope with a high background
particle fluence resulting in radiation damage. |4}5]

Calorimetry

Calorimeters measure the energy of high-energetic particles. Since it is a destruc-
tive measurement, it has to be located after the tracking layer. A particle hitting
the calorimeter leads to a chain of inelastic reactions that produce further particles
resulting in a particle shower in the detector. The energy of the initial particle is
measured via the deposited charge in the detector, scintillator light or Cherenkov
light. Calorimeters can be distinguished between electromagnetic calorimeters for
electrons, positrons and photons and hadronic calorimeters for hadrons. [6]

This thesis deals with two detectors designed for tracking and vertexing. In the
following section an overview of the vertex detector of the Belle II experiment is



given as example for their usage in [HEP] experiments.

1.2. Belle Il Experiment and VTX Upgrade

The Belle IT experiment is located at the SuperKEKB accelerator in
Tsukuba, Japan. It is an asymmetric collider for electrons at energies of 7 GeV and
positrons at 4 GeV. The objective of the Belle II experiment is to investigate new
weak interactions in the flavor section beyond the standard model. An overview
of the detector systems is depicted in fig[2]
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Figure 2: Schematic overview of the detector systems of the Belle II experiment. |@|

Currently, the [Belle II vertex detector (VXD)| consists of two different systems.
The two innermost layers are made of pixel sensors based on [depleted p-channel
field effect transistor (DEPFET)| technology. These two layers are referred to as
the [Pixel Detector (PXD)| The [PXD]is surrounded by four layers of [Double-Sided]
[Silicon micro-strip Detectors (DSSDs)| called [Silicon Vertex Detector (SVD)|

For the[VXD] an upgrade is planned for the next long shutdown which is scheduled
to take place after 2032. A fixed year has not yet been announced, depending on



the final plans for the upgrade. For the [VXD| upgrade, a [CMOS]| based structure
is considered as the most promising solution. It should increase the robustness
against the machine background and allow better reconstruction for low momen-
tum particles and improve the vertex resolution. Current design approaches are
made of five or six layers of the |Optimised Belle II monolithic pixel (OBELIX)|
sensor [9] currently under development. The design of is based on the
TJ-Monopix2. [10]

1.3. RD-50 Collaboration

In the ECFA Detector Research and Development Roadmap from 2021 11|, solid
state detectors are mentioned to play a key role in measuring primary and sec-
ondary vertices and tracking charged particles in future collider experiments. The
roadmap describes four different [detector R&D themes (DRDT)| [DRDT] 3.1 de-
scribes the full integration of sensing and microelectronics in monolithic [CMOS]
pixel sensors and [DRDT] 3.3 describes the extension of solid state sensors to oper-
ate at extreme fluences. For monolithic active pixel sensors for small-pixel trackers,
a radiation tolerance from 10" neeem™2 to 10'% ng,em ™2 is set as goal. |11]

The RD50 Collaboration [2] is a CERN R&D collaboration dedicated to the devel-
opment of radiation hard silicon devices for high luminosity collider experiments.
The latest developed chip by this collaboration is the RD50-MPW4 which is a
depleted monolithic active pixel sensor (see sec following the HV-CMOS ap-
proach. Compared to its predecessor, the RD50-MPW3, the RD50-MPW4 has
separated digital power and ground domains of the pixel matrix and periphery.
This design improvement was necessary in order to reduce noise coupling from
the digital readout periphery with the pixel matrix. Furthermore, the guard ring
structure of the RD50-MPW4 got improved based on the guard ring structure
of a monolithic detector prototype LF-Monopix2 allowing to apply a bias
voltage higher than 300V. [12,/13]



2. Physical Background

2.1. Interaction of particles with matter

For the description of the interaction of particles with matter, the concept of the
cross section is needed. The cross section ¢ is used to determine the probability of
a particle reaction. It can be illustrated as the effective area of a target particle,
in which it can interact with an incoming one. An illustration for a fixed target
experiment is given in fig[3| with the test volume S filled with Ny target particles
and thickness [.

Kolanoski, Wermes 2015

Figure 3: Scheme of the concept of the cross section. N r and Nm
refer to the reaction rate and incoming particle rate. [6]

The energy loss AFE of a charged particle passing through a material with the
thickness Az is a statistical process. It is the result of the sum of small energy
losses §E, (see eq[l) due to excitation and ionization processes. [6]

N
AE =) JE, (1)
n=1

Statistical fluctuations occur for the single energy losses dFE, as well as for the
number of interactions N. For a fixed Az, a probability density for AE can be
defined (eq2). Due to the central limit theorem of statistics, this distribution
becomes normally distributed for infinite N since dF,, is statistically independent
to AFE.



/ O AB, AR(AE) = 1 2)

AEmin

For thin detectors, the central limit theorem of statistics is not fulfilled, resulting
in an asymmetric distribution called Landau distribution f.()\) (eq[3) which is
depicted in fig[dl Tts moments are not defined due to the infinite long tail. However,
the Landau distribution has a maximum at A = -0.22278 which can be used to

define a most probable value instead. The energy loss is included in the parameter
A. 6]

1 [ .
fr(\) = — e M gin (7t dt (3)
T Jo
0.2 T
Kolanoski, Wermes 2015
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A

Figure 4: Landau distribution as described in eq for thin detectors [6].

2.1.1. Energy loss of heavy charged particles

The mean energy loss of a charged particle per unit length can be calculated with

the differential cross section g—% where T is the kinetic energy, S the relativistic

velocity, n the target number density and M the mass of the incoming particle as
shown in eq[4] [6]



dE Tma  do

—(—)=mn T—(M,B,T)dT 4
G =n | T (@)
For heavy charged particles, which excludes electrons and positrons, the result
of the expression above, extended with two correction terms, is the Bethe-Bloch
formula (eq. The average energy loss is also referred to as stopping power, since
it describes the range of how deep charged particles can penetrate a material. |6]

dE Z 22 1. 2m.cB%y?T, 5(py)  C(By,1)
(N K222 e maxr 42 i ) 5
() =K o IE g 2 7 (%)
=4 N Argmecz
15} particle charge
=2 relativistic velocity

atomic number of medium
atomic mass of medium
density correction

shell correction

mean excitation energy

NS s N DR

Figure [5|shows the mean energy loss per unit length over 3. The plot shows a low
energy region following a % behavior and a high energy region with a behavior
of In(y) + const. Between these regions there is a minimum around v = 3.5.
Particles near this minimum are referred as jminimum-ionizing particle (MIP)| [6]
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Figure 5: Mean energy loss of charged pions in silicon showing the dependence on

% for low energies and In(y) + const for higher energies. [6]

For low energies, the BLQ behavior leads to a high energy loss within a short distance

towards the end of the particle’s path (see ﬁg@. This energy deposition is called
Bragg peak and is used for radiation therapy of deep lying tumors. [6]

dE/dx (MeV/cm)

G LOZ S2ULIdM “Dsoue|oy

x (cm)

Figure 6: Simulation of energy loss per path length for 100 MeV protons in water
illustrating the Bragg peak. [6]



Density Correction

At high energies, the electric field flattens and extends transversely due to relativis-
tic effects. This transformation of the electric field increases the distant-collision
contribution and leads to a term proportional to In (87v). In real media, the field
extension is limited due to polarization, which leads to a correction term §(57)
called density correction. [14]

Shell Correction

The % dependency for low energies can be motivated with the proportionality
between momentum transfer Ap and interaction time At. The interaction time is
defined as stated in eq[6] with the impact parameter b.

At:i and Ap o At (6)
yv

Inserting these relations to the energy and momentum relationship, the following
dependency for the transferred energy follows as shown in eq[7]

2 2
AFE = A_p Q b
2m ~y2v?
with (= Y (7)
c
1
= AF « E

This behavior is only valid until the particles reach velocities which are in the
range of the velocities of shell electrons. In this case, further interactions have to
be considered which have been neglected so far, leading to the introduction of a
shell correction term <. [6]

2.1.2. Energy loss of electrons

Bremsstrahlung describes the emitted energy per unit time from an accelerated
charge and is formulated in classical electrodynamics as shown in eq[§ in general
and for a decelerated particle in the field of a nucleus [6].

dW 2 z%e® 9 21728
_ 2 y 3
dt 3 4megcd KA m?2 ®)




The main difference between the energy loss of electrons and heavy charged parti-
cles is the difference in mass. For electrons, Bremsstrahlung has to be considered,
which is an effect that can be neglected for particles with higher mass (see eq..
For high-energy electrons, this effect is the dominant mechanism for energy loss
in matter. A characteristic value for this effect is the fradiation length (X,)l It is
defined as the mean distance over which a high-energy electron loses all but % of
its energy by Bremsstrahlung. The rate of the energy loss of electrons in matter
due to Bremsstrahlung is nearly proportional to its energy while its ionization loss
rate depends on the logarithm of the energy. This allows to define a critical energy
E. which is given by the energy, at which the rate of energy-losses of both effects
are equal. [14]

2.1.3. Multiple Coulomb Scattering

Charged particles passing through a medium are deflected by scattering due to
interactions with the Coulomb field of the nuclei. At energies £ >> m.c?, the
impact of interactions with shell electrons can be neglected [6]. The scattering
process with a single nucleus can be described by the Rutherford cross section
(eq@. It depends on the charge z, the velocity 3, the momentum p and the
scattered angle 6 of the scattered particle as well as on the charge of the nucleus
Z. 6|

do 912 9.9 1 1
2 = 2720 9
d |Rutherford < « ﬁ2p2 4sin (g) ( )

If a medium is thick enough to scatter a traversing particle more than about 20
times, the scattering can be described by Moliére theory. The obtained distribution
by the Moliére theory can be approximated by a Gaussian distribution for a large
amount of scatters due to the central limit theorem of statistics. The scattering
can be characterized by 6,,; which is the standard deviation of the angle 6., (see

2

ﬁg. It can be approximated as shown in eq. with Ey = m.c*y/ %r, a being the

fine-structure constant, the thickness of the scattering material x and the radiation

length [Xo| [6]

E, T

ems N v
V2pep N Xo

(10)
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Figure 7: Illustration of the trajectory resulting from multiple Coulomb scattering
and the deflection angle €,4ne. [14]

2.2. Semiconductors

The dense periodic crystal structure of solids leads to energy level structures which
are called energy bands. The highest band is called conduction band and the band
underneath it valence band. These two bands are separated by a band gap. The
size of the band gap and the location of the conduction and valence band depend
on the material and define the conduction properties. For insulators, the band gap
is large with a value about 9 eV. In contrast, for conductors, the conduction band
overlaps with the valence band. Also a partially filled conduction band leads to
conducting behavior. If the band gap is in the range of about 1 eV (1.2 €V for
Si at room temperature), the material is categorized as a semiconductor. In that
case, electrons can enter the conduction band from the valence band via thermal
excitation or via an external electrical field. This process generates negative charge
in the nearly empty conduction band and leaves a hole in the valence band which
enables current flow. These four cases are depicted in fig[§ [6]

11
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Figure 8: Conduction behavior of materials depending on the band gap Eg for
insulators (a) semiconductors (b) and conductors (c,d). [@

For detectors, silicon (Si) is the mostly used semiconductor. Other examples of
semiconductors are germanium (Ge), gallium arsenide (GaAs) and cadmium tel-
luride (CdTe). The crystal lattice of silicon has a diamond structure. A scheme
of a primitive cell is shown in fig[9] Each atom has a covalent binding to four
neighbors with a lattice spacing of 5.43 A. ﬂ§|]

Figure 9: Primitive cell of a diamond lattice (eg. Si). [@

The charge carrier concentration n(E) in thermal equilibrium can be derived with

12



the density of states Z(FE) and their occupation probability f(F).

n(E)dE = Z(E)f(E)dE (11)

For spin % particles, the occupation probability follows a Fermi-Dirac distribution.
This distribution defines the Fermi Energy E; as the energy, where the occupation
probability is equal to % The Fermi-Dirac distribution can be approximated with
a Boltzmann distribution if the Fermi Energy is approximately in the middle of

the band gap (eq[12)).

