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Kurzfassung

Der Large Hadron Collider (LHC) ist zur Zeit (2024) unter den Speicherringen sowohl der groite
(27km Umfang) als auch der mit der hochsten Kollisionsenergie (13.6 TeV). Wihrend seine Beitrage
zur Hochenergiephysik weiterhin substanziell sind, wird mehr Luminositidt benotigt, um in angemessener
Zeit gentigend experimentelle Daten fiir neue physikalische Entdeckungen zu erhalten. Um die Rolle
des LHC fiir die Zukunft zu sichern, plant das CERN ein Upgrade zur Erh6hung der Luminositiat um
den Faktor 10, genannt ,,High-Luminosity LHC” (HL-LHC). Diese Aufriistung wird die F&higkeit
der Maschine verbessern, seltene Prozesse zu entdecken und die statistische Prézision zu erhohen. Bei
héherer Luminositdt bendtigen die Experimente aber eine bessere rdumliche und zeitliche Auflésung,
sowie eine verbesserte Strahlenhérte.

Diese Arbeit konzentriert sich auf die Siliziumdetektoren fiir das Compact Muon Solenoid (CMS)
Experiment. CMS wird wéhrend des HL-LHC Upgrades wegen den oben erwiahnten héheren An-
forderungen auch die Sensoren aufriisten. Dies wird als ,,CMS Phase-2-Upgrade“ bezeichnet, das
Upgrade der neuen Endkappen-Kalorimeter heifit ,High Granularity Calorimeter® (HGCAL). CMS
plant das HGCAL als Sandwich-Kalorimeter, bestehend aus Siliziumsensoren fiir den elektromag-
netischen Subdetektor und fiir Teile des hadronischen Subdetektors. Eine weitere Motivation fiir das
HGCAL ist die Teilchenflussanalyse, die die Identifizierung einzelner Teilchen in Jets ermdglicht.
CMS muss diese Anforderungen zu vertretbaren Kosten erfiillen, daher werden grofie hexagonale
p-Typ Sensoren verwendet, die in einem 8”-Verfahren hergestellt werden. 8”-Sensoren wurden
bisher noch nicht in groflen Teilchenphysikexperimenten eingesetzt, stellen also ein Novum, ein
First-of-a-kind (FOAK) dar. Demnach ist diese Forschung notwendig, um die Eignung dieser Technik
fiir Hochenergie-Teilchenphysikexperimente zu verifizieren. Diese 8” -Sensoren wurden vom Autor,
basierend auf Vorarbeiten, designt und in iterativen Prototyping-Zyklen verbessert. Fiir die Be-
strahlungsstudien wurden die vom Autor designten Ministrip-Sensoren genutzt, die aufgrund ihrer
kleinen Abmessungen deutlich flexibler einzusetzen, zu kontaktieren und handzuhaben sind.

Als Vorbereitung auf die Studien wurde eine bereits existierende Teststation weiter verbessert,
und zur Qualifizierung des Testsystems wurden Eingangskontrollen auf mechanische Schiden
durchgefiihrt, sowie die elektrische Charakterisierung wie Leckstrome, Kapazititen, Interpad-
Isolation, Interpad-Kapazitit und Hochspannungs-Stabilitiat getestet und mit den Anforderungen
des CMS-Experiments abgeglichen. Analysemethoden wie Spreading Resistance Profiling (SRP),
Sekundéarionen-Massenspektrometrie (SIMS), Rasterelektronenmikroskopie (SEM), und konfokale
Lasermikroskopie ergédnzen die oben genannten elektrischen Methoden. Dabei zeigte sich von 11
getesteten Sensoren ein Yield von etwa 36 %.

Ein wesentlicher Punkt dieser Arbeit ist der Einfluss von Strahlenschiden auf die elektrischen
Eigenschaften. Die Neutronenfluenz der bestrahlten Sensoren und Teststrukturen reicht bis zu
100 neqem2, so dass wegen des Anstiegs des Leckstroms fiir elektrische Messungen an bestrahlten
Sensoren niedrige Temperaturen (—30 to —20°C) und das Einblasen von Trockenluft erforderlich
sind.

Das Kernelement der Bestrahlungsstudien sind die Annealing-Studien, genauer gesagt, das Verhal-
ten der Sensoren nach definierter Erwdrmung. Beziiglich Strahlenhérte hat sich in dieser Studie
gezeigt, dass die neuen 8”-Sensoren durchaus mit bereits etablierten und umfassend in der Literatur
beschriebenen Siliziumsensortechnologien wie 6” und n-Typ vergleichbare Ergebnisse bieten. In einem
Punkt, bei der Verringerung der damage function o durch Annealing, zeigten die fiinf untersuchten
Ministrip-Sensoren ein deutlich besseres Annealing-Verhalten als bisher etablierte Siliziumsensortech-
nologien im n-Typ und auf 6”-Wafern. Wenn diese Resultate in zukiinftigen Studien bestétigt
werden, sind diese neuen Sensoren als durchaus qualifiziert fiir das Phase-2 Upgrade des HGCAL
zu betrachten, und CMS wird die endgiiltigen Sensordesigns fiir die Serienproduktion nutzen und
die Sensoren schliefilich im HGCAL implementieren. Insgesamt wiirden bei HGCAL etwa 30000
Siliziumsensoren mit einer Gesamtfliche von etwa 620 m? verbaut.
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Abstract

The Large Hadron Collider (LHC) is currently (2024) the largest (27 km in circumference) storage
ring and has the highest collision energy (13.6 TeV). While its contributions to high-energy physics
remain substantial, more luminosity is needed to obtain sufficient experimental data for new physical
discoveries in a reasonable time. To secure the role of the LHC for the future, CERN is planning
an upgrade to increase the luminosity by a factor of 10, called “High-Luminosity LHC” (HL-LHC).
This upgrade will improve the machine’s ability to detect rare processes and increase statistical
precision. However, the experiments require better spatial and temporal resolution and improved
beam hardness at higher luminosity.

This work focuses on the silicon detectors for the Compact Muon Solenoid (CMS) experiment. CMS
will also upgrade the sensors during the HL-LHC upgrade due to the higher requirements mentioned
above. It is called the “CMS Phase-2 Upgrade”. The upgrade to the new endcap calorimeters is
called “High Granularity Calorimeter” (HGCAL). CMS plans the HGCAL as a sandwich calorimeter
consisting of silicon sensors for the electromagnetic sub-detector and for parts of the hadronic
sub-detector. A further motivation for the HGCAL is particle flow analysis, which allows the
identification of individual particles in jets.

CMS must meet these requirements at a reasonable cost, so large hexagonal p-type sensors man-
ufactured in an 8” process are used. Large particle physics experiments did not employ 8” sensors
yet, so they represent a first-of-a-kind (FOAK) novelty. Accordingly, this research is necessary to
verify the suitability of this technique for high-energy particle physics experiments. These 8” sensors
were designed by the author based on preliminary work and improved in iterative prototyping cycles.
For the irradiation studies, the author designed and used Ministrip sensors, which are much more
flexible to use, contact, and handle due to their small dimensions.

The author further improved an existing test station and carried out initial inspections for mechanical
damage in preparation for the studies and to qualify the test system. The electrical properties,
such as leakage current, capacitance, and high-voltage stability, were tested and compared with the
requirements of the CMS experiment. Analysis methods such as spreading resistance profiling (SRP),
secondary ion mass spectrometry (SIMS), scanning electron microscopy (SEM), and confocal laser
microscopy complement the electrical methods mentioned above. The 11 tested sensors showed a
yield of around 36 %.

An essential point of this work is the evaluation of radiation hardness in terms of electrical character-
ization, such as leakage current, pad capacitance, interpad isolation through ohmic resistance, and
interpad capacitance.The neutron fluence of the irradiated sensors and test structures ranges up to
1016 ncqcm‘2 so that low temperatures (—30 to —20°C) and the blowing of dry air are required for
electrical measurements on irradiated sensors.

The core element of the irradiation studies is the test series of annealing, or more precisely, the
behavior of the sensors after defined heating. Regarding radiation hardness, this study has shown
that the new 8” sensors offer comparable results to silicon sensor technologies already established
and comprehensively described in the literature, such as 6” and n-type sensors. At one point, when
reducing the damage function « through annealing, the five Ministrip sensors examined showed
significantly better annealing behavior than already established silicon sensor technologies in n-type
and on 6” wafers. The author suggests future examinations to verify these results. In that case, these
new sensors should be considered well qualified for the Phase-2 Upgrade of the HGCAL, and CMS
will use the final sensor designs for series production, and the sensors eventually implemented in the
HGCAL. In total, around 30.000 silicon sensors with a total area of around 620 m? will be installed
in HGCAL.
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”Science is a way of thinking much more than it is a body of
knowledge.”

Carl Sagan

Introduction and Background

1.1 Current status of particle physics: The Standard Model

The Standard Model (SM) of particle physics is the fundamental theory about the known particles in
the universe. It encompasses the three known fundamental forces (strong, weak, and electromagnetic)
carried by corresponding gauge bosons, as well as the Higgs boson (see Figure 1.1). The other group
of particles, the fermions, are the known fundamental building blocks of matter. The SM is one of
the results of evolved quantum field theory, explaining the emergence of particles by spontaneous
symmetry breaking. Over time, there have been numerous proofs of the SM, from discovering the
predicted top quark [10] to the Higgs boson [18], completing the model, and raising its credence.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il I
mass  =~2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 ~125.09 GeV/c?
charge | % % % 0 0
@ @ @ @| @
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\
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Figure 1.1: The Standard Model of particle physics. The fundamental particles separate into three
generations of fermions, which are the building blocks of matter. Further, fermions split up into
quarks and leptons. The SM completes by the mediators of force, the gauge bosons, and the Higgs
boson. Image from [81].