1 E-E
fulB) = ———— e for (E— By >> kT) (12)
e 7 +1

The resulting number densities are given in eq[L3|for electrons (n) in the conduction
band and in eq[14] for holes (h) in the valence band. The values N and Ny give
the effective densities of states in the respective band. For silicon at 300K, these
are Ng ~ 3.05 x 10" cm™ and Ny ~ 2.55 x 10 cm™3. |6]

n=N¢g-e” et (13)
h=Ny. e " (14)

2.2.1. PN junction

Extrinsic semiconductors have added impurity atoms in the substrate (Si, Ge)
which change the conduction properties. These can either be donors (n-doping)
which lead to an excess of conduction electrons or acceptors (p-doping) which lead
to an excess of holes in the valence band. Doping changes the available number of
charge carrier types and therefore changes the conduction properties. Depending
on the doping, either the electrons in the conduction band or the holes in the
valence band become the majority or minority charge carriers.

In doped semiconductors, the added impurities create new states which shift the
Fermi-Energy closer to the energy of the conduction band for n-doping or closer
to the valence band for p-doping. If n- and p-doped semiconductors are brought
into direct contact, the electrons in the conduction band and holes in the valence

13



band drift to the other region. This happens due to the concentration gradients
resulting in a diffusion current Iy;s¢. This process leads to a region at the boundary
of the two materials called depletion zone which has no free charge carriers. The
atomic cores in the depletion zone remain ionized leading to a space charge in the
depletion zone. The space charge causes an intrinsic electric field which leads to
a drift current which is directed in the opposite direction of the diffusion current
(see ﬁg.. These currents are in equilibrium if no external potential is applied.
The resulting built-in voltage V;; for silicon in about 0.6 V. |6]

Acceptor and donor concentration
N W

a

Free charge carrier concentration
4 AF
N, '

h

d, d, X
Charge density

= d

Electric field
d, 1E d,

N

Electric potential

o
k=8

Figure 10: Model of a p-n junction. [4]

The size d of the resulting depletion zone can be approximated with eq[l15] with

14



Np being the doping concentration. It depends on the built-in voltage and can be
changed by applying an external potential V..

2 1
d~ | =CV,,— biasing: Vi = Vi — Viwr (15)
€ ND

Applying an external potential leads to a non equilibrium state of the system
and diffusion and drift currents are no longer equal. If the potential (V > 0) is
applied at the p side, the junction is forward biased and the drift current reduces
compared to the diffusion current leading to a thinner depletion zone. If the
junction is backward biased (V.,;<0 at p), the diffusion current increases leading
to a wider depletion zone compared to the equilibrium state. [6]

2.2.2. Utilization as particle detector

The principle of particle detection with semiconductors is that intersecting parti-
cles transfer energy to the semiconductor which creates electron hole pairs. These
free charge carriers can lead to a current which can be measured. In order to avoid
recombination processes of the produced pairs, additional free charge carriers in
the semiconductor have to be avoided. This makes the depletion zone the sensi-
tive detection volume of the semiconductor. Through reverse biasing, the detection
volume can be increased and the drift of the electron hole pairs is prompted by the
electric field. For full depleted detectors, the drift velocity vp can be described by
the Drude model (eq[16) which depends on the mobility x and the electric field
E. Spatially sensitive silicon detectors have a drift velocity around 50 ym/ns with
a thickness between 200 to 300 um resulting in a drift time distribution of 4 to 6
ns depending on the position of the ionization. The amount of produced electron
hole pairs e/h depends on the thickness of the detector d, the energy needed on
average to produce a pair w; and the particle’s average energy loss which follows a
Landau distribution (eq. At 300 K, the most probable value of produced pairs
is 23000 e/h in a 300 ym thick silicon detector for a minimum ionizing particle. 6]

vp = pu(E)E (16)

e/h = <C;_E> 4 (17)
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2.3. Radiation Damage in Silicon

Radiation damage and its impact on detectors is of interest for detectors in [HEP)
since they are permanently exposed to radiation in collider experiments. When
radiation passes through detectors, it interacts with the detector, changing its
material properties. As a result, the performance of detectors changes over their
usage time.

The main effect of radiation damage in silicon is a damage of the crystal lattice.
For charged particles, the damage occurs due to Coulomb scattering while neutrons
interact via the strong force. An interaction with a silicon atom can knock it out
of the lattice and create a vacancy. The removed atom can kick out further silicon
atoms and create a cluster of damages. The atoms end up in an interstitial state
in the lattice. These defects are impurities in the silicon bulk and can change its
physical properties by creating further states in the band gap. Figure shows
three different possible states with respect to the band gap. [4]

Conduction band # .
Donor (+) / \4
Donor (-) —— \ /

\ <

Valence band

Charged  Generation- Trapping
defect recombination centre
centre

Figure 11: Possible new generated states due to impurities resulting from radiation
damage in silicon. [4]

The non-ionizing energy loss (NIEL)| hypothesis states, that all lattice radiation
damage in silicon scales linearly with the non-ionizing energy loss. [NIEL] can be
calculated as shown in eq[I8 with N4 being the Avogadro number and A being
the atomic mass. D(FE) is the damage function which depends on the energy and
particle type. The [NIEL] hypothesis is a first order description of the observed
damage and is suitable to describe the leakage current generation due to [NIEL]
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damage. In order to normalize the damage caused by different particle types, it
is referred to the amount of damage a 1 MeV neutron would cause. This value is
called equivalent fluence and is given in neutron equivalent per square centimeter
(neqem ™). [6]

dFE N
%|NIEL(E) = TAD(E) (18)

2.3.1. Doping concentration

The effective doping concentration which can also be considered as the effective
space charge concentration in the silicon bulk changes due to radiation damage.
Radiation damage can either affect the doping atoms directly or create charged
defects as shown in fig[TT] Vacancies can interact with donor atoms and deactivate
them while interstitial acceptor atoms can interact with oxygen. The effects on the
doping concentration depend on the fluence and also type inversion from n-type
to p-type is possible (ﬁg. The dominant mechanism for this are acceptor-
like defects which trap free electrons from the conduction band and therefore act
as p-doping. From the change of the effective space charge concentration in the
depletion zone follows a dependency of the full depletion voltage of a sensor on the
fluence. [6]
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Figure 12: Full depletion voltage and effective charge carrier concentration as a
function of the equivalent fluence illustrating type inversion. [6]

2.3.2. Leakage Current

Defects resulting in a state in the middle of the band gap are centers for gener-
ation and recombination of electron hole pairs. If free carriers are neglected (no
recombination), the generation rate for a single defect is given by eq{l9| with the
emission probabilities e, and e,. The emission probabilities depend exponentially
on the energy difference between the intrinsic Fermi energy and the energy of the
defect state. |6]

ene
Gy = —2 19
T te (19)

The sum of the generated electron hole pairs multiplied by the volume V' covered
by an electrode and charge is defined as leakage current I, (eq.

IL=eV Y G (20)

defects
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2.3.3. Charge Trapping

Free charge carriers can be captured by trapping levels resulting from radiation
damage which leads to a loss of signal. If the thermal velocity vy, is large compared
to the drift velocity, the signal decreases exponentially with the average trapping
time Terf (eq.. In general, the impact of charge trapping on electrons is less
than on holes due to their higher mobility which results in shorter drift times [4].

Q(t) = Qoe 17 (21)

The average trapping time can be written as a sum over all traps as shown in
eqf22) with the trap concentration N, the occupation probability P of a trap and
the capture cross-section o.

1
. > Ni(l = Po)oyvw, (22)
€ k

The trap concentration resulting from irradiation can be described with introduc-
tion rate g, the equivalence fluence ®., and an exponential function f(t) considering
trap annealing (eq. This model neglects trap interaction with each other, which
would need a more general model including ®? terms.

Ny, = giPeq fu(t) (23)

For experiments, the quantities needed for the average trap time can be parame-
terized with the parameter $ which depends on the temperature and time (eq
resulting in a linear dependance of the average trapping time on the equivalence
fluence. |15]

1
Teff

= B(t,T)Peq (24)
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3. Silicon Detectors

Due to the higher density of solids compared to gases, charged particles can
deposit a higher charge in them compared to gas based detectors, resulting in
a higher signal. In order to collect the ionization signal efficiently, the material
must allow the deposited charge to be mobile and avoid charge trapping. Semi-
conductors, especially silicon, fulfill these requirements. Silicon detectors can be
realized in different design approaches.

Strip Detectors

Strip detectors consist of several strips with a width in the order of 100 um and a
length of several cm which limits the obtained information to one dimension. The
wedge bonding of the strips leads to a minimum pitch in the magnitude of about
50 um limiting the spatial resolution. In order to use strip detectors for position
measurements in two dimensions, two detectors have to be combined which are
rotated with respect to each other. For more than one hit at a time, this can lead
to so called ghost hits illustrated in fig[13] [4]
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(a) Scheme of a strip detector |16] (b) Position measurement [4]

Figure 13: a) Scheme of a strip detector and b) its utilization with two rotated
planes for position measurements in two dimensions.

Pixel Detectors

Pixel detectors are based on a matrix of pixels which allows better spatial resolution
and better performance for high track densities due to the smaller size of the
pixels compared to strips. Omne of the main challenges of pixel detectors is to
connect the silicon sensor with the readout electronics because of the high amount
of pixels. Hybrid pixel detectors consist of a separate silicon sensor connected to
readout chips via bump bonds (ﬁg. Bump bonding is an expensive process
and the bonds are at risk of failure due to thermal stress when operated in a
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cooled environment. [Monolithic active pixel sensors (MAPS)| follow the approach
of including the analog readout directly into the pixels of the sensor. [MAPS] are
usually based on the [CMOS| technology described in the next chapter. [4]

bump bonds » )
A silicon pixel sensor
L¥vy
O000000000. 0000000000
| Readout chip | | Readout chip

Figure 14: Scheme of the hybrid pixel detector approach separating the readout
chip from the silicon sensor. [4]

3.1. Complementary Metal-Oxide-Semiconductors

[CMOS|stands for complementary metal-oxide-semiconductors and is the dominant
fabrication process for fabricating integrated circuits. It uses p- and n-channel field
effect transistors (PMOS/NMOS). Silicon is mostly used as basis material. One
of the advantages of the [CMOS]| process is that the transistors can be scaled down
in size with improving fabrication technologies. [17]

A scheme of a NMOS transistor is depicted in fig[T5] It consists of two n-doped
regions called source and drain (highest potential) in a p-doped substrate. An
electrode is located above the connection between the two terminals. If a positive
potential is applied to the gate, positive charge carriers in the p substrate are
repelled and a channel between source and drain for electrons forms which allows
a current to flow between the terminals. The working principle for a PMOS tran-
sistor is the same with complementary doping of the substrate and terminals. [17]
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Figure 15: Cross-section of a NMOS transistor. Metal connection to gate not de-

picted.

A [CMOS] structure consists of one or more PMOS and NMOS transistors (fig[16)).
In order to ensure the correct doping of the substrate for the PMOS transistor,
it is placed in a n-doped structure called n-well which leads to a fourth terminal
called bulk. This well can cover a single or several PMOS transistors. It is also
possible to implement p-wells and n-wells separated by insulating layers with twin-
well technologies. Compared to fig[l6] the p-type substrate can be replaced with
an epitaxial layer and the NMOS transistor can be embedded in a p-type well for
these technologies. |17]

-—L
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w

Poly-Si gate Poly-Si gate
Gate oxide y Gate oxide

L p*-diffusion p-channel region p*-diffusion J L n*-diffusion n-channel region n*diffusion

n-type well

p-type substrate

Figure 16: Scheme of a CMOS device structure consisting of a PMOS and NMOS

transistor.

3.2. (Depleted) Monolithic Active Pixel Sensors

are sensors which are based on [CMOS| technology. The electronic circuitry
as well as the sensor are integrated in a single pixel which does not need bump
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bonding in comparison to hybrid pixel detectors. Furthermore, [MAPS|have a lower
material budget due to their thinner layout. The material budget is the thickness
x of a detector divided by its radiation length (Xio) Detectors with a high material
budget absorb more energy and therefore can collect more signal from traversing
particles, but they have more impact on the further trajectory compared to de-
tectors with low material budget due to scattering effects and energy absorption.
Their working principle is depicted in fig[I7 An intersecting particle produces free
electrons in the sensor which can be collected by a collection electrode (n well).
Other competing n wells from PMOS transistors have to be shielded by deep p
wells. The electrons in [MAPS| are mainly collected by unidirectional diffusion
which only allows to collect a fraction of the produced free electrons which have a
diffusion time in the order of 100 ns. [6]

NMOS
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p well n well p well n well
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p epitaxial layer /
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(low ohmic)
\ Kolanoski, Wermes 2015

Figure 17: Scheme of the working principle of a MAPS [6]

For the application in high energy physics, a faster and complete collection of
the deposited charge is beneficial in order to cope with higher rates and radiation
damage. This can be achieved by collecting the charge via drift in an electric field
rather than by diffusion. The depth of the depletion zone depends on the resistivity
and applied external potential (d « +/pV). By applying an external potential,
the depletion zone of the collection electrode can be increased leading to a drift
governed charge collection. These detector type is called monolithic active pixell
isensor (DMAPS), [DMAPS| can be divided into two different design approaches:
large and small collection electrode design.
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Large collection electrode

The large collection electrode design is realized with a deep N well containing the
circuits (ﬁ The depletion zone can either be created from the top
surface only or if backside processing is applied to the sensor also from the deep
n well to the backside. Due to the short average drift times from the deposited
charge to the collection electrode, this design is considered as radiation tolerant.
A disadvantage of this design is the large amplifier input capacity (about 100 {F)
due to the large geometric size which increases the noise and decreases the timing
performance. |]§]]

charge

signal CMOS
electronics

o7 p substrate

Figure 18: Scheme of large collection electrode DMAPS. [@]

Small collection electrode

In the small collection electrode design, a small n well is placed apart from the
CMOS] electronics as collection electrode (fig[l9)). This leads to a small collection
node capacitance (5-20 fF) which favors the noise and timing performance. The
longer drift times of the deposited charge due to the geometric layout is considered
to have a negative impact on the radiation hardness. |]§]|
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Figure 19: Scheme of the working principle of a small collection electrode DMAPS.
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A modified version of the small collection electrode design is shown in fig20]
An epitaxial layer is added together with a n-doped layer for strengthening the
electric field laterally. This creates a potential minimum underneath the collection
electrode, which is beneficial for the electron collection. @
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Figure 20: Modified design approach for small collection electrode DMAPS. [@I
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3.2.1. RD50-MPW4

The RD50-MPW4 is a DMAPS with a large electrode design from the CERN-
RD50 [CMOS| group. It is the fourth prototype following the HV-CMOS approach
for radiation hardness fabricated with a 150 nm process from LFoundry. Two of in
total four produced wafers were produced with backside processing. The RD50-
MPW4 has a size of 5.63mm x 6.30mm and contains a pixel matrix of 64 x 64
pixel. Each pixel has a size of 62um x 62um. The readout of the pixel matrix by
the digital periphery is realized with 32 FEI3 style double columns . A block

diagram is given in fig21]
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Figure 21: Block diagram of the RD50-MPW4.

TXFIFO ANALOG BIAS

The chip has a global 8-bit time stamp based on a 40 MHz clock. A block diagram
for the in-pixel electronics is given in fig22] The in-pixel electronics consists of a
bias circuit for the sensing diode, a pre-amplifier, a filter and a discriminator which
defines a threshold. For the discriminator output, the [time stamp leading edge]
and the time stamp trailing edge (T'S-TE)|are stored in two 8-bit RAMs.
Topside biasing is possible for all chips while backside biasing is only possible for
the chips from the two wafers with backside processing. A bias block allows setting
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in total ten different bias voltages. They are depicted from the documentation in
fig[I] together with their default settings. When setting the registers, they have to
be converted into binary and inverted bit by bit. [19]

VSENSBIAS

Figure 22: Block diagram of the in-pixel electronics of the RD50-MPW4. [19]

Name Nominal Current Voltage Description
CH1 VPCOMP 44 10.1 pA 1.23V for comparator
CH2 VPTRIM 27 153 nA 1.24V for trim-DAC
CH3 VNSENSBIAS 13 2 nA 131V for DNWELL bias circuit
CH4 VBLR 25 6.6 nA 1.2V for high-pass filter
CH5 VNSF 18 1.03 pA 418.9 mV for source follower
CH6 VNFB 45 400 nA 584.4 mV for reset circuit
CH7 VPFB 25 6.6 nA 1.28 V not used in this chip
CHS8 VPBIAS, VNCASC 26 2.98 A, 995 nA | 1.02 V, 927 mV | for pre-amplifier
CH9 VN 42 6.02 pA 616 mV for pre-amplifier
V_REF VN CS BB / 35 pA 540 mV reference voltage

Table 1: Bias voltages and default settings of the RD50-MPW4. [19]

3.2.2. TJ-Monopix2

The TJ-Monopix2 is a[ DMAPS| designed in 2020 in the small collection electrode
approach with an epitaxial layer. It is the second iteration of this chip, which was
originally designed to meet the requirements of the ATLAS Inner Tracking Detec-
tor. The TJ-Monopix2 is fabricated in the modified TowerJazz 180 nm process. It
operates on a 160 MHz clock and has a [time over threshold (ToT')| resolution of 7
bits. The timestamping is done with a frequency of 40 MHz and the calculation
of the [ToT] is done in a similar fashion as for the RD50-MPW4 using a [TS-LE]
and a [TS-TE|] The matrix of the chip consists of 512 x 512 pixels with a size of
33.04um x 33.04um. The total size of the chip is 2cm x 2cm. The chip features
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two different front ends with in total four different pixel types with different elec-
tronic detection circuits called flavors (see fig23). The four flavors are divided into
two AC-coupled and two DC-coupled sections. An AC coupling to the front-end
pre-amplifier input allows applying a positive high voltage bias at the collection
electrode without saturating the frontend amplifier. |16}20]
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Figure 23: Design of the different front-ends of the TJ-Monopix2. [16]

The DC-coupled front end supports a bias voltage up to &~ 10V while the AC-
coupled front end, also called high voltage front end, supports front side high
voltage biasing up to =~ 50V. Both front ends feature two flavors which differ in
the pre-amplifier design. The cascode flavors feature an extra cascode transistor
which increases the pre-amplifier gain. The circuit of the analog amplifier is shown
in fig24] The achievable full depletion depth of the TJ-Monopix2 is limited by
the thickness of the epitaxial layer, which is given as 30 um by the foundry. Full
depletion of unirradiated chips could be verified for the DC-coupled front end
with a bias voltage of 6 V and for the AC-coupled front end for a bias voltage of
35V. |16}20]
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Figure 24: Schematic of the in-pixel analog amplifier circuit of the TJ-Monopix2
powered by Vyy (=VDDA). [20]

The TJ-Monopix2 is supplied via four different inputs listed in tab2l The first
amplifier stage shown in fig[24] which is powered by VDDA, is biased with the
current IBIAS for noise reduction of the initial signal amplification. The 7-bit
time stamp is distributed across the matrix with the bunch crossing ID (BCID)|
using Gray Code [21]. The is powered by drivers from VDDP. The VPC
sets the pre-charge current I VPC, which sets the default charge for reading the
pixel address.

Input Supply

VDDA analog part of the matrix
VDDD digital part of the matrix
VDD DAC | analog-periphery

VDDP digital-periphery

Table 2: Power supply channels of the TJ-Monopix2.
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3.3. Characterization of Detectors
3.3.1. Test beam

A particle detector can be tested and characterized in a so called test beam facility.
These facilities provide a particle accelerator and a beam line where a particle
beam can be extracted. In order to test a prototype chip, it is mounted as a
ldevice under test (DUT)|in a beam telescope consisting of several layers of other
detectors. The particle beam then gets directed through the telescope with the
[DUT]| mounted. The telescope is divided in an upstream part and a downstream
part as illustrated in fig[25] Using the data from the telescope, single particle tracks
can be reconstructed in an analysis framework (section and the intersection
of their trajectory can be compared with the actual data from the [DUT] The
obtainable observables are described in the next section.

4¢ nee
110011

Figure 25: Scheme of a beam telescope consisting of 6 planes and a DUT.