Despite its successes in the past, the SM still cannot explain all phenomena in particle physics
and cosmology. To name a few topics not sufficiently described within the framework of the SM:
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Chapter 1. Introduction and Background

o Baryon asymmetry: The SM predicts that the Big Bang should have formed equal amounts of
matter and antimatter baryons. However, observation shows a vast imbalance between matter
and antimatter in the observable universe, having a ratio of 6.14 x 10'*in favor of matter [23].

o Neutrino oscillations and their non-zero masses: Neutrino oscillation is the phenomenon that
neutrinos can change their lepton flavor during propagation in vacuum. Consequently, the
mass eigenstates of neutrinos cannot be identical to their particle eigenstates, so there must be
a neutrino mixing. This means that at least two neutrino types must have a non-zero mass
[69]. The SM does not naturally include such a mechanism.

o Gravity and Dark Energy: The Standard Model does not contain a complete theory of gravitation,
and it especially does not describe phenomena like the observed accelerated expansion of the
Universe by Dark Energy.

e Dark Matter (discussed in Section 1.2)

1.2 Beyond the Standard Model: The search for Dark Matter

Dark Matter (DM) is a postulated form of matter which is not interacting with “luminous” matter,
by hypothesis, maybe just via the weak force, hence the term “Dark”. However, its gravitational
influence has a variety of impacts on the structure formation in the Universe. The Lambda-CDM
model is the current model of cosmology, where DM is an integral part of it. Measurements of
the Planck space telescope[63] show that DM constitutes 84 % of the total mass and 26 % of the
total energy content of the Universe (see Figure 1.2). Since the first hints for the existence of DM
emerged more than 100 years ago [76][86], this hypothesis gained more and more observational
support, especially in the last decades [33].

As no particle of the Standard Model features the postulated attributes of Dark Matter particles,
the search for a new underlying theory is ongoing. Complementary, the experimental discovery of
DM particles, direct or indirect, is one of the goals of modern physics.

Dark Energy
69%

Figure 1.2: Constituents of the Universe. Our ordinary matter, described by the Standard Model,
represents only a tiny fraction (5 %) of total energy content. According to recent data, Dark Matter
occupies 26 % and Dark Energy 69 % [63].

By fundamental principles, there are three orthogonal approaches for Dark Matter searches (see
Figure 1.3):

o Direct detection: Current Dark Matter hypotheses claim that the earth must be exposed to
a flux of cosmic DM particles. Consequently, the direct detection searches for the recoil of
(baryonic) nuclei when colliding with a DM particle. The recoil itself may be proven by the
release of thermal energy [70] or other forms of energy dissipation, like scintillation [6].

o Indirect detection: This search type aims for detectable Standard Model particles coming
from products of Dark Matter reactions in outer space. These may be either DM annihilation
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Chapter 1. Introduction and Background

reactions or products of DM decay. For indirect detection, all SM particles can act as a decay
product, charged or neutral. Typically, multi-purpose experiments like IceCube [41] and Fermi
Gamma-ray Space Telescope [2] also take part in indirect Dark Matter searches.

e Production: Production of Dark Matter particles in collider experiments is orthogonal to direct
and indirect detection. Collisions in the Large Hadron Collider (LHC) (see Section 1.3) could
produce DM particles [34]. These do not leave any signature in the detectors so that they may
be detected indirectly as missing energy and momentum. Production has good sensitivity for
low-mass Dark Matter particles.

collider production

4—__
X q A
direct
. Q detection
X
EEE——

freeze out,
indirect detection

Figure 1.3: Feynman diagram representing non-gravitational Dark Matter searches. x stands for
a Dark Matter particle, ¢ for a Standard Model quark. The arrow marks the time coordinate.
Rotating the diagram by 90° shows three different approaches: Direct detection aims to record
nuclei recoil events by interacting with Dark Matter particles. Indirect detection intends to work
via self-annihilation of Dark Matter particles, for example, resulting in characteristic signatures in
cosmic radiation. The opposite is production in colliders, two Standard Model particles annihilating
into a Dark Matter particle pair. Figure from [13].

1.3 The Large Hadron Collider (LHC)

Located in underground caverns at CERN near Geneva, the Large Hadron Collider (LHC) is currently
(2024) the world’s largest collider, with a circumference of 27 km. It also exceeds all other accelerators
by its center of mass energy /s = 13.6 TeV for protons and 5.12 TeV /nucleon for Pb®2* ions. The
design value is /s = 14 TeV for protons and will be reached in the HL-LHC upgrade (see Section 1.4).
The purpose of the LHC is to find answers to fundamental open questions in particle physics (see
Section 1.2). Figure 1.4 shows a schematic of pre-accelerators, storage rings, and experiments at
CERN. The LHC has been instrumental in several breakthrough discoveries, including the discovery
[18] of the Higgs boson in 2012, which confirmed the existence of the Higgs field, a field of energy
that permeates all of space and gives particles mass [25][36].

Besides breakthroughs in fundamental physics, accelerator science and the developed technology at
CERN provided other advantageous improvements for science, medicine, and society: The World
Wide Web, grid computing, and medical treatment technology like hadron therapy [51].

There are four interaction points where the beams cross, bringing the particles to collisions. At
each of these points, there is an experiment located to analyze reaction products: The ATLAS?
experiment, CMSP, ALICE®, and LHCb?. ATLAS and CMS are general-purpose detectors, studying
the Higgs boson and looking for new physics. ALICE examines quark-gluon plasmas and gives
significant input to cosmology. LHCb focuses on b-physics experiments using b-hadrons to measure
CP-violation. This can help to explain the baryon asymmetry in the Universe.

2A Toroidal LHC ApparatuS

b Compact Muon Solenoid

€A Large Ion Collider Experiment
dLarge Hadron Collider beauty
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Chapter 1. Introduction and Background

Table 1.1: Parameters of the Large Hadron Collider [11]

circumference

energy per particle

luminosity

bunches/beam

protons/bunch

bunch spacing

average/peak bunch crossing rate
average collisions per crossing

26 659 m

6.8 TeV (protons), 2.56 TeV /nucleon (ions)

1.2 x 103 cm 257!
2808

1.2 x 101

25ns or 7.5m

31.6 MHz / 40 MHz
20

circulating current/beam 540mA
stored beam energy 360 MJ
number of magnets 9593
number of main dipoles 1232
number of main quadrupoles 392
peak dipole field 8.33T

1.4 The High Luminosity Upgrade

In collider physics, (instantaneous) luminosity is, aside from collision energy (which sets an upper
limit for the rest mass of produced new particles), the most critical parameter of a storage ring. It
defines as the number of collisions per time and bunch overlap area:
_fnNi Ny fnNipNs
B A ~ drmogo,

L (em?sh) (1.1)
where f is the revolution frequency, n the number of particle bunches in the storage ring, N1 and
Ny the number of particles per bunch, and A the area of bunch overlap, as a product of o, and o,.
Usually the beam profile follows a Gaussian distribution with o .

The integrated luminosity Li,; determines the number of produced particles N with a reaction cross
section o over the lifetime T of an experiment:

T
N = o0Liy = O’/ Ldt (1.2)
0

Reaching higher luminosities is the main driver for upgrading the LHC to the so-called “High-
Luminosity-LHC”, increasing the instantaneous luminosity by a factor of five and the integrated
luminosity by a factor of ten [1]. This will allow intensified search for rare events like Dark Matter
particles (see Section 1.2).

A way to increase detector resolution is downsizing sensing elements to reduce spatial and temporal
error margins and suppress pileups®. However, reducing the sensing elements size leads to new
challenges such as weaker signals, which have to be mitigated by electronics. By implication, both
approaches (increasing spatial resolution and luminosity) are common strategies to improve modern
high energy physics experiments. Not only does the detector layout have to be improved, but also its
material properties. Since the primary intention of colliding beam experiments is to produce particles
(in large part at high energies), the detector elements are in a harsh radiation environment. Particle
flux increases linear with luminosity, so higher integrated luminosities lead to elevated radiation
doses for the surrounding material. Detectors for higher radiation levels, therefore, have to be more
radiation hardened. In addition, the designed collision energy will be reached with a center of mass
energy of /s = 14 TeV for protons. Consequently, future accelerators such as the HL-LHC and its
experiments (see Section 1.5) need primary research for new materials and detector structures [60].

1.5 The Compact Muon Solenoid (CMS) experiment

At the LHC, there are two large general-purpose particle detectors: ATLAS and CMS. These general-
purpose experiments aim to examine a wide range of physics like preciser measurements of the Higgs

“multiple hits on the same segment resulting in signal pulse overlap
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Figure 1.4: Accelerator complex at CERN. This schematic shows injectors, pre-accelerators, storage
rings, as well as experiments. The detectors described in this thesis will be integrated into the
upgraded CMS experiment [12].

boson (already discovered 2012 by ATLAS and CMS) and physics beyond the Standard Model like
extra dimensions, Supersymmetry, and Dark Matter (see Section 1.2). Besides proton collisions,
ATLAS and CMS also take part in the studies of heavy ion collisions. This thesis focuses on detectors
for the CMS Phase-2 Upgrade, so the following paragraphs will solely deal with the design of CMS [16].

As seen in Figure 1.5, the core structure of CMS is a huge solenoid magnet capable of producing
a magnetic field of 3.8 T. A steel yoke in the outer layers of the detector confines the magnetic
field. This magnetic field bends the tracks of charged particles, determining the charge sign and the
curvature of the bent track. By design, CMS subsystems measure the momentum from the bent
track and energy deposition in the calorimeters of hadrons and charged leptons. To achieve this,
CMS has a multi-staged structure with different detecting layers:

e Layer 1: The innermost layer, the Tracker [17], measures the tracks of particles to determine
momentum. It is essential to have as little influence as possible to minimize energy loss. This
means that reduction of the material budget is crucial. Therefore the inner part includes
thin, high-resolution silicon pixel detectors, whereas the Outer Tracker consists of silicon strip
detectors. In the inner region, the high particle flux of 10" ecm~2s~! requires a high granularity
of 66 million pixels, covering an area of 16 m?. The microstrip detectors in the outer region
have 9.6 million channels and an area of 200m?. The total area of the silicon sensors in the
Tracker is 216 m? (see Figure 1.5), making it currently (2024) the largest silicon tracker on
earth.

10
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length  :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magneticfield :38T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m® ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 1.5: Current (2024) schematic of the CMS experiment [67].

The transverse momentum p; of a particle deduces from the equation:
pt=qrB (1.3)

where ¢ is the particle’s electric charge, r is the radius of its bent track, and B is the magnetic
field.

o Layer 2: Next follows the calorimeter, in this position, the electromagnetic calorimeter (ECAL).
An ECAL measures the energy of particles by completely absorbing them via electromagnetic
interaction. A calorimeter has two essential features which are advantageous at high energies:
First, because a calorimeter counts particles, the count probability follows a Poisson distribution.
As a result, the relative energy resolution of a calorimeter improves at higher energies as more
particles N are counted:

AFE
— x VNI (1.4)

Second, the length of a shower in a calorimeter is proportional to just the logarithm of the

energy, allowing to have compact calorimeters even at the highest energies:

Lshower X IOgE (15)

In the case of CMS, a scintillating material, lead tungstate (PbWO,), scintillates when
electromagnetically interacting particles pass it. This highly transparent material conducts the
scintillating light, picked up by silicon avalanche photodiodes for readout. In this electromagnetic
calorimeter, the amount of light is proportional to the deposited energy of the particle.

The ECAL structure consists of a barrel section and two bases, the “endcaps”, containing 76 200
lead tungstate crystals. To increase spatial precision, the ECAL contains preshower detectors
in front of both endcaps. These preshower detectors discriminate single high-energy photons,
which are more interesting than a pair of low-energy photons in many physics scenarios.
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o Layer 3: After the ECAL, a hadronic calorimeter (HCAL) measures the energy of hadrons via
by producing jets of hadronic particles created by the strong nuclear interaction. In contrast
to the ECAL, it is a sandwich calorimeter, layers of high-density materials (brass and steel)
interleaved with plastic scintillators. Wavelength-shifting fibers guide the scintillation light to
hybrid photodiodes.

e Layer 4: As seen in Equation 1.3, a magnetic field is needed to bend the paths of charged
particles. In CMS, a superconducting solenoid produces this field of 3.8 T. The current through
the niobium-titanium coils is 18 160 A, corresponding to 2.3 GJ of stored energy. It was essential
to install such a large and powerful magnet, to effectively bend the paths of high momentum
particles to a measurable radius.

The magnet itself is also the core structure, serving as a mounting point for the detector
constructions. The magnet’s return yoke surrounds the magnet coils. It performs as a field
containment and guidance as its secondary role is to act as an absorber for the muon system.

o Layer 5: Detecting muons (see Figure 1.1) is, as the name “Compact Muon Solenoid” suggests,

a primary goal of the CMS experiment. Detecting muons is of vital interest because one of
the most evident signatures of the Higgs boson decay is: H® — 4y [22]. Muons have very
little stopping power so that they can penetrate meters of dense material. This means that
the CMS’s calorimeters cannot stop high energy muons, so CMS has an extra muon system
installed as the final layer. As the previous layers stop all other particles, the only remaining
particles detected in the muon systems will be muons. The magnet’s return yoke plays a crucial
role in stopping all other particles.
The muon system relies on four different detector types for tracking: fast resistive plate chambers
(RPC) for triggering, used at the barrel and the endcaps. Drift tubes (DT) measure muon
positions in the barrel, cathode strip chambers (CSC) are in the endcaps. As a complement to
the other detector types, gas electron multiplier (GEM) detectors provide additional spatial
information to improve resolution and increase coverage.

1.6 The CMS Phase-2 Upgrade

During the Long Shutdown 3 (see Figure 1.6), projected to be from 2026 to 2028, the CMS experiment
will be adapted to the requirements of the High-Luminosity-LHC (see Section 1.4). This project is
called CMS Phase-2 Upgrade [19]. This upgrade concerns most components, including detectors,
readout electronics, and the triggering system, because of the increased need for trigger performance
and higher data rates [9]. The current detectors already suffer from substantial radiation damage
because they are already near their projected lifetime limits. The new detectors for the Phase-2
Upgrade have to withstand these new conditions on multiple levels:

First, the increased integrated luminosity leads to higher demands on radiation hardness (see
Chapter 4). Radiation damage is widely linear to integrated luminosity, which will be 3000 fb—! or
4000 fb~! in the ultimate scenario. This is about ten times higher than the projected 350 fb—! at the
end of the lifetime of current detectors, increasing the demand for radiation hardness for Phase-2
detectors by ten.

Second, the increased instantaneous luminosity leads to an increased pile-up. Currently, the pile-up
is at about 50 collisions per bunch crossing. For the HL-LHC, this will increase to 200 collisions per
bunch crossing, raising the demands on spatial (granularity) and temporal resolution to allow shower
separation and to implement methods like particle flow analysis'.

Third, the Trigger system will be improved to allow Tracker information for decision logic. The
so-called track-trigger-concept will implement a stub-logic to filter low-momentum particles already
at the module level [21].

Fourth, mechanical considerations about the material budget in the substructures will minimize
the influence on particle momenta and energies. The modularity will be improved to allow faster
replacement of faulty modules.

fsensor fusion technology to exploit detector capabilities by using the best energy/momentum resolution for

individual particles in a jet
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Figure 1.6: Project schedule of the LHC and its experiments. Run 3 is operating since 2022, which
projects to the end of 2025. Then the Long Shutdown 3 will follow, upgrading the LHC and CMS and
ATLAS experiments. In 2026, the HL-LHC installation will start and be accompanied by upgrading
the ATLAS and CMS experiments (see Section 1.6) [37].

1.7 The High Granularity Calorimeter (HGCAL)

In contrast to CMS’ other subsystems where only minor upgrades will be applied, the Tracker
and the calorimeters will widely change, including replacing whole systems and technologies (see
Section 1.6) to meet these demands. Especially the forward region of the calorimeters will have to
endure from fluences up to 10° neqcm 2and ionization doses around 2 MGy (see Figure 1.7). While the
radiation-damaging particle flux through the tracker is mainly caused by charged hadrons, neutral
hadrons (neutrons) are dominant in the HGCAL. Because of the required radiation tolerance and
the demands on resolution, electronics, and mechanics mentioned before, the CMS Collaboration will
upgrade the forward calorimeters to the High Granularity Calorimeter (HGCAL) during Phase-2.
The HGCAL design features a modular structure consisting of hexagonal base elements, denoted
as “modules”. One module is an integrated stack of readout electronics, a silicon sensor, a Kapton
sheet for high voltage insulation, and a copper/tungsten base plate for CO4 cooling at -30°C. The
layers are held together via glue. These modules combine into wedge-shaped cassettes, which feature
superordinate components like power supply, cooling structures, and absorber plates, completing
its setup as a sampling calorimeter. The cassettes, on their part, assemble into discs, which build
the endcaps in layers. A cross section of one HGCAL segment is shown in Figure 1.8. The HGCAL
divides into an electronic calorimeter (Calorimeter Endcap - Electronic, CE-E) consisting of silicon
sensors and a hadronic calorimeter (Calorimeter Endcap - Hadronic, CE-H) consisting of bot silicon
sensors and scintillating tiles. The scintillating tiles in the outer regions of CE-H, are not the topic
of this work and will not be explained in detail here. Thermal insulation will enclose the whole
calorimeter, which allows its operation at -30 °C [20].

Extensive inter-cell calibration is required to maintain the performance of the HGCAL over the
entire projected lifetime. This is defined by whether the sensitivity is sufficient for minimum-ionizing
particles (MIPs), which corresponds to the smallest expected signal-to-noise ratio (SNR). This must
also be maintained at the end of the runtime, at 3000 fb—!. This requires cells with low electrical
capacitance, which automatically translates to the requirement for a small cell area (0.1 to 1.3 cm?)
given the small cell thickness of 120 to 300 pm. The required fine lateral and longitudinal granularity
leads to a high number of cells (up to 444 per sensor). These are the summarized basic requirements
for the silicon sensors of the HGCAL [20]:

o Radiation tolerance: The energy resolution must be guaranteed even after 3000fb~!; this
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Figure 1.7: FLUKA simulation of the expected total fluence of the HGCAL after an integrated
luminosity of 3000fb~!. The fluence is normalized to 1 MeV equivalent neutrons. The beam axis
is horizontal, parallel to the text direction. The bunch crossing point is located at the bottom left.