3.3.2. Observables
3.3.2.1. Time over Threshold

The [ToT] describes the time, in which the comparator output of a single pixel
exceeds a given threshold. It is calculated by the difference between [TS-TE] and

[TS-LE] A plot illustrating this is given in fig[26]
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Figure 26: Scheme of the calculation of the as the difference between the time
stamps.

3.3.2.2. Correlations

Under ideal conditions (no scattering), the beam intersects all detectors orthog-
onally on a straight line. Because of that, the hits on the detector planes are
correlated to each other. The correlation is obtained by calculating the difference
of the hit position in one dimension of two detector planes. When defining a detec-
tor as reference plane, it is possible to determine a relative offset in the alignment.
Due to interactions of the particles which cause scattering, several hits are needed
for statistics. The obtained distribution of the relative difference in one dimension
shows a pronounced peak as depicted in fig[27] which should be centered around
zero for correct alignment.
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Figure 27: Correlation between two detector planes for correct alignment in x di-
rection.

3.3.2.3. Cluster Size

A cluster defines a group of neighbored pixels which are active close in time.
The reason for this is charge sharing between neighbored pixels. When a particle
intersects a detector, it deposits charge in its volume. When the intersection is
close to a boundary of two or more pixels as depicted in fig[2§] it is possible that
parts of the deposited charge are collected by several charge collection electrodes
leading to more than one active pixel per particle intersection.

X

Active pixel X Particle hit

( D Deposited charge
-

Figure 28: Illustration of the occurrence of clusters due to charge sharing.
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3.3.2.4. Spatial Residuals

For calculating the spatial residuals, a prior track reconstruction with a beam
telescope is mandatory. The spatial residuals x,.s are defined by the difference
between the reconstructed track intersection at the position of the [DUT| x40 and
the actual associated hit position from the [DUT| data xp; for one dimension as
shown in eq[25] and illustrated in fig[29]

Lres = Ltrack — Lhit (25)
measured hit by reconstructed DUT
a X DUT \ intersection
S LA I RS e
................. NPT S S reconstructed
AAAA track
0 1 2 DUT 3 4 5

Figure 29: Illustration for the calculation of spatial residuals in one dimension for
a single track.

3.3.2.5. Spatial Resolution

The spatial resolution z is calculated as the geometric mean of the standard devia-
tion o of the distribution of the residuals of the biased and unbiased residuals [23].
If the data from the [DUT]is included in the tracking procedure, the resulting
residuals are called biased since the algorithm is forced to include the measured
hit position on the [DUT] resulting in smaller residuals. For unbiased residuals,
only the telescope data is used for the track reconstruction.

T = v/ ObiasedOunbiased (26)

For measurements of the spatial resolution of pixel detectors with binary readout,
the variance only depends on the pixel pitch p under the assumptions that the
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particle tracks are uniformly distributed, each track only fires a single channel and
that the channel is only sensitive to a region £ around its center (eq.. With
analog readout, the achievable spatial resolution can be improved by reconstructing
the center of charge with the charge information from several channels. This
procedure is called charge weighting. In order to improve charge sharing, a slight
rotation of the detector with respect to the intersecting particles is possible. |24]

P
5 2

1
o’ = —/ 22de = 2 (27)

3.3.2.6. Efficiency

The efficiency is the number of detected hits by the [DUT] associated to a recon-
structed track ng,; divided by the number of intersecting tracks ns.qc as shown in

eq 28

Ndut

(28)

Nirack

3.3.2.7. Timing

The timing resolution o; of a detector is given by the standard deviation of the
distribution of the time residuals ¢,.; which is the difference between the recon-
structed track intersection ty.q0 with the DUT| data ¢pyr.

tres = ttrack - tDUT (29)

3.4. Analysis Framework

A well established analysis framework for the analysis of test beam data is
Corryvreckan [25]. Its task is to interpret data, reconstruct tracks and thereby
produce the above mentioned observables. Corryvreckan needs a geometry file
which defines the geometry and the used detector types and a config file which
defines the different modules and their parameters as input. Examples which have
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been used in this thesis can be found in the appendix [A.2]

3.4.1. Event Building

Corryvreckan consists of a collection of modules and an event loop which processes
data from all detectors given in the geometry file sequentially for each event defined
on the clipboard. An event is a Corryvreckan object which stores meta-information
about the data currently processed. Event loader modules read external data
sources and convert them to Corryvreckan objects placed on the clipboard. The
first event loader defines events with time windows. Additionally, a trigger ID can
be used. Following event loaders can only access the defined events and compare
their time or trigger ID of currently processed data with them. If triggered devices
without time stamps are used in combination with un-triggered devices, a
llogic unit (TLU)| is required. A is an external device which relates time
stamps and trigger IDs. If the event definition is done by the [TLU] a matching
time window can be adjusted with the parameter adjust event times from the
module EventLoaderEUDAQ2. |25]

3.4.2. Modules

Below, an overview of different module types with available examples which are
needed for the analysis is given. They have to be executed after the event building.

3.4.2.1. Clustering

In this step, pixels which are active close in space and time and therefore likely
result from a single particle are grouped into clusters. Clustering is needed before
track reconstruction. Available modules for Corryvreckan are ClusteringSpatial
and Clustering4D.

3.4.2.2. Tracking

This module reconstructs tracks by fitting clusters on different detectors which are
likely to result from a single particle to common tracks. The reconstruction can
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either follow a straight line fit which is suitable for high energies where scattering
can be neglected or a [general broken line (GBL)| fit. The fit assumes a
straight line between two adjacent planes and allows for an angle dependent on
the energy and material budget at each layer which acts as a free parameter for the
fitting algorithm (see ﬁg. For lower energies, this fit should be used. Further
parameters of the tracking module are the number of minimal hits on track which
defines how many layers must have a cluster assigned to a reconstructed track
in order to use it and the momentum which defines the beam energy. For the
tracking procedure, the DUT should in general be excluded to avoid introducing a
statistical bias on the observables depending on the tracks. Tracking can be done
with the module Tracking4D.

Associated cluster
GBL fit
straight line fit

0 1 2 DUT 3 4 5

\/

Figure 30: Scheme of straight line fit and GBL fit for single particle tracking.

3.4.2.3. DUTAssociation

This module is applied after tracking. It assigns clusters on the [DUT] to recon-
structed track intersections. The parameter spatial cut relative defines the max-
imum distance between a cluster and the position of the track intersect in order
to count as a hit in multiples of the resolution specified relative to the intrinsic
resolution of the DUT.

3.4.2.4. Analysis

Further important modules are AnalysisEfficiency, AnalysisDUT and Analysis-
Timing which are needed to evaluate different observables. A list of all available
modules together with a description can be found in [25]. Another feature which
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can be used for the analysis is masking. If one or more pixels are masked, they
are ignored in the analysis. So if a track intersects in the region of a masked pixel
of the [DUT] it will not reduce its efficiency. Masking can be used to exclude noisy
pixels or disabled areas of a chip from the analysis.

3.4.3. Alignment

Before observables can be extracted from test beam data, an alignment of the
detector planes has to be done which consists of several steps. The initial position
of each detector has to be measured manually and entered to Corryvreckan in the
geometry file. By defining only the positions along the beam axis with an accuracy
in the order of mm, a pre-alignment must be done using the correlations of the
detectors. Since this method is not accurate enough and does not take rotations
of the detectors into account, a fine alignment has to be performed afterwards by
fitting the detector positions to the track intersection points. An algorithm, de-
pending on the chosen alignment module, finds the optimum of the displacement
of the detectors with respect to a chosen reference plane and modifies the geom-
etry file. It is recommended to first align the telescope and then align the DUT]
separately with an already aligned telescope geometry. [25]
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4. Performance studies RD50-MPW4

This thesis contains the results of three different test beams conducted at the
[Deutsches Elektronen-Synchrotron (DESY)| (see sec/4.1.1)) and MedAustron (see
seci4.1.2) with the RD50-MPW4. At four unirradiated samples with and
without backside processing were measured from 22.04.2024 to 29.04.2024. The
aim of the first test beam with this chip was to characterize its performance and
study differences due to backside processing. At the second test beam at [DESY]
from 30.09.2024 to 7.10.2024, four irradiated samples in combination with an unir-
radiated for reference were measured in order to see the impact of different flu-
ences on the performance of the chip. The test beam at MedAustron took place
on 28.08.2024 to verify the functionality of the setup before the second [DESY] test
beam.

All measured samples are summarized in tab3] The naming corresponds to the
wafer they are taken from, followed either by their fluence or a capital letter for
the institute they belong to.

Chip Backside Processing | Fluence [ne,cm™? Institute

W3-N yes 0 NIKHEF

W3-V yes 0 HEPHY

WS-V no 0 HEPHY

WS8-L no 0 University of Liverpool
W3-1E14 yes 1E14 HEPHY
W3-3E14 yes 3E14 University of Liverpool
WS8-1E15 no 1E15 HEPHY
W3-1E16 yes 1E16 HEPHY

Table 3: Overview of all measured samples.

4.1. Experimental Setup

The experimental setup consists in general of a beam line, a telescope and the[DUT]
with a corresponding |data acquisition systems (DAQ)| as shown in the scheme
depicted in figl25] For the RD50-MPW4, the Cribou DAQ [26] was used. The
communication and data storage between the different components during data
taking was done by the data acquisition software framework EUDAQ2 [27]. To
synchronize the individual systems, an AIDA-2020 TLU [28] was used for

all test beams. The data used in this thesis were collected at test beams at the
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medical facility MedAustron and the test beam facility at [DESY]

4.1.1. DESY

The [DESY] test beam facility is located at its campus at Hamburg-Bahrenfeld. It
provides three independent beam lines. The particles are extracted from the DESY]
IT synchotron. The beam lines feature electrons and positrons with momenta
between 1 and 6 GeV/c [29]. For the test beams in this thesis, electron beams with
a momentum of about 4.2 GeV/c and a particle rate of about 10kHz were used.
As telescope, 6 ADENIUM planes [22] provided from the test beam facility were
used. The telescope provides a pointing resolution better than 3um. To achieve
appropriate timing resolution, an additional layer containing a TelePix [30] was
added to the telescope planes. It provides track time stamping with a precision
of about 5ns and allows to define a region of interest for the telescope readout.
The region of interest is beneficial for the data taking and analysis. Due to the
bigger size of the telescope detectors compared to the[DUT] many recorded tracks
do not intersect its position. By triggering on a region of interest, these tracks are
ignored in the data taking process.

4.1.2. MedAustron

MedAustron is a particle therapy center located in Wiener Neustadt in Austria
containing a synchrotron. It features a beam line for clinical and non clinical
research with proton and helium beams with energies up to 800 MeV and rates up
to 10 x 10% Hz [31].

The beam telescope at MedAustron consists of four with a thickness of
300 um, an active area of 25 x 50mm? and two plastic scintillators [32].