The red square marks the electromagnetic calorimeter (CE-E) [20].

requires good inter-cell calibration of 3 % [20] using minimum ionizing particles. According to
simulations (Figure 1.7) the maximum obtained fluence is 1016 cm™2 over the planned lifetime.
In this region with the highest radiation exposure, the HD sensors (Section 5.4) with 120 pm
active thickness are used, which was also considered in the tests of the Ministrip sensors
(Section 6.4).

Dense calorimeter: This keeps the lateral dimensions of the shower small, which is the
prerequisite for compactness of the calorimeter.

Fine lateral granularity: To keep the electronic noise low, to obtain the required signal-to-noise
ratio to perform the MIP calibration finally, to accomplish the two shower separation, to detect
narrow jets, as well as to limit the region in which the energy measurement is performed, which
is necessary to suppress pileup effects.

Fine longitudinal granularity: This allows fine sampling of the shower length, which increases
the electromagnetic energy resolution (for example H° — ~v), for pattern recognition, and
discrimination against pileup effects.

precision timing measurement: To obtain precise timing information from each cell while
maintaining a significant amount of deposited energy, to suppress pileup effects, and for the
identification of triggering vertices.

ability to contribute to the Level-1 trigger decision: results from the preceding requirements.
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Active Elements:

* Hexagonal modules based on Si sensors in CE-E
and high-radiation regions of CE-H

* “Cassettes”: multiple modules mounted on
cooling plates with electronics and absorbers

* Scintillating tiles with on-tile SiPM readout
in low-radiation regions of CE-H

Key Parameters:

Coverage: 1.5< |n|<3.0

~215 tonnes per endcap

Full system maintained at -35°C %ﬂ?"
~620m?2 Si sensors in ~30000 modules e
~6M Si channels, 0.5 or 1cm? cell size
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Figure 1.8: Cross section of one sector of the HGCAL. This thesis focuses on the silicon part as
sensing elements, marked as green slices. The beam axis is horizontal, parallel to the text direction.
The bunch crossing point is located at the bottom left. The HGCAL divides into an electronic
calorimeter (Calorimeter Endcap - Electronic, CE-E) consisting of silicon sensors and a hadronic
calorimeter (Calorimeter Endcap - Hadronic, CE-H) consisting of bot silicon sensors (green) and
scintillator tiles (blue). Figure from [5].
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”The best that most of us can hope to achieve in physics is to
misunderstand at a deeper level.”

Wolfgang Pauli

Theory of semiconductor particle detectors

2.1 Fundamentals of semiconductors

Semiconductors have shaped our modern civilization like no other technology. Of course, this also
applies to high-energy physics, not only in terms of high-performance clusters for data analysis,
but also fundamentally in terms of new technologies for the detection of particles. This chapter
deals with the physical fundamentals and thus provides an introduction and basis for understanding
the following chapters. Many parts of this chapter are considered textbook knowledge and are not
referenced separately.

Solids divide into three groups based on their electrical conductivity: Conductors, semiconductors,
and insulators. As one might suspect, the conductivity of semiconductors lies between those of
conductors and insulators. The boundary regions of these three groups overlap, so there are other
specifics to define semiconductors: The negative temperature coefficient for resistivity® and the
bandgap. Table 2.1 provides an overview of the properties of these three classes.

2.1.1 Band model

It is known from quantum mechanics that the energy levels of bound electrons in atoms are discrete.
In single atoms, these energy levels are also sharply defined within the uncertainty relation. However,
in many-particle systems, the potentials of neighboring atoms perturb the previously sharp energy
levels and split them into different sub-levels. In many-particle systems, such as current-technology
semiconductors, this smearing is so advanced that the energy levels are grouped into energy bands
(Figure 2.1). The lower energy bands (&~ meV) are still strictly bound to the respective atomic
nucleus. Higher energy (& eV) bands, which are not bound to atomic nuclei, are, therefore, quasi-free
and can be modeled with the help of the Fermi gas. These bands are grouped under the term
“conduction band”. Between the conduction band and the energy band of the localized electrons,

2The conductivity of semiconductors, unlike metals, increases with increasing temperature. This is because more
charge carriers enter the conduction band as the temperature rises.

Table 2.1: Distinction between conductors, semiconductors and insulators. Typical values at 300 K
[45].

Type Conductivity Band gap Mobile charge carrier density
Conductors >10%S/cm 0 1022 cm—3
Semiconductors 0.1 to 4eV 108 to 10*3 cm™3
Insulators <107%S/cm >4eV ~ 0
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Figure 2.1: Formation of energy bands in semiconductors. Images from [47].

there is an energy band in which the electrons can jump from atom to atom. This is called the
valence band. The distance between the valence band and the conduction band is called “bandgap’
and is the central characteristic of semiconductors (see Table 2.1).

Since in semiconductors, the bandgap is comparatively narrow, 0.1 to 4 eV, there are already single
electrons in the conduction band at room temperature (Fermi-Dirac statistics), but not yet so many to
achieve the high conductivity of conductors. With increasing temperature, more and more electrons
enter the conduction band, and the conductivity of semiconductors increases. This essentially explains
the effect of the negative temperature coefficient on the resistivity of semiconductors.

)

Direct and indirect semiconductors

For a complete picture of the band structure, the electrons’ energy-momentum (E-k)
relationship must be considered a crystal direction function. In ’indirect’ semiconductors
(such as Si or Ge, see Figure 2.2b), the electrons in the sinks of the conduction band (in
momentum space) have a different crystal momentum k than the holes in the maxima
of the valence band. Therefore, for a transition to occur, momentum transfer to the
crystal lattice must occur. This is not the case for gallium arsenide (GaAs), a ’direct’
semiconductor, see Figure 2.2a. The generation of e/h pairs and recombination can
occur without momentum transfer to the lattice. Light generation by recombination is
thus more efficient, which is why GaAs are one of the preferred base materials for LED
manufacturing [45].

Intrinsic semiconductors

This subsection discusses the conduction properties of semiconductors, mainly using
silicon as an example, without special doping. An intrinsic semiconductor is entirely
pure, with no significant doping species present. Intrinsic semiconductors are, therefore,
also called pure semiconductors or i-semiconductors. At T' > 0K, bonds can break in
semiconductors; Valence electrons are released, leaving holes. As expressed in the band
model, the valence electrons are lifted from the valence band into the conduction band
and contribute thus contribute to the current flow (electron conduction). Analogously,
a hole can be occupied by a valence electron, which leaves a free hole elsewhere; this
is called hole conduction. Electrons and holes behave like free particles with different
effective masses [45].

Therefore, in intrinsic semiconductors, the concentration of excited electrons in the valence band
and the concentration of holes are equal: ¢, = ¢p. It is even possible that a doped semiconductor is
nevertheless an intrinsic semiconductor: This is precisely the case if the doping is composed of equal
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(a) In a direct semiconductor, the minimum of the (b) In an indirect semiconductor, no photon can be
conduction band is precisely above the maximum of emitted directly because the energy-transferring elec-
the valence band. The difference of the wave vectorsis tron must first go into an intermediate state and
zero, so the energy transfer can be direct, for example, transfer momentum to the crystal lattice (momentum
by the emission of a photon. difference Ak).

Figure 2.2: Sketched dispersion relation of direct and indirect semiconductors. The energy is plotted
vertically, and the crystal momentum (k-vector) in the Brillouin zone (momentum space) is plotted
horizontally.

proportions of donors and acceptors, i.e., the concentration of the additionally generated charge
carriers also balances electrically, so ¢, = ¢ still applies.

2.1.2 Doping

Doping is the introduction of foreign atoms into a semiconductor crystal lattice to change the
conductivity in a targeted and controlled manner. The doping elements are subsequently introduced
into the semiconductor material from the outside using various processes (ion implantation, diffusion)
or are already added to the melt when the ingot is drawn. The number of valence electrons of the
doping element determines the doping type. Elements with 3 valence electrons are used for p-doping,
5-valent elements for n-doping. The conductivity of a specifically impure exemplary silicon crystal
can thus be increased by a factor of 105, Two essential substances silicon can be doped with are
boron (3 valence electrons = 3-valent, Group IIT in the periodic table of elements) and phosphorus
(5 valence electrons = 5-valent, Group V), see Figure 2.3.

n-doping

The 5-valent doping element has one more valence electron than the silicon atoms. 4 outer electrons
can bind with one silicon atom each; the fifth is free to move and serves as a charge carrier. This
unbound electron requires much less energy to be lifted from the valence band to the conduction
band than the electrons that cause the intrinsic conductivity of silicon. The dopant element that
donates an electron is called an electron donor.