4.2. Efficiency and Performance Measurements without
radiation damage

4.2.1. Trade off between Efficiency and Resolution

In the analysis, the efficiency and the spatial resolution can change depending
on the used parameters. The parameter spatial cut rel in the DUT association
module defines the maximum distance between a reconstructed track intersection
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and a cluster on the DUT]in multiples of the resolution of the detector given in the
geometry file. If the cut is chosen too narrow, the spatial resolution improves at
cost of the efficiency due to rejected tracks. This trade off is illustrated in fig[31]
The spatial resolution z is normalized to the lowest value x,,;, (best resolution)
which defines 100 % as shown in eq[30] A saturation of the efficiency as well as
for the spatial resolution is found at a value of five. This value was used for the
analysis in this thesis.

Tnorm = 100 (2 — 2

) (30)

Tmin

Efficiency and Spatial Residuals vs. Applied Cuts
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Figure 31: Trade off between the spatial resolution normalized to the minimum
value and efficiency depending on the applied relative cut for a given
detector resolution of 17.898 um in the geometry file.

4.2.2. Standard Settings

From prior test beams and lab measurements, the full depletion of the detector was
expected to be at a bias voltage of around 190V [33]|. Because of that, measure-
ments with a duration in the order of one hour, referred to as statistic runs, were
taken for all chips at a threshold of 40mV. The mean values for [ToT] and cluster
size as well as efficiency are shown in tabJ]l The deviation of the mean values
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refers to the standard error of each data set. In fig32] an example distribution
for the and cluster size is shown. W8-V is given with a lower threshold of
20mV since no suitable run was taken for this sample with a bias voltage of 190 V.
The chips show some sample variation but no obvious difference of the backside
processed chips is visible. All detectors work with an almost perfect efficiency.

Chip | Threshold [mV]| | ToT [LSB] | Cluster Size | Efficiency [%]
WS8-V 20 6.870 £ 0.006 | 1.322 £+ 0.001 99.99
WS-L 40 8.076 £ 0.005 | 1.349 £+ 0.001 99.89
W3-V 40 8.529 £ 0.005 | 1.368 £ 0.001 99.99
W3-N 40 7.969 £+ 0.005 | 1.321 £ 0.001 99.99

Table 4: Results of mean values for ToT and cluster size for standard settings
(190V bias voltage) of unirradiated chips at room temperature.
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Figure 32: Distributions for a) ToT and b) cluster size for W3-V.

4.2.3. Impact of Bias Voltage and Threshold

In order to evaluate the impact of bias voltage and threshold on the chip perfor-
mance, bias and threshold were scanned. All data in this section were taken at
the first test beam in April 2024. Due to restricted measurement time and
different behavior of the chips, not all samples could be measured in the same
ranges and granularity. The minimum and maximum values for the measured bias
voltage and threshold are given in tab[p| together with the applied threshold for
the bias voltage scans. The threshold scans were all done with a bias voltage of
190 V. In the analysis, masking was applied for all chips because of disabled pixels
due to noisy behavior.

41



Chip | Range Bias Voltage [V]| | Fixed Threshold [mV] | Range Threshold [mV]|
WS-V 25-190 20 20-395
WS8-L 35-500 30 20-395
W3-V 2-450 40 35-395
W3-N 2-500 40 20-380

Table 5: Minimum and maximum values for the measured bias voltage and thresh-

4.2.3.1. ToT

old for unirradiated samples.

The [ToT]increases considerably for all samples until a bias voltage of about 190 V
is reached as fig[33| shows. This behavior suggests that the full depletion voltage of
the samples is around 190 V since higher bias voltage does not lead to an increase
of the sensitive detection volume in the sensors from this voltage on. After the
190V bias voltage, the samples show only a minor increase of the with further
increasing bias voltage. W8-V has the lowest maximum value with about 6.9 LSB
at 190 V. The maximum measured [ToT| value was reached by W3-V with a [ToT|
of 8.7 LSB at a bias voltage of 450 V.

W8-V: thr = 20my

W3-V: thr = 40mv

o W3-N: thr = 40mV .
Wa-L: thr = 30mv by

~
L

ToT (LSB)

T
100

200 300
Bias Voltage (V)

T
400 500

Figure 33: Time over threshold versus bias voltage for four unirradiated samples.
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4.2.3.2. Cluster Size

The cluster size for perpendicular tracks in fig[34 shows a maximum of about 1.38
pixels per cluster around 190V. This is a further indicator that the unirradiated
samples are fully depleted at this bias voltage. Further increase of the bias voltage
results in a smaller cluster size due to the suppression of the diffusion current from
the higher electric field in the sensor.

W8-V: thr = 20mV
1407 g  W3-v:thr = 40mV
® W3-N: thr = 40mV

W8-L: thr = 30mV - ° .

Cluster size

[ 2
(]
1.05 P
6 160 260 360 460 500
Bias Voltage (V)

Figure 34: Cluster size versus bias voltage for four unirradiated samples.

4.2.3.3. Efficiency as a function of Threshold

The maximal applicable threshold of a sensor before loosing signal due to not de-
tected hits is of interest especially for samples with radiation damage, because they
suffer from higher dark current and noise compared to samples without radiation
damage. In order to find a threshold range at which the RD50-MPW4 can be
operated without signal loss, a scan of this parameter was done with the four sam-
ples without radiation damage. The efficiency over the applied threshold is shown
in fig[35 together with a charge calibration. The charge calibration was done in
laboratory measurements using injections and the in-pixel injection capacitance
as described in [33]. W8-V is the first sample which has an efficiency lower than
99 % at a threshold of 185 mV. The next ones are W8-L and W3-N at 260 mV and
W3-V at 290mV. Due to the lack of statistic and the high sample variation, no
evident difference between the backside processed and the normal samples can be
stated.
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Figure 35: Efficiency versus threshold for four unirradiated samples.

4.2.4. Spatial Resolution

The spatial resolution was calculated as the geometric mean (eq|26)) of the standard
deviation of the truncated root mean square (rms)| of the biased and unbiased
spatial residuals. The relation for the standard deviation of the of a data set
with N samples is given in eq[3I] Truncated refers to the drop of a fixed
percentile of the data for the calculation of the as illustrated in figf36] For a
truncated to the innermost 99 % of the distribution, which was used in this
thesis, the 0.5% of all entries to the left of the red line (lower values) and the
0.5% of all entries to the right of the green line (higher values) of each residual
distribution were cut. This procedure minimizes the impact of outliers and ensures
a reproducible data evaluation.The binary resolution of the RD50-MPW4 with a
pixel pitch of 62um evaluates with eq@ to approximately 17.90 um.
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Figure 36: Evaluation of truncated root mean square for spatial residuals.

The evaluation of the spatial resolution in X and Y direction is shown in tablg] for
all four samples operated with standard settings (see sec.. W8-V performs
the best with a resolution of 15.98um in X direction which is below the binary
resolution due to charge weighting. The resolution in Y direction performs slightly
worse for all samples. A possible reason for this behavior is the slightly higher
cluster width in X direction which is beneficial for charge weighting.

Chip | 0, [um] | Cluster Width X | o, [um] | Cluster Width Y
WS8-V | 15.98 1.169 £ 0.0008 16.05 1.167 £ 0.0008
WS8-L | 18.26 1.181 + 0.0008 18.89 1.179 £ 0.0008
W3-V | 16.27 1.191 + 0.0009 16.32 1.188 £ 0.0009
W3-N | 16.28 1.167 £ 0.0007 16.32 1.166 + 0.0007

Table 6: Results of the spatial resolution with truncated (99 %) for unirradi-
ated chips operated with standard settings.

4.2.5. Timing

The 8-bit timestamp of the RD50-MPW4 covers 256 values which corresponds
with a 40 MHz clock to a time of 6400ns. If an overflow occurs a signal is sent
to the [DAQ] system which counts the number of overflows. The readout of a
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stored hit signal in the matrix can take a few clock cycles, which can cause a
mismatch with the overflow counter which is assigned to the hit after the readout.
A mismatch of one leads to a time difference of —6400ns. For the distribution of
the time residuals, this leads to a main peak centered around zero and an overflow
peak with a distance of 6400ns (see ﬁg. At the test beam in April 2024,
the register CONF_REG TS CTRL of the chip was configured wrongly (0x00
instead of 0x04) and thus the external signal to reset the timestamp counter was
disabled. This external signal is toggled by the [DAQ] at every start of a new run,
to ensure that the timestamp counter starts counting from 0. As a result of the
wrong setting, the reset did not happen and the main peak was shifted randomly
in the region of —6400ns to Ons. In order to extract timing information from this
distribution, a manual time shift moving the main peak to zero ns and a time cut
of 800ns were applied in the analysis. The time cut removes the overflow peak
from the data which allows calculating the standard deviation of the main peak
at the cost of an efficiency drop of about 20 %.
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(b) Time residuals after correction of the offset and applied time cut.

Figure 37: Time residuals of the RD50-MPW4 of the sample W8-V.

The timing resolution is evaluated as described above from the main peak by
means of a truncated to the innermost 99 % of the distribution. The results
for unirradiated samples are shown for the threshold scans in fig38] At a threshold
of 40mV, the time resolution is about 9 ns and increases with increasing threshold
linearly up to 10ns at 320mV. Above this value, no reasonable timing information
can be measured since the electronics is not designed for such high voltages for the
threshold.
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Figure 38: Residual times versus threshold for unirradiated samples.

4.2.6. Impact of DAC Settings

The |digital-to-analog converter (DAC)| settings defined in the bias block (see
tabE influence the performance of the chip. Lab measurements showed that the
reset current (VNFB) influences the threshold and the [ToT} The data used in
this section was collected at a test beam at MedAustron in August 2024. The
measurements were done with the sample W8-V with the chip being operated at a
threshold of 250 mV and a bias voltage of 190 V. The values of the DAC] settings
refer to the programmed, bitwise inverted values. Because of that, the default
value of 45 of the VNFB corresponds to a value of 18. The reset current is applied
in the preamplifier electronics. The gathered charge of the collection electrode
from deposited charge of a traversing charged particle is further processed with
the preamplifier which works as integrator amplifier circuit. The reset current
is used for the reset of the integrator circuit. The higher the [DAC] setting of
the VNFB is set, the longer it takes the reset current to reset the integrator circuit.

In fig39 an increase of the mean values of the cluster size and the [ToT| can be
observed with increasing VNFB. With a VNFB of 60, the cluster size increases
from 1.09 (nominal setting) to 1.21 and the[ToT]increases from 6.55 LSB (nominal
setting) to 59.73 LSB. In ﬁg., the corresponding distributions are shown
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for selected VNFB values.
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Figure 40: ToT distributions for selected VNFB settings.

pixel raw values

Due to the high threshold of 250 mV, the chip did not show an efficiency of 99.99
% as in the previous test beam. By increasing the VNFB, the effective threshold
slightly reduces, resulting in higher efficiency as shown in fig[dl] In the measure-
ments, the efficiency could be increased from 97.2 % (nominal setting) to 98.5 %.
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Figure 41: Efficiency versus VNFB for W8-V.