The dopant elements become positively charged by emitting negative charge carriers and are more
or less fixed in the lattice; only the electrons move in a first approximation. Doped semiconductors
whose conductivity is based on free electrons (= negative charges) are n-conducting or n-doped.
While holes (and just as many electrons) can be spontaneously generated in the crystal at any time,
the number of free electrons is now outweighed by the donors introduced, which is why these are
called majority charge carriers. Holes, on the other hand, are called minority charge carriers.

p-doping

In contrast to the free electron in n-doping, 3-valent dopants have exactly the opposite effect: they
can accept an additional outer electron and thus leave a hole in the valence band of the silicon
atoms. As a result, the electrons in the valence band become mobile. The holes naturally move in
the opposite direction to the electron movement.

By accepting an electron, the dopant element becomes negatively charged; such dopant atoms
are called electron acceptors. Again, the dopant element is more or less fixed in the crystal lattice;
only the positive charge moves. P-conducting or p-doped semiconductors are called such because
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Figure 2.3: Comparison of n- and p-doping. If a 5-valent atom is introduced into the crystal lattice,
which consists of 4-valent atoms, there is an excess electron with a negative charge. This results in
n-doping (left graph). The reverse is true when a 3-valent atom is introduced into the crystal lattice.
A missing electron can be filled by neighboring electrons, where in turn, an electron is missing. This
is called a p-doping (right graph). Image from [15].

the conductivity is based on positive holes so to say, a “missing” electron. Analogous to n-doped
semiconductors, the holes are the majority charge carriers, and free electrons are the minority charge
carriers.

2.2 p-n junctions and electrical characteristics of diodes

As described in Section 2.1.2, there are free charge carriers in doped semiconductors, and the number
of these is much higher than the number created by the incidence of high-energy particles. In
principle, it would be possible to measure the resulting change in conductivity, but these changes
would, of course, be minimal. To create a region without free charge carriers (depletion zone), one
combines p- and n-doped semiconductors to form a p-n junction, a diode, as seen in Figure 2.4.

A p-n junction has the basic property of conducting well in the forward direction because the
depletion zone (region of high resistivity) vanishes. In the reverse direction, the opposite happens:
the external electric field “pulls” the charge carriers into the respective opposite region, where they
recombine. Thus, the depletion zone grows, and the total resistance of the p-n junction increases
dramatically.

Macroscopically, therefore, the diode has two states:

Forward bias: When a diode is forward biased, meaning the positive terminal of a voltage source is
connected to the diode’s anode (p side) and the negative terminal to the diode’s cathode (n side),
the current can flow through the diode. In this condition, the diode has a low resistance and is
said to be “on” or conducting. The voltage required to overcome the diode’s forward voltage drop
(typically around 0.6 to 0.7V for silicon diodes) is known as the forward voltage.

Reverse bias: When a diode is reverse biased, meaning the positive terminal of a voltage source is
connected to the diode’s cathode (N-side) and the negative terminal to the diode’s anode (P-side),
the current is almost completely blocked, and the diode has a high resistance. It is said to be “off”
or non-conducting. Only a small leakage current, known as reverse leakage current, flows through
the diode in this condition.

Therefore, semiconductor detectors are switched into reverse bias to maximize the depletion zone,
and this depletion zone forms the active volume of the semiconductor detector. There are almost no
free charge carriers in this setting, so the signal-to-noise ratio is maximized for incoming particles.

2.2.1 Capacitance of a diode

In a pn junction, a layer of low charge carrier concentration (depletion zone, space-charge region)
resides between two well-conducting layers (undepleted p and n zones). This structure, conductor-
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Figure 2.4: This sketch shows a p-n junction with no external applied voltage in thermal equilibrium.
The neutral regions contain p- and n-charge carriers, respectively. The red zone has an excess of
p-carriers, while the blue zone has an excess of n-carriers. Together they form the depletion zone.
The separation of the charge carriers creates an electric field that opposes and balances the diffusion
forces. The conduction electrons diffuse from the outside into the space charge zone, while the
electric field prevailing in the space charge zone provides the drift. The opposite is true for the holes.
The E-field times the thickness of the space charge region form the “built-in voltage” Uy;. Image
from Wikiversity [82].
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insulator-conductor, corresponds to a plate capacitor. To calculate the capacitance of a semiconductor
diode, it is therefore apparent to start with the equation for a plate capacitor:

A

where € is the electrical permittivity, A is the area, and d is the thickness of the plate capacitor.
€ is composed of € = €ype,, where € is the vacuum permittivity and e, is the relative permittivity of
the material.

Now we look at the “built-in voltage” Uy, which is defined by the shifted Fermi levels (Figure 3.1c)
Eyp and Ey, for the junction of the p-type and n-type silicon. Macroscopically, it is the voltage
across the space-charge region without an external electric field (see Figure 2.4) [74]:

Erp, — Ern _ kT In (NAND)
q q ni

Uy = (2.2)

The product qUy; corresponds to the energy by which the conduction or valence band is shifted with
respect to the Fermi level [74]. Now the total width of the depletion zone is given by the sum of the
depletion zone thicknesses of p- and n-type zones [74]:

2eU; Np Na
p— n p— 2'
d=d,+d J(Na T No) <”NA ”ND> (2.3)

Because we apply a negative bias voltage to our semiconductor detector (reverse bias), the thickness
of the depletion zone increases. Therefore, we substitute Uy; — Uyp; + U. Furthermore, in our
detector, a highly doped region (V) is embedded in a region of lower doping concentration (bulk
with Np), thus (Na >> Np) applies. Thus Equation 2.3 can be rewritten as:

2¢(Upi + U)
d~ | ————= 2.4
q¢Np @4
Inserting Equation 2.1 into 2.4 yields:
qeNp

C~A 2.5
U+ 0) (22

The squared inverse of this equation is:

1 20U +U

~ 2WUni +U) ~ Ky + Kol (2.6)

C?2 " A%2¢eNp

where all the material constants and quantities that remain constant to a first approximation are
consolidated in k1 and ko.

What is essential about Equation 2.6 is the linearity between the inverse square of the capacitance
and the voltage applied to the diode [4]. This means that as long as the bias voltage is below the full
depletion voltage, i.e., the depletion zone has not yet fully migrated through the sensor, the inverse
square of the capacitance increases linearly with the voltage. When the full depletion zone is reached,
this curve makes a sharp bend, which is characterized by the fact that only the “remaining” corners
and edges of the sensor are filled with the depletion zone. Once this is achieved, the capacitance
remains constant with respect to the voltage since the full depletion zone cannot become larger than
the total sensor bulk. Exactly this behavior can be observed in the measurements (Appendix A.16),
where the tipping point determines the full depletion voltage.

2.2.2 Shockley ideal diode equation

The Shockley diode equation provides a mathematical relationship between the idealized current
flowing through a diode and the voltage across it in forward bias and reverse bias (without breakdown).
The equation is given as follows:

I(U,T) = I, {exp (nigT) - 1} (2.7)
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[ Reverse Saturation |4
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Figure 2.5: Diode characteristic (current-voltage) of an ideal pn junction. According to the Shockley
equation 2.7, an increasing forward voltage causes an exponential increase in the diode current. A
small leakage current, the saturation current (1), runs in the reverse direction. A breakdown in the
reverse direction is not described by the Shockley equation but takes place in reality and ends quickly
in the destruction of the diode in the absence of electrical power limitation or heat dissipation. Image
from [84].

where I is the reverse bias saturation current (the leakage current at reverse bias voltage), ¢ is
the elementary charge, kg is the Boltzmann constant, and 7' is the temperature. n is the “ideality
factor” which describes the imperfect junctions observed in real transistors, and typically ranges
from 1 (ideal material) to 2. For a complete derivation of the equation from the Fermi levels, refer to
Shockley [71]. The Shockley equation is a fundamental equation for diode current that correctly
describes the forward current and the reverse bias saturation current. However, it does not describe
the reverse breakdown (see Figure 2.5) caused by avalanche multiplication and/or tunneling effect.
Since both phenomena occur in a range outside the permissible sensor specification, this will no
longer be discussed in this paper.

2.2.3 Temperature dependency of diode currents

In statistical mechanics, the Fermi-Dirac distribution plays a fundamental role in describing the
distribution of energy states of particles that obey the Pauli exclusion principle (Fermions). It
describes the probability that a system at a given temperature 7" is in an energy state ¢; in a thermal

equilibrium:
1

Ei—H
exp ( kBT) +1
whereas p; is the probability for a system to be in the state ¢,  is the total chemical potential and
kp the Boltzmann’s constant [45].
In this consideration, we will restrict ourselves only to the charge carriers, since only they contribute

to the electrical properties of interest. In the limiting case, where only very few charge carriers are
in the conduction band (p; << 1, which is valid for semiconductors), p being in the center of the

pi(ei, T) = (2.8)
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) and temperatures far from absolute zero (T' >> 0), the following approximation applies:

bandgap (%

pi(ei, T) & exp < 21:;T> (2.9)
whereas p; is the probability for a system to be in the state ¢ and kp the Boltzmann’s constant
[45]. Equation 2.9 is the classical limiting case of the Fermi-Dirac distribution, namely the Maxwell-
Boltzmann distribution.

Now that we have derived the Maxwell-Boltzmann distribution for our system, we move on to
the next step: The current in a semiconductor is quadratically temperature-dependent since the
T? dependence corresponds to the thermionic emission of charge carriers with kinetic energies
FEg = %mcgvz across a barrier:

Eet
I(T) x T?exp [ —— 2.10
(1) o exp (- 5 ) (2.10)
Now we have the proportionality of the current in semiconductors as a function of temperature at
the effective energy. If we now relate two currents at different temperatures I(77) and I(15), the
prefactors of the proportionality truncate out, and we obtain the following equation:

I(Ty) = I(Th) (%)2@@ [—ig (7{2 — Tllﬂ (2.11)

With this equation, we can now scale the current at one temperature that we measured to a current at
another temperature to obtain a standard measure that ensures comparability. The scaling formula
results in a rule of thumb that the current doubles approximately every 7 K increase in temperature.