With increasing VNFB, the amount of mismatched entries with the overflow
counter increases. At a VNFB of 60, all entries have a mismatch of one be-
cause the recharge current takes too long to reset the capacitor at the preamplifier
circuit. This is indicated by an offset of —6400 ns of the time residuals. A direct
comparison for the time residuals with a VNFB of 50 and 60 is given in fig/42]
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Figure 42: Comparison of time residuals of a measurement with a VNFB of 50
(blue) and 60 (red) of W8-V.

4.3. Characterization of irradiated samples

Four differently irradiated samples were measured to test the radiation hardness
of the RD50-MPW4. The samples were irradiated with neutrons at the TRIGA
Mark III reactor in Ljubljana. The data used in this chapter was collected during
a test beam at [DESY] in October 2024. The irradiated samples with backside
processing (W3-1E14 and W3-3E14) were measured with backside and topside
biasing choosable via a jumper on the [printed circuit board (PCB)| The measure-
ments from W8-1E15 suffer from a lack of statistics because it broke down during
the test beam due to being operated at a too high bias voltage of 580 V. The
sample which was irradiated with a fluence of 1 x 10 n,em™2 could still respond
to I?C messages but was not capable of collecting data to be analyzed. However,
correlations could still be extracted from the data.
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4.3.1. Cooling Setup

Due to the increased leakage current of irradiated sensors, a cooling setup was
needed (see figlt3). The was mounted inside a 3D printed box. The [PCH]|
of sample in the box was cooled via a copper block connected to a Peltier cooler.
For good thermal conduction, a thermal conductive pad was placed between the
copper and the [DUT] The temperature was measured at the cold and hot side of
the Peltier element, the copper block and the [PCB]|of the DUT| The setup allowed
to cool down the copper to approximately -15 °C.

Figure 43: Cooling setup for the RD50-MPW4 a) mounted in the beam telescope
b) without [DUT

4.3.2. Observed Impact of Radiation Damage

For the samples W3-3E14 and W8-1E15, malfunctions most likely resulting from
the irradiation process could be observed (see ﬁg. Since the samples were not
tested in a test beam setup before the irradiation process, it cannot be assured
that some defects result from the production. For W3-3E14, the double column
44/45 showed a less efficient behavior than the rest of the matrix and for W3-
1E15 the double column 32/33 was not working at all. Furthermore, the overflow
counter was not usable for this sample. For the sample W3-1E14, no damage was
observed. In the analysis, only the broken down double column of W3-1E15 was
masked.
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Figure 44: Efficiency maps for a) W3-3E14 and b)W8-1E15.

4.3.3. Bias Voltage Scans

The impact of the bias voltage on the performance of irradiated RD50-MPW4
samples was studied by applying increasing values in 10V steps. The threshold
settings and ranges of the bias voltage scans are given in tab[7] The chips were
operated with the lowest possible threshold before running into noise problems. For
WS8-V, no higher bias voltage than 280V was applicable. This sample was mainly
used to verify the correct working of the setup. As reference for unirradiated
samples, the results from W3-V from sec[d.2] will be used since it was produced
from the same wafer as most of the irradiated chips.

WS8-V | W3-1E14 | W3-1E14 | W3-3E14 | W3-3E14 | W8-1E15
Biasing topside | backside topside backside topside topside
Thr [mV] 100 200 200 50 50 70
Range [V] | 10-280 20-500 10-500 10-500 10-500 190-560

Table 7: Threshold settings and scan ranges for bias voltage scans with irradiated
samples.

4.3.3.1. Efficiency

Up to a fluence of 3 x 10! n,,em™2, all samples could be operated at an efficiency

of 99% as shown in figld5] For the sample W8-1E15, an efficiency of 98% at a
bias voltage of 560V could be measured before it broke down. Better efficiency is
likely to be achievable for this fluence with further tuning of the DAC]settings. At
a fluence of 10 neqem ™2, the RD50-MPW4 could still be operated but no useful
data could be gathered.

93



100.0

97.5

95.0

92.5

90.0

87.5

Efficiency [%]

85.0

82.5

80.0

"...ooooo'

eeso000000l8l3
e ®
00 °
s 0

y

$ VW3-1E14 backside
V W3-1E14 topside

$ L W3-3E14 backside

L W3-3E14 topside

$ V WB8-1E15 topside

-

200 400 500

300
Bias Voltage [V]

Figure 45: Efficiencies of the bias voltage scans with the irradiated samples.

4.3.3.2. ToT

For the irradiated samples, the maximum decreases ( 16 LSB for 1E14/ 8
LSB for 3E14) with higher fluences as depicted in ﬁg. However, the unirradiated
reference sample only reaches a maximum [ToT]of 7.07 LSB. The reason for this is
unclear. The sample W3-1E15 performs equally with backside and topside biasing.
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Figure 46: ToT values of the bias voltage scans of irradiated samples.
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4.3.3.3. Cluster Size

The cluster size of W3-1E14 saturates at about 300 V bias voltage which indicates
the full depletion of the sensor. Topside or backside biasing does not show an
effect on this behavior. For W3-3E14, a complete saturation cannot be observed
in the measured range, but it can be assumed to be around 500 V. For a fluence of
10" neqem ™2, no saturation of the cluster size was observed under 560 V as shown

in fig[d7

¢ W3-1E14 backside
1.25 | W3-1E14 topside egoe?
4 W3-3E14 backside PR A
4 W3-3E14 topside .22 "
¢ W8-1E15 topside o8 °
P
1.20 ‘,.0.3-000..o¢...000.000
) . ] P
_E . . " L ]
wv .
+ 1151 S LANL
] : :
Far H s ?
] e st
= i’
QO 1.104 L4 i
s !
s L I
. L[] S
“geet .0 .
¢
1.051 - . PR
e . ¢
Py L] L
1.00 T T T : - -
0 100 200 300 400 500

Bias Voltage [V]

Figure 47: Cluster sizes of the bias voltage scans of irradiated samples.

4.3.3.4. Spatial Resolution

The spatial resolution increases from a global minimum at low bias voltages to
a maximum and decreases again until it reaches a local minimum around the
full depletion voltage as shown in fig/d§ The good spatial resolution for under
depleted sensors results from corner effects shown in the in-pixel efficiency maps
in figlf9] The low efficiency in the corners of the pixels leads to the exclusion
of tracks which are further away from the center of the pixels resulting in better
spatial resolution at the cost of efficiency. Due to charge weighting, the bigger
cluster sizes of the samples with higher fluences lead to an improvement of the
spatial resolution. The spatial resolution for W8-1E15 is not capable of reaching
the maximum before decreasing again because full depletion was not achieved. A
difference between backside and topside biasing can be seen for W3-1E14 where
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the backside biased measurement performs better by about 0.2 ym.
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Figure 48: Spatial resolution of irradiated samples in X-direction as a function of

bias voltage.
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Figure 49: In-pixel efficiency for a bias voltage of a) 50 V and b) 500V illustrating
corner effects for an under depleted sensor (sample: W3-1E14).

4.3.3.5. Bias Voltage Characteristics

The numerical results of the bias voltage scans for the highest applied bias voltage
settings are given in tabJ8 For comparison, the results of the standard settings of

W3-V from sec[d.2] are given as well.
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Chip | Biasing | Bias Voltage [V] | ToT [LSB| | Cluster Size | o, [um]

W3-V | backside 190 8.529 £ 0.005 | 1.368 £ 0.001 | 16.27
W3-1E14 | topside 500 15.990 £+ 0.010 | 1.187 £ 0.001 | 16.95
W3-1E14 | backside 500 15.280 £ 0.009 | 1.192 £ 0.001 | 16.73
W3-3E14 | topside 500 7.805 £ 0.006 | 1.252 £ 0.001 | 16.44
W3-3E14 | backside 500 7.739 £ 0.005 | 1.250 £ 0.001 16.41
WS-1E15 | topside 560 2.675 £ 0.038 | 1.064 £ 0.003 | 17.43

Table 8: Comparison of measured parameters for different fluences and bias volt-
ages.

4.3.3.6. Timing

The time resolution was evaluated as described in sec[d.2.5 by means of a
truncated to the innermost 99 % of the distribution. No manual time shift had to
be applied in the analysis due to a correctly set CONF_REG TS CTRL register.
An example of the unprocessed time residuals is given in fig[s0] The results are
shown in fig[51] Because the time stamp for W8-1E15 was not working, its timing
resolution could not be evaluated.
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Figure 50: Example time residuals for the sample W3-1E14 operated at —180V

bias voltage.
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Figure 51: Time residuals of irradiated samples for increasing bias voltage.

The sample W3-1E14 shows the best timing resolution of 8.45ns at 500V bias
voltage followed by W3-3E14 with a resolution of 8.7ns. All samples show an
improvement of the timing resolution with increasing bias voltage. The beneficial
contribution also continues above the full depletion voltage. No evident difference
in the performance with backside or topside biasing could be observed.

4.3.4. VNFB DAC Scans with Irradiated Samples

The impact of the VNFB setting was tested with three measurements of two
samples. For W3-1E14, a measurement was done for forward and backside biasing
with 190V and a threshold of 200mV. W3-3E14 was tested with a higher bias
voltage of 400 V and a lower threshold of 50mV. The VNFB settings were changed
from zero to 50 in steps of ten. A direct comparison between a VNFB value of 20,
which is close to the nominal value of 18, and the highest measured VNFB value
of 50 is shown in tab[J) for W3-1E14 with backside biasing. Given uncertainties for
mean values refer to the standard error. The[ToT]|can be increased by 73.5 %, the
cluster size by 0.9 % and the spatial resolution by about 1.3%. Also the efficiency
can be improved by about 0.26 %.
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W3-1E14 VNFB: 20 VNFB: 50
ToT [LSB] 13.140 £+ 0.008 | 22.810 + 0.015
Cluster Size 1.147 £ 0.001 | 1.158 £ 0.001
Spatial Res. X [um] 16.84 16.62
Efficiency [%] 09.43 09.74

Table 9: Comparison of performance of W3-1E14 with backside biasing with tuned
VNFB compared to a setting close to the nominal setting.

4.3.4.1. ToT

As shown in figp2] the increases from 13.14 LSB (VNFB = 20) to 22.80 LSB
(VNFB = 50) for W3-1E14 with backside biasing. Only a minor differences of
0.31 LSB can be observed between backside and topside biasing for a VNFB of
50. The [ToT] of W3-3E14 shows an increase only till a VNFB of 30 and decreases
again for higher values. The lower threshold used for this sample leads to a peak
at low times (see figl53) and shifts the average to lower values.
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Figure 52: ToT versus VNFB for irradiated samples.
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Figure 53: Evolution of the ToT distribution with changing VNFB for W3-3E14
(left) and W3-1E14 (right) biased from the back.