2.3 Ionizing energy loss and the minimum ionizing particle
(MIP)

he Bethe-Bloch equation is a commonly used instrument to describe the energy loss of charged
particles for the passage of charged particles through matter. It is derived from semi-relativistic
pertubation theory and models the energy loss primarily due to collision-induced electromagnetic
interactions (ionization and excitation) with atomic electrons in the material under the premise that
incident particle energies are much higher that electron binding energies, so the electrons of the
target can be seen as resting in the detector frame of reference. This equation provides a relationship
between the kinetic energy loss (%) of a particle per unit length and its velocity, charge, and mass,
as well as the microscopic parameters of the target material.

A typical formulation with corrections is given by:

dF Z 1 |1, 2mec®B27?T nax 0 C
_ = K222 ,IHM _52 _ﬂ _= (2.12)
x ApB2 |2 12 ~— 2 Z
coll - — relativistic T~ >~
semi-relativistic correction density shell
correction correction
v 1
where = —, v = 7@ the Lorentz factor, Z the target’s atomic number, A its relative atomic
¢ —

mass, me the electron rest mass, z the incident particle’s charge number, T,y is the maximum
kinetic energy transfer to the electron in a single collision, and I is the mean excitation potential of
the target. The Bethe-Bloch coefficient K is a constant derived from other, fundamental constants:
K = 47N aro®mec? with N being the Avogadro constant, and r. the classical electron radius
e? /4egmec?. The density correction is caused by the polarization effect at higher energies, and the
shell correction is important for small energies [35].

The Bethe-Bloch equation is a valid approximation in the energy range from a few MeV up to
several GeV for protons. At lower energies, below a few MeV, the energy loss of protons is dominated
by energy transfer through elastic collisions with atomic nuclei. The Bethe-Bloch equation is invalid
in this energy regime, and other theoretical models are more appropriate. At higher energies, above
several GeV, the energy loss of protons may be influenced by different processes, such as radiative
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Figure 2.6: Mass stopping power % for positive muons in copper as a function of 5y = pc/m

up to the TeV/c momentum (TeV energy range). The solid curves indicate the total stopping
power, whereas the dashed and dotted lines indicate single effects and models. The Bethe-Bloch
equation best approximates the middle energy range, labeled “Bethe” (red line). In the TeV/c range,
radiative losses dominate, and the Bethe-Bloch equation is not a valid approximation anymore [35].
Specialized plots of stopping power in silicon exemplified by protons and electrons can be found in
the Appendix A.1. Image from [59].

losses.

It is important to note that the Bethe-Bloch equation provides an average description of energy loss
and may not capture the full details of energy loss fluctuations and statistical effects like straggling,
particularly at low energies. Therefore, additional experimental data and Monte Carlo simulations
are often employed in practical applications and experimental studies to better characterize protons
energy loss over a wide range of energy.

The Bethe-Bloch equation does not apply to electrons, as seen in Appendix A.1. The curve shape is
quite different. On the one hand, this is due to the quantum mechanical indistinguishability of the
incident electrons from the target electrons (for which the Bethe-Bloch equation is not designed); on
the other hand, the bremsstrahlung is dominant for electrons.

9

As can be seen in Figure 2.6, there is a minimum of the mass stopping power % in the semiclassical

range for intermediate particle energies (“Bethe” region). In this region, a particle deposits the
smallest energy per path length in the detector, thus the generated signal is the smallest. This point
is called “minimum ionizing particle” (MIP), at a kinetic energy corresponding to 2 to 3 times the
rest energy. This rule of thumb applies to all electrically charged particles. More easily recognizable
plots for protons and electrons can be found in the Appendix A.1.
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”The science of today is the technology of tomorrow.”
Edward Teller

Semiconductor detector technology

Research into semiconductor particle detectors for low and high-energy radiation, such as gamma
rays, electrons, protons, and other ionizing particles, has made enormous progress in recent years.
The driver of this progression is the great importance of many applications, such as medical imaging,
monitoring of industrial processes, national and environmental security, and basic research.
Semiconductor detectors are of particular importance here. A semiconductor particle detector is
a device that uses a semiconductor material such as silicon or germanium to detect and measure
the presence and properties of charged particles such as protons, electrons, and other particles. The
most common detectors, Ge and Si, are used in many different applications. They offer advantages
over scintillators and gas detectors concerning their simple, miniaturized design, easy integration
into readout electronics, and high spatial and energy resolution.

Semiconductor particle detectors operate on the principle that when a charged particle passes through
the sensor, it can knock loose an electron from the atoms in the semiconductor material, creating a
charge disturbance that can be detected and measured. Semiconductor particle detectors are widely
used in various applications, including particle physics research, medical imaging, and industrial
inspection. They are particularly well suited for detecting low-energy charged particles, such as
beta particles, due to their high sensitivity and ability to distinguish different particles based on
their energy levels. However, because of their low response time and beam hardness, they are also
in particular demand in high-energy physics. Many parts of this chapter are considered textbook
knowledge and are not referenced separately.

3.1 Basic principles and requirements for semiconductor par-
ticle detectors

The working principle of a detector is linked to the structure of the crystal to be studied. The more
regular its crystal structure, the better the conduction of electrons in the crystal. The periodic
structure of crystalline materials constitutes allowed energy bands (valence and conduction) for
electrons that exist in that solid. The energy of any electron within the pure material must be limited
to one of these energy bands, which can be separated by “holes” or forbidden energies. The sensitive
volume of detectors corresponds to the depletion region formed by the junction of a semiconductor.
When the semiconductor is exposed to radiation, electron and hole pairs are created within this
region and are then collected, generating the electrical signal.

Semiconductor crystals are widely used for the detection of ionizing radiation because of their
advantages over other types of crystal detectors, such as fast response time, small size, and excellent
resolution of the radiation energy. These characteristics of semiconductors lead to simplification in
the electronic system and lead to an enhanced signal-to-noise ratio (SNR) [44].

One of the significant advantages of semiconductor detectors provided the band gap is high enough,
is the low leakage current generated by thermal fluctuations. If the band gap is high enough and the
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radiation exposure is low (see Section 4), semiconductor detectors are suitable for operation even
without active cooling[44].
Paramount properties of a semiconductor detector for high energy physics are:

o Wide band gap E, to achieve high resistivity and low leakage current.
The band gap must be sufficiently large to obtain high resistivity and low leakage current. A
high leakage current would inevitably lead to an increased signal-to-noise ratio (SNR) since the
desired signal manifests as a current through the detector. The band gap, therefore, directly
influences the noise and the minimum possible energy resolution of the detector. In silicon, the
average energy needed to create one electron-hole pair is ~ 3.65eV [27].

e High charge carrier mobility p and lifetime 7.

High mobility of the charge carriers is desirable, so that incident particles trigger a sufficiently
short and high current pulse. The shorter and higher it is, the faster the detector is, so the
dead time decreases, and therefore the integration time can also be reduced. The drift length of
the charge carriers is given by [ = u7FE, where p is the carrier mobility, 7 is the carrier lifetime,
and FE is the applied electric field. How many charge carriers are ultimately collected depends
on the ratio of the product of mobility u times lifetime 7 times applied electric field E. The
product [ = p times lifetime 7 corresponds to the characteristic drift length. Ideally, this drift
length should be longer than the thickness of the detector so that the charges generated by
particle incidence are collected as completely as possible. This is usually the case for electrons
due to their high mobility, but not for holes. Lower mobility of the holes (as in p-type sensors)
requires applying a higher bias voltage to achieve full depletion. The mobility depends on both
temperature and doping concentration: A higher temperature leads to the charge carriers being
able to scatter at the lattice vibrations in the crystal, lowering the mobility. Impurities (doping)
in the crystal lattice lead to disturbed periodicity of the electric field of the lattice atoms,
which also reduces mobility. Irradiation of sensors increases the effective doping concentration.
Therefore, mobility decreases, and thus the full depletion voltage increases.

e Pure, homogeneous and defect-free bulk material and sufficient detector thickness.

The purity, homogeneity, and low density of crystal lattices are the basis for adequate transport
properties of the charge carriers but also for the lowest possible leakage current. Impurities and
crystal defects also interfere with the process of charge collection. The above properties also
influence the electric field, which should have the highest possible homogeneity [85]. In the case
of calorimeters for high-energy physics, with very penetrating particles, the detector thickness
is critical for energy resolution. One wants as much particle energy as possible to be deposited
in the detector volume. However, a thick detector would not only cause a high leakage current
but would also require too high a voltage for full depletion to be achieved, and this would
cause problems with the high-voltage supply. At the same time, one wants calorimeters to
have high stopping power so that the incident particles deposit as much energy as possible
over a short length. This would require a dense material, which is different from silicon. To
circumvent these problems, the HGCAL uses a sandwich configuration, where detector and
absorber with high density are placed alternately.