4.3.4.2. Cluster Size

The cluster size shows a similar behavior as the [ToT] As shown by fig[54] the
cluster size of the sample W3-1E14 increases slightly with only minor differences

between backside and topside biasing while for W3-3E14, it increases only until a
VNFB setting of 30.

60



1.241 I

. ¢  W3-1E14 backside
1.22 1 . ¢  W3-1E14 topside
. ¢  W3-3E14 backside
© 1.20;
) .
. 1.181
@
D 1.16-
= . T ]
' [ ]
©11a! o L
1.12 1
L ]
0 10 20 30 40 50
VNFB [DAC]

Figure 54: Cluster size versus VNFB for irradiated samples.

4.3.4.3. Spatial resolution

The spatial resolution improves with higher VNFB values as shown in fig[55] Com-
pared to the nominal setting, it improves by about 1.3 % at a VNFB setting of 50
for W3-1E14. For W3-3E14, an improvement of 1.5% from 16.46 ym to 16.21 ym
can be observed. Although an improvement of the spatial resolution could be
measured, its impact is too low for a relevant improvement of the performance of
the chip. The better performance of the sample irradiated to a higher fluence of
3 % 10" ngqem ™2 results from the operation at a higher bias voltage of 400V.
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Figure 55: Spatial resolution versus VNFB for irradiated samples.
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5. TJ-Monopix2

5.1. Lab Measurements

The data presented in this section was collected in June and July 2024 at the labo-
ratories at HEPHY. The power consumption measurements were done in order to
estimate design parameters for the OBELIX [9] chip. The temperature calibration
was done as preparation for a test beam at in July 2024 (see sec.

5.1.1. Power Consumption Measurements

For the power consumption measurements, the current for a given supply voltage of
the four inputs of the TJ-Monopix2 were measured with a HAMEG HMP4040 [34].
The VPC was directly measured on the pins of the using a multimeter. The
chip was operated in a closed box in order to avoid light. For all measurements,
the current of all four inputs was recorded.

5.1.1.1. Clock frequency and BCID

The power consumption of the periphery depends linearly on the clock frequency as
shown in fig[56) as expected for[CMOS|digital circuitries. For the measurement, the
sample WOS8R19 with 411 active columns was used with 6 V applied to PWELL.
The naming of the samples corresponds to the wafer number they are produced
of (WXX) and the position (RXX) on them. With enabled [BCID| the VDDP
increases with 4.728 mA /MHz while with disabled , the slope reduces to
0.584 mA /MHz. The power consumption of the other three power domains of the
chip do not depend on the clock frequency.
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Figure 56: Impact of the clock frequency on VDDP with and without BCID.

The difference between the current with enabled and disabled @ Liis¢ allows
to calculate the total capacitance C of the wires distributing the BCID] over the
256 double columns. In eq32] the calculation is shown for a single double column
C) at the standard clock frequency of 40 MHz.

) — Idz‘ff ~ 16576H1A
" fU %256 40MHz x 1.8V x 256

~ 8.9pF (32)

5.1.1.2. IBIAS

The power consumption of the analog part of the matrix is influenced by the
applied bias current to the first amplifier stage in each pixel, IBIAS (see ﬁg,
as depicted in fig[57. For the measurement, a bias voltage of 10V was applied
and 16 active columns were used. The default value of IBIAS is 100 DAC which
corresponds to 550 nA /pixel. A linear fit of VDDA results in an offset of 14.83 mA
and an increase of 1.58 mA/DAC. With a measured current of 173.2mA for an
IBIAS of 100 DAC, the contribution of IBIAS to VDDA is about 91 %.
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Figure 57: Impact of IBIAS on VDDA.

5.1.1.3. Occupancy and VPC

The pre-charge current I _VPC depends on the set VPC as well as on the hit rate.
In order to generate different hit rates in the laboratory, the effective threshold
was changed by the DAC|settings to generate noise hits. With this procedure, the
impact of the hit rate was measured for three different VPC settings, as shown in
tabJ10] and fig[58 For the measurements, the sample WO8R19 was used with 100
active columns and 100 active rows and an applied potential of 6V to PWELL.
The noise hits were measured for 10 seconds for each measurement.

VPC [V][AT_VPC [uA/MHz] [ I_VPC(0) [pA]
1.61 52 3333
1.74 62 2627
1.79 70 3953

Table 10: Fit parameters for the impact of the hit rate on I VPC for three different
VPC settings.
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Figure 58: I VPC measurements using hits generated by noise.

5.1.2. Temperature Calibration

The [PCBJ of the Tj-Monopix2 features a [Negative Temperature Coefficient Ther
[mistor (NTC)|for temperature measurements. Since the[NTC|has no direct contact
to the chip, a calibration measurement is needed to calculate the actual tempera-
ture of the chip. For the calibration measurements, the thermocouple data logger
TC-08 from Pico Technology was used. Two temperature sensors were placed
directly onto the chip matrix with thermal conductive tape as depicted in fig[59
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Figure 59: Setup for the temperature calibration measurements.

The ambient temperature throughout the measurements was 30 °C. For the [NTC|
the arithmetic mean of a 30 s long measurement was used in order to reduce noise.
The temperature of the chip was increased by a heater which consists of four resis-
tors placed at the backside of the [PCB] With increasing current, the temperature
of the resistors increases. In fig[60] a calibration curve for both temperature sen-
sors is shown. The mean of the two curves, which is used as calibration curve, is

shown in eq[33]

Tchip = —4.286°C + TNTC x 1.411

(33)

@ Channel 1 e
80+ @ Channel 2 ¢/'
—=- y=-8.28 °C+T* 1.50 //’ =
-=- y=-0.29 °C+T* 1.32 o ,—’/
- - -
— - e ie
O 70 et
o i
— -
- -
2 L
o P
@ &
U 60| Lzt
=1 ‘,t‘
© -~
e 8
g. ‘:‘.,,*
-
£ 50 e
o
@ K
e
,"’4"
,“,-’—
g
40 -
S
-
30 35 40 45 50 55 60

Temperature NTC [°C]

Figure 60: Calibration curve from the NTC temperature to the temperature of the

chip.

67



5.2. Efficiency and Performance Measurements

The data presented in this section was collected throughout a test beam at the
test beam facility at in July 2024. An unirradiated sample (W02R05)
and a proton irradiated sample (WO8R06) were measured. WOS8R06 was irradiated
with protons to a fluence of 5 x 10™ neqem=2 at CYRCé [36]. The analysis done
throughout this thesis is preliminarily and can slightly differ from the final results
presented by the Belle II collaboration.

5.2.1. Test Beam Setup

As beam telescope, the DURANTA telescope provided by the test beam facility was
used. It consists of six planes of MIMOSA26 [MAPS]| with a pixel size of 18.4um
x 18.4um arranged in 1152 columns and 576 rows. The intrinsic resolution of
the sensors is 3.24 £ 0.09um allowing a track resolution up to 1.83 £ 0.03 ym.
Triggering is done by two additional scintillators in combination with a.

The TJ-Monopix2 was mounted as [DUT] on a 3D printed bracket with a heater
mounted on the backside of the chip as depicted in fig[6I] As the BDAQ53
was used. For the communication and data storage between the different
components during data taking, the data acquisition software framework EUDAQ2

was used.

Figure 61: TJ-Monoopix2 mounted as DUT in the DURANTA telescope with at-
tached heater.
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5.2.2. Performance without Irradiation

This section contains data from the HVC and DCC front end of the unirradiated
sample W02R05. In tab[I1] the settings and results of two statistic runs are shown.
Due to the lower threshold used for the HVC front end, its mean [ToT] of 45.35
LSB is higher than the one of the DCC front end with 27 LSB. The deviations
given for the mean values refer to one standard deviation of the whole data set.

WO02R05 HVC front end | DCC front end
Bias Voltage [V] 20 6
Threshold [DAC]| 18.8 29.50
ToT [LSB] 45.35 27.00
Cluster Size 1.462 1.527
Spatial Res. X/Y [um] 9.35/10.23 9.82/10.67
Efficiency |%] 99.94 99.93

Table 11: Performance of the HVC and DCC front end of the unirradiated sample

WO2RO05.

Both [ToT] distributions depicted in fig[62] show a pronounced double peak due to
charge sharing. The cut of the distributions at a value of 128 results from the
limiting 7 bit timestamp enabling 27 (128) values.

x10°

hPixelRawValues
Entries 7.37648e+07

(a) HVC front end

front end.

ssssss

hPixelRawValues
Entries 1.354148e+07

|-

69

. FEEETHE eI i R
40 60 80 100 120
pixel r;

(b) DDC front end

aw val

Figure 62: ToT distribution for unirradiated TJ-Monopix2 for a) HVC and b) DCC



5.2.3. Impact of Proton Irradiation

The impact of proton irradiation on the two cascode front ends of the sample
WO8RO06 is shown in tabJI2 The bias voltage was increased and the effective
threshold remained in the same range compared to the unirradiated sample. The
HVC front end could only be operated up to an efficiency of 97.68 % while the
DCC front end still achieved an efficiency of 99.56 %. The cluster size is reduced
for both front ends. The irradiation also has a negative impact on the spatial
resolution.

WO8RO06 HVC front end | DCC front end
Bias Voltage [V] 30 20
Threshold [DAC]| 18.0 30.6
ToT [LSB| 6.529 5.169
Cluster Size 1.232 1.207
Spatial Res. X/Y [um] 10.77/10.79 10.58/11.03
Efficiency [%] 97.68 99.56

Table 12: Performance of the HVC and DCC front end of the proton irradiated
sample WOSRO06.

The mean values of the [ToT] distributions reduces from 45.35 to 6.529 LSB for the
HVC front end and from 27 to 5.169 LSB for the DCC front end. In figl63] the
corresponding distributions are shown. For the HVC front end, no separate charge
sharing peak is visible.
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Figure 63: ToT distribution for proton irradiated TJ-Monopix2 for a) HVC and
b) DDC front end.
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5.2.4. Temperature measurements

In order to observe the impact of increasing temperature on the TJ-Monopix2,
its performance was measured for five different temperatures. The measurements
were done with the HVC front end at a bias voltage of 30 V of the proton irradiated
sample WOSR06. The [DAC] settings were adjusted to each temperature, resulting
in different effective thresholds given in tab[I3] together with the results. The
temperature was measured with the on the [PCB| which allows calculating
the chip temperature according to the calibration from eq33]

Tnre |°C| | Tenyp [°C| | Threshold [DAC] | Spatial Res. X/Y [um] | € [%]
35 45.1 27.6 9.45/9.61 85.46
36 46.5 28.5 9.37/9.31 77.00
37 49.0 28.7 9.30/9.28 73.19
39 50.7 32.7 9.18/9.17 72.19
45 59.2 42.8 9.11/9.06 60.27

Table 13: Spatial resolution and efficiency of the TJ-Monopix2 for different tem-

peratures of the HVC front end.