The above fundamental requirements help to ensure that the semiconductor detector ultimately
has the properties it needs for subsequent operation in high-energy physics. A detector in modern
physics experiments may well receive radiation doses in the range of up to 1.5 MGy, or viewed in
particle fluences, 10! cm=2. To produce semiconductor detectors with enhanced radiation hardness,
it is necessary to process the starting material (silicon in the case of this work) with high chemical
purity and as free of defects as possible [50].

3.2 Particle interactions and signal generation

3.2.1 Particle interactions

When a charged particle passes through the silicon detector, it interacts with the silicon material’s
electrons and atomic nuclei. Several interactions may occur depending on the particle’s charge and
energy, such as ionization, excitation, and pair production. Section 2.3 details the energy loss of
charged particles in silicon.
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Figure 3.1: Overview of physical processes in semiconductor particle detectors.

(a) Signal generation in a p-type semiconductor detector. High voltage (order of magnitude
600V) is applied between the aluminum-coated backside and the segmented n-electrodes. Now the
bulk is free of free charge carriers (full depletion). When an ionizing particle (black arrow) passes
through the detector, it generates free charge carriers by impact and secondary ionization, which
flow through the electric field to the electrodes and generate a current pulse.

(b) pn junction with depletion zone. The p-type and n-type materials are in direct contact,
so the excess holes from the p-type material will diffuse into the n-type material, and the excess
electrons from the n-type material will diffuse into the p-type material. This creates a depletion
region at the interface between the two materials where the majority of the charge carriers have been
depleted and acts as a barrier to the flow of charge carriers. This depletion zone can be controlled
by varying the doping levels or applying a voltage. In case of a semiconductor particle detector, the
depletion zone ideally spreads over the whole sensor bulk.

(c) Deformation of the energy bands at the depletion zone. In thermal equilibrium, the two
Fermi levels of the p- and n-zone must be continuous. Consequently, the energy bands bend across
the space charge zone to equalize the energy levels.

Picture taken from [3].

e Ionization: The primary interaction mode is ionization, where the charged particle loses
energy by colliding with and ionizing the silicon atoms. This process creates electron-hole
pairs within the silicon material. The ionization energy of silicon is 3.63 eV, not the same but
nearly three times larger than the band gap (1.12€V at 300 K) because silicon is an indirect
semiconductor (see Section 2.1.1).

o Excitation: In addition to ionization, the charged particle may also excite the silicon atoms,
causing electrons to move to higher energy levels within the atom. These excited electrons
eventually return to their ground state, emitting photons. Bulk traps create additional energy
transition levels in doped (intentionally or radiation damage-induced) semiconductors.

¢ Pair Production, showers, and jets: Charged particles can create matter-antimatter pairs
through high-energy pair production. This process involves converting the particle’s energy
into a pair of new particles, producing ionization and excitation within the detector material.
This process can also repeat itself, which leads to showers. Hadronic interactions may create
narrow cascades of secondary particles called “jets” [45][73][74].
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3.2.2 Charge collection and signal generation

After the particle interacts with the silicon material and creates electron-hole pairs, the electric field
within the depletion zone facilitates the movement of these charge carriers toward the electrodes.
The reverse bias voltage applied across the silicon detector creates a strong electric field within the
depletion zone. This field causes the electrons and holes to separate, with the electrons drifting
toward the positively biased electrode and the holes drifting toward the negatively biased electrode,
see Figure 3.1. The electrodes, typically made of metal, are in contact with the silicon material and
collect the charge carriers. They are designed to capture the drifting electrons or holes efficiently.
There is an additional diffusion in all directions via random walk due to thermal motion. The drift
time and diffusion spread determine the spatial resolution of the detector [45][73][74].

3.2.3 Signal amplification and readout

The drift generates an electric current through the sensor. The readout electronics amplify and
process these electrical signals, making them measurable and suitable for analysis. This is done in
three steps:

o Signal amplification: The collected charge is typically very small, so the readout electronics
include amplifiers to enhance the signal strength. These amplifiers may use various techniques,
such as charge-sensitive amplifiers or voltage amplifiers.

¢ Signal processing: After amplification, the electrical signals are further processed using
various techniques such as shaping, filtering, and digitization. This processing helps to improve
the signal-to-noise ratio and extract relevant information about the particle interactions.

¢ Data acquisition: The processed signals are digitized and recorded by data acquisition
systems. These systems convert the analog signals into digital form, allowing for subsequent
analysis, reconstruction, and interpretation of the particle interactions. [45][73][74]

3.3 Production techniques for semiconductor detectors

The semiconductor device fabrication process is highly complex and requires a high degree of precision,
as well as advanced equipment and materials. It is a continuous process of improving and perfecting
the technology to create smaller, faster, and more efficient electronic devices.

The production of semiconductor particle detectors involves a series of steps to create the desired
electronic components on a wafer:

1. Purification of the starting material

2. Photolithography of electrical structures

3. Dicing of the wafer: Cutting it into smaller pieces
4. Passivation and/or encapsulation

5. Bonding and assembly onto carrier structures

Each of these stages affects the crystal quality, introducing defects and imperfections and potentially
deteriorating the performance of the detector.

Once the electronic components have been created, the wafer goes through a series of steps to
passivize the surface, protect the electronic components, and add metal contacts to connect the
electronic components to the outside world. After these steps, the wafer is diced into individual
parts, and each chunk is packaged, tested, and then shipped to customers.

3.3.1 Wafer preparation

The silicon semiconductor detector production process starts with the creation of a silicon, poly-
crystalline bulk material, which is then refined and purified to produce a mono-crystalline substrate.

This thesis describes the three different wafer processing methods used to fabricate the 8” prototypes
(full list: Table A.1), including the test structures (Section 5.6): The Czochralski process, the Float-
zone method, and the Epitaxial crystal growth. There are also other processes, such as the Bridgman
method (crystallization of the ingot in an enclosed case), but these will not be discussed here in
order not to go beyond the scope of this thesis.
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Figure 3.2: Overview of the Czochralski process. It starts by melting a high-purity material in a
crucible a) and then slowly drawing a seed crystal from the melt €). As the seed is pulled upwards
and rotated, the material solidifies and forms a cylindrical ingot g) to j).

Picture taken from [32].

Czochralski process

The Czochralski process is a method to grow single-crystal ingots of semiconductors, such as silicon
and germanium, as well as some metals and oxides. Polish scientist Jan Czochralski developed the
process in 1915. Since the 1950s, the semiconductor industry widely uses this process.
Figure 3.2 illustrates this method. The process begins with a small seed crystal, typically made of
the same material as the desired ingot, suspended on the end of a rod or wire. The seed crystal is
then dipped into a melt of the desired material, typically held in a quartz crucible. The temperature
of the melt is precisely controlled to ensure that it is at the correct temperature for the desired
material to be in its liquid phase. The seed crystal is then slowly withdrawn from the melt at a
controlled rate while the rod or wire is rotated. As the seed crystal is withdrawn, atoms from the
melt adhere to the surface of the seed crystal, forming a single crystal. The rate at which the seed
crystal is withdrawn, as well as the rate of rotation, is critical to the success of the process and it is
nowadays the main method for commercially grown silicon.
The size and shape of the ingot can be controlled by varying the rate of withdrawal, the temperature
of the melt, and the size and shape of the seed crystal. The process can also be modified to produce
multi-crystalline ingots using several seed crystals or large-diameter boules using a larger seed crystal.
The Czochralski process is widely used in the semiconductor industry due to its ability to produce
high-quality single-crystal ingots with a high level of control over their size, shape, and crystal
orientation. The process is also relatively simple and inexpensive, making it a cost-effective method
for producing semiconductor wafers. The Czochralski process has its limitations, however: It is
typically limited to materials with a relatively low melting point, and it can be challenging to produce
large-diameter boules without introducing defects [32].
The Czochralski process can also offer advantages for radiation-hard silicon detectors through the
inherent impurity of oxygen in the process. While impurities are undesirable in themselves, oxygen
has the property of acting as an “intrinsic getter” [56] for metals, aggregating radiation-induced
damage and thus partially reducing its effect [66]. Another benefit of oxygen is pinning dislocations,
which improve the thermal stability of the silicon.
However, oxygen and other impurities also have a significant disadvantage over float-zone processed
material, resulting in low resistivity.

A more advanced method is the Magnetic applied field Czochralski method (MCz). It works the
same as the conventional Czochralski method, except that a strong horizontal or vertical magnetic
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field is also applied. This field is used for magnetohydrodynamic control of the silicon melt so that
convection between the inner region, where the crystal grows, and the outer region in contact with
the crucible (the container in which the silicon melt is located) is restricted. This method, therefore,
reduces introduced impurities during crystal growth by reducing erosion of the silica crucible. As a
result, this method can provide detector-grade silicon with high oxygen concentration [52].

Float-zone method

The Float-zone process, also known as the single-zone or vertical Bridgman process, is used to grow
high-purity, single-crystal ingots of semiconductors and other materials. W.H. Zachariasen first
developed this process in the 1940s, and since the 1960s, the semiconductor industry has been widely
using it.