For a chip temperature of 45.1 °C, only an efficiency of 85.46 % instead of 97.68 %
at room temperature (see tab[12) can be achieved. The efficiency decreases with
increasing temperature, as shown in figl64, However, the temperature seems not
to have a negative effect on the spatial resolution.

Efficiency [%]

100

[(e]
o

704

60

50

WO8R06

36

38

Temperature NTC [°C

40

42

44

Figure 64: Efficiency of the TJ-Monopix2 for different temperatures.
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The efficiency loss occurs due to the higher effective threshold which is needed
to cope with noise resulting from the increased temperature. Due to the higher
threshold, only hits close to the collection electrode are detected. This behavior
is illustrated in figl66] which shows the in pixel efficiency for two measurements.
Because of this, the cluster size approaches to one (see ﬁg since charge sharing
can hardly be measured and the spatial resolution improves slightly due to not
detected hits with further distance to the collection electrode.
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Figure 65: Cluster size of the TJ-Monopix2 for different temperatures.
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6. Operation Settings

This chapter summarizes the achieved spatial resolution and efficiencies together
with the used operation settings. In tab[l4] operation settings together with the
spatial resolution and efficiency for each fluence from chapter 4] are summarized.
In tabJI5] the settings and results for the performance measurements of the TJ-

Monopix2 from chapter [5 are given.

Sample | Fluence | Bias Voltage | Threshold | Spatial Res. | Efficiency
[iogemn ] V] V] | X/Y [ %]

W3-V 0 190 40 16.27/16.32 99.99
W3-1E14 | 1 x 10 500 200 16.73/ 16.58 99.66
W3-3E14 | 3 x 10* 500 50 16.41/16.17 99.55
WS8-1E15 | 1 x 10%° 560 70 17.43/16.60 98.27

Table 14: Operation settings and performance for measured RD50-MPW4 sam-
ples.
Sample Fluence | Bias Voltage | Threshold | Spatial Res. | Efficiency
[icgcm 7] V] [DAC] | X/Y [um] %]

WO02R05 HVC 0 20 18.8 9.35/10.23 99.94
WO02R05 DCC 0 -6 29.5 9.82/10.67 99.93
WOSR06 HVC | 5 x 10* 30 18.0 10.77/10.79 97.68
WO08R06 DCC | 5 x 10 -20 30.6 10.58/11.03 99.56

Table 15: Operation settings and performance for measured TJ-Monopix2 samples.

The comparison of the results outlines the differences between the two chips. The
spatial resolution of the T'J-Monopix2, which follows the small collection electrode
design approach, is better due to its smaller pixel size of 33.04um x 33.04 ym
compared to the RD50-MPW4 with a pixel size of 62um x 62um following the
large collection electrode design approach. When comparing the radiation hardness
of the chips, the HV-CMOS approach seems to work out better for the RD50-
MPW4 since only an efficiency of 97.68 % could be reached for the HVC front end
of the TJ-Monopix2. However, the DCC front end still performed well at a fluence

of 5 x 10™ NegCm™ =

2
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7. Conclusion

7.1. RD50-MPW4

Within this thesis, the performance of the RD50-MPW4 could be characterized by
test beam results of three test beams. For four unirradiated samples, an efficiency
above 99.9 % for an applied bias voltage of 190 V could be measured. Their average
spatial resolution is 16.70 £ 1.05um in X and 16.90 £ 1.34um in Y direction com-
pared to a spatial resolution of 17.90 um calculated from the pixel pitch without
taking charge weighting into account. By scanning the performance for different
bias voltages, the full depletion of the RD50-MPW4 without irradiation could be
shown to be around 190 V. Up to a threshold of 185 mV, all samples performed
with an efficiency above 99.9 %. No evident difference could be observed for back-
side processed samples due to a lack of samples. For the analysis of timing, the
overflow counter had to be taken into account. By only evaluating events with
correct time stamps, an average timing resolution of 9 ns could be observed for the
RD50-MPW4. By increasing the DAC settings for the VNFB, the cluster size and
ToT could be increased, leading to a beneficial effect on the spatial resolution and
efficiency. However, the impact is too small in order to improve the performance
of the chip. The upper limit for the VNFB setting could be shown to be between
50 and 60 DAC.

For the performance measurements with radiation damage, four irradiated samples

irradiated to different fluences were measured. Up to a fluence of 3 x 10™ neqem ™2,

an efficiency above 99 % could be reached. For a fluence of 1 x 10" neeem™2, an
efficiency of 98.27% could be measured before it broke down. With increasing
irradiation of the samples, more bias voltage was needed in order to achieve good
efficiencies. For the spatial resolution, no negative impact from the irradiation
could be observed. For the timing performance, only a slight difference of 0.25ns
could be measured between the samples W3-1E14 and W3-3E14. Biasing from the
front or back has no impact on the timing performance. Good performance could
be shown for a sample irradiated to a fluence of 1 x 10'° ngqem™2.

For a better understanding of the impact of irradiation on the chip performance in
the region above 1x 10 ne,cm ™2, further measurements have to be conducted with
more samples irradiated in the range between 1x 10" neqem™2 and 1x 10 ne em =2
Furthermore, the increased ToT of 16 LSB of the sample W3-1E14 compared to
the average ToT of 7.84 + 0.72 LSB of the unirradiated samples remains unclear.
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7.2. TJ-Monopix2

Design parameters could be evaluated for the TJ-Monopix2 from laboratory mea-
surements. Furthermore, a calibration for temperature measurements of the sur-
face of the chip could be done. For an unirradiated sample, the HVC front end
could be operated with an efficiency of 99.9 % and a spatial resolution of 9.35 um
in X and 10.23um in Y direction, which is in the expected range compared to a
spatial resolution of 9.54 um calculated from the pixel pitch. For the DCC front
end, an efficiency of 99.9 % and a spatial resolution of 9.82um (X) and 10.67 pm
(Y) could be achieved. With a proton irradiated sample irradiated to a fluence of
5 x 10 ng,em ™2 the efficiency reduced to 97.6 % for the HVC and to 99.5 % for the
DCC front end. The spacial resolution increased slightly to 10.77/10.79 um (HVC)
and 10.58/11.03um (DCC). A negative impact of high ambient temperature could
be shown for the HVC front end of the TJ-Monopix2. At a chip temperature of
45.1 °C, the efficiency is already reduced to 85.46 %.

For a better characterization of the radiation hardness of the TJ-Monopix2, further
fluences have to be tested. For better control over the temperature, a modified
temperature control system is needed for a better characterization of the impact
of the temperature on the chip performance. Measurements are planned in a tem-
perature range between 10 and 40 °C.
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A. Appendix

A.1. Corryvreckan detectors file

[Adenium_0]

coordinates = "cartesian"
material_budget = 0.00075
number_of_pixels = 1024, 512
orientation = -0.108346deg,0.310715deg,0.30172deg
orientation_mode = "xyz"
pixel_pitch = 29.24um,26.88um
position = -401.85um,-123.873um,Oum
spatial_resolution = 8.441um,7.76um
time_resolution = 10us

type = "adenium"

[Adenium_1]

coordinates = '"cartesian"
material_budget = 0.00075
number_of_pixels = 1024, 512
orientation = -2.54989deg,1.55335deg,-0.292839%deg
orientation_mode = "xyz"
pixel_pitch = 29.24um,26.88um
position = 25.219um,301.29%um,233mm
spatial_resolution = 8.441um,7.76um
time_resolution = 10us

type = "adenium"

[Adenium_2]

coordinates = '"cartesian"
material_budget = 0.00075
number_of_pixels = 1024, 512
orientation = -2.65257deg,1.64869deg,-0.0671507deg
orientation_mode = "xyz"
pixel_pitch = 29.24um,26.88um
position = 7.174um,-2.193um,255mm
role = "reference"
spatial_resolution = 8.441um,7.76um
time_resolution = 10us

x1i



type = "adenium"

[RD50_MPWx_0]

coordinates = '"cartesian"
material_budget = 0.0032
number_of_pixels = 64, 64

orientation = 0.344462deg,2.80325deg,90.421deg
orientation_mode = "xyz"

pixel_pitch = 62um,62um

position = -1.21207mm,826.397um,410mm
role = "dut"

spatial_resolution = 17.898um,17.898um
time_resolution = 50ns

type = "rd50_mpwx"

[Adenium_3]

coordinates = "cartesian"
material_budget = 0.00075
number_of_pixels = 1024, 512
orientation = -4.66783deg,3.00453deg,0.0495036deg
orientation_mode = "xyz"

pixel_pitch = 29.24um,26.88um

position = -655.317um,-248.713um,497mm
spatial_resolution = 8.441um,7.76um
time_resolution = 10us

type = "adenium"

[Adenium_4]

coordinates = "cartesian"
material_budget = 0.00075
number_of_pixels = 1024, 512
orientation = -4.96491deg,3.20106deg,0.0174179deg
orientation_mode = "xyz"
pixel_pitch = 29.24um,26.88um
position = -394.641um,8.498um,520mm
spatial_resolution = 8.441um,7.76um
time_resolution = 10us

type = "adenium"

[Adenium_5]

xiii



coordinates = "cartesian"

material_budget = 0.00075

number_of_pixels = 1024, 512

orientation = -5.01372deg,3.31622deg,-0.00870896deg
orientation_mode = "xyz"

pixel_pitch = 29.24um,26.88um

position = -490.583um,-165.008um,547mm
spatial_resolution = 8.441um,7.76um
time_resolution = 10us

type = "adenium"

[TLU_O]

coordinates = '"cartesian"

orientation = 0.138197deg,0deg,55.3309deg
orientation_mode = "xyz"

position = -9.98549mm,-9.99mm,50000mm
role = "auxiliary"

time_resolution = 1ns

type = "tlu"

Xiv



A.2. Corryvreckan config file

[Corryvreckan]

detectors_file "<path_to_geo_file>"
histogram_file = "<name_of_outut_file>"
number_of_tracks = 50000
purge_output_directory = false

[EventLoaderEUDAQ2]
type = tlu
file_name = "<path_to_data>"

adjust_event_times=[["TluRawDataEvent", -10us, +10us]]

[EventLoaderEUDAQ2]
type = Adenium
file_name = "<path_to_data>"

[EventLoaderEUDAQ2]
#log_level = DEBUG

type = RD50_MPWx

name RD50_MPWx_0
file_name = "<path_to_data>"
1sb_time = 25000

ts_mode = TLU

[Clustering4D]

[Tracking4D]
min_hits_on_track = 6
momentum = 4.2GeV
time_cut_abs = 2000s
exclude_dut = true
track_model = "gbl"

[DUTAssociation]
spatial_cut_rel =5
time_cut_abs = 800000s

XV



[AnalysisDUT]

[AnalysisEfficiency]
chi2ndof_cut = 3

[Correlations]
[AnalysisTiming]

name = "RD50_MPWx_0"
reference_type = "track"

time_range = 20us
time_binning = bns
cluster_charge_cut = 10000
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