This technique is based on the spontaneous segregation of desired elements and unwanted impurities
in a melt due to their different solubility in solids and liquids. As illustrated in Figure 3.3, the
process begins with an already preprocessed polycrystalline rod of the desired material (by the
Czochralski method, see Figure 3.2), which is placed in a high-purity quartz or pyrolytic boron
nitride (pBN) chamber. The chamber is evacuated to a high vacuum and then filled with inert gas,
such as argon or helium, to prevent oxidation of the material. A heating element, typically made of
infrared-transparent material such as graphite, is positioned above and below the rod. The rod is
heated by passing an electric current through the heating element, which causes the material at the
top of the rod to melt. As the material melts, it forms a floating zone that moves down the rod as
more material melts. The speed at which the floating zone moves down the rod can be controlled
by adjusting the power supplied to the heating element. The rod’s temperature and the inert gas
atmosphere composition can also be controlled to optimize the growth of the single crystal. As the
floating zone moves down the rod, the material in the zone solidifies and forms a single crystal. The
single crystal ingot is typically pulled out of the furnace after the floating zone has passed through
the entire rod. The process can also be used to grow multi-crystalline ingots using several rods or a
unique technique called the modified float-zone process.

This basic process can be carried out more often, i.e., the melt zone can be repeatedly passed
through the ingot, which increases the purity at each cycle above what would have been obtained in
a conventional solidification process. Since the impurities migrate to one end of the ingot during the
float-zone cycle, there is also the possibility of cutting off the end with increased impurities between
each float-zone cycle [75].

This basic process can be carried out more often, i.e., the melt zone can be repeatedly passed
through the ingot, which increases the purity at each cycle above what would have been obtained in
a conventional solidification process. Since the impurities migrate to one end of the ingot during
the float-zone cycle, there is also the possibility of cutting off the end with increased impurities
between each float-zone cycle. The Float-zone process has several advantages over other growing
single-crystal ingots. It can produce high-purity single crystals with a low defect density and is
relatively simple and inexpensive. The process is also relatively insensitive to the starting material’s
impurities, making it well-suited for growing single crystals of materials with high impurity levels.[83]

Epitaxial crystal growth

Epitaxial crystal growth is used to grow a thin layer of single crystal material on top of a substrate
material. The process is commonly used to grow semiconductor materials, such as silicon and gallium
arsenide, on top of other semiconductor materials. However, it can also be used to grow other types
of crystals, such as oxides and metals, on top of various substrates.

The process begins with a substrate, typically a single-crystal material, but it can also be a
polycrystalline material or a substrate with a specific crystal orientation. The substrate is cleaned
and placed in a high vacuum or controlled atmosphere chamber. The growth process can take several
forms, including molecular beam epitaxy (MBE), metalorganic chemical vapor deposition (MOCVD),
and chemical vapor deposition (CVD). In MBE, atoms or molecules of the growth material are
evaporated in a vacuum chamber and directed toward the substrate surface, where they deposit and
form a crystal. In MOCVD and CVD, a precursor gas is introduced into the chamber. The substrate
is heated to a high temperature, typically between 600 to 1000 °C, to activate the precursor and
deposit the growth material on the substrate. The thickness and quality of the epitaxial layer can be
controlled by varying the growth conditions, such as temperature, pressure, and the flow rate of the
precursor gas. The process can also be used to grow multi-layer structures, where multiple layers of
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Chapter 3. Semiconductor detector technology

different materials are grown on top of each other.

Epitaxial crystal growth has several advantages over other single-crystal growth methods. The
process allows for the growth of single-crystal materials on top of a substrate with a specific crystal
orientation, which can improve the electronic and optical properties of the material. The process
is also well-suited for growing high-quality thin films, which are essential in many semiconductor
devices, such as transistors and solar cells. The process has some limitations as well. Epitaxial
growth can be sensitive to impurities, defects, and the quality of the substrate. The process also
requires high temperature and high vacuum conditions, which can be challenging to maintain and can
limit the choice of substrate materials. Additionally, the cost of the equipment and the precursors
used for the growth can be relatively high.

3.3.2 Photolithography

Lithography is a process used to fabricate microelectronic devices and other microstructures. It is a
technique for printing tiny structures, such as those found in integrated circuits, onto a substrate
using a chemical reaction. There are several different types of lithography, but the most common is
photolithography.

The photolithography mask is a vital component of the photolithography process, which serves as a
“stamp” to transfer tiny patterns onto the chip. The computer design process for photolithography
masks typically involves several steps, including:

1. Circuit design: the design of a microelectronic circuit is usually done through computer-aided
design (CAD) software. In this process, electrical circuits that will be integrated onto the
semiconductor chip are designed on a computer screen.

2. Creation of the photomask design: After the circuit has been created, the photomask
design is created. This involves converting the circuit into a two-dimensional mask consisting
of a layer of photosensitive material.

3. Transfer of the design to the mask: The machine design is now transferred to the
photomask surface. This is done using special image generation programs that convert the
machine design into a vector format compatible with the photomask exposure process.

4. Design optimization: in this step, the mask design is optimized to ensure that it accurately
and precisely transfers the desired patterns onto the semiconductor chip. This can be achieved
by using simulation tools to study the circuit’s behavior under different operating conditions.

5. Photomask fabrication: after the mask design is complete, the photomask is fabricated. The
design is applied to a transparent film and then exposed through a photolithography process.

6. Testing and verification: After the photomasks are produced, they are tested for quality and
accuracy. This is done through special testing procedures to ensure the mask design transfers
the desired patterns to the semiconductor chip.

Once the photomask has been fabricated, tested, and verified, it can be used in the series
production of semiconductor devices, as seen in Figure 3.4: Photoresist is applied to a wafer. This
wafer is then exposed through the photomask, and the pattern on the photomask is transferred to
the wafer surface, similar to a shadowgraph. The photoresist is a light-sensitive material applied to
the substrate in a thin layer. When the photoresist is exposed to light, the areas of the photoresist
that are exposed to light become more soluble, while the areas that are shielded from light remain
less soluble. After the photoresist is exposed to light, it is developed. It involves rinsing the substrate
with a chemical developer to remove the areas of photoresist that were made more soluble by the
light exposure. This leaves behind a photoresist pattern on the substrate that is the inverse of the
way on the mask.

The next step in the lithography process is to use the patterned photoresist as an etch mask, which
involves etching away the underlying substrate material to create the desired pattern. Finally, the
photoresist is removed to reveal the patterned substrate.

In a few words, the basic principle of photolithography is to protect some areas from dissolution
by photoresists. Whether the exposure makes the photoresist sensitive to dissolution (positive
photoresist) or insensitive to dissolution (negative photoresist) is a technical detail and does not
change the basic principle.
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Figure 3.4: Basic principle of photolithography. In the first step, the substance to be applied in a
structured manner is deposited over the entire surface of the wafer (in this case, silicon oxide). The
photoresist is also spread over the whole surface. In the second step, this photoresist is exposed
through a photomask (or “reticle”) only at specific locations (similar to the structure to be obtained,
as a positive or negative). This exposure changes the chemical properties of the photoresist so that
in the next step, it can be dissolved away either only at the exposed (positive) or at the unexposed
(negative) areas. Now the silicon oxide is exposed at these places where the photoresist as a protective
layer was dissolved and washed away. In a further step, an etchant is applied that etches away only
the silicon oxide where no photoresist lies above it. In the final step, all remaining photoresist is
etched away, and the processed wafer is ready for a new layer. Picture taken from [80].

Lithography is a critical step in the fabrication of microelectronic devices, as it enables the creation
of tiny and complex structures with high precision. It produces various microelectronic devices,
including computer chips, solar cells, and medical implants.

3.3.3 Wafer thickness control

In high energy physics, it is important that the sensor thickness is precisely determined because then
the active sensor volume is exactly known. Furthermore, the sensor currents scale proportionally
with the sensor thickness as the active volume increases, and the capacitance is inversely proportional
to the sensor thickness (plate capacitor). For the silicon sensors of the HGCAL, there are two
procedures to bring the sensors to the defined thickness (see Figure 3.5):

1. For the 200 pm and 300 pm thick sensors, the wafer is fabricated using a standardized process
at a much larger thickness. After cutting, the backside is mechanically ground to the desired
thickness. Since grinding results in crystal lattice damage around the ground surface, the
backside must have a backside implant with high doping (p++) to bring the electric field
applied under the p-bulk close to zero. Otherwise, early breakdowns could occur in this zone.

2. For the 120 pm thick sensors, a diametrical approach is taken: A thin wafer is fabricated, and
an epitaxial process is used to grow the silicon layer more and more until the desired thickness
is achieved. However, for mechanical stability reasons, the overall thickness of these sensors is
still about 300 pm. To further bring the active sensor thickness to 120 pm, these sensors receive
a thick backside implant of high doping (p++) where the electric field is close to zero.
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Figure 3.5: Cross-section of the sensor structures of the HGCAL. The layer thicknesses in the image
are not to scale. The upper right (200/FZ200 8-inch) and lower left (300/FZ300 8-inch) images
represent the cross-section of the 200 pm and 300 pm thick sensors. The wafers are mechanically
ground from a much thicker wafer to the desired thickness. The 200 pm sensor is actually 1/3 thinner,
which requires special care during handling.

On the bottom right picture, in contrast, the 120 pum thick sensors take (300/epil20 8-inch) thin
starting wafers and apply an epitaxial crystal growth process to bring them to the desired active
thickness. However, since the overall thickness is again 300 pm, the active thickness is limited by
introducing a thick backside implant of high doping (p++) into the backside, which keeps the electric
field in this region close to zero.

The upper left sensor cross-section (320/FZ290 6-inch) is used for comparison with the sensors of
the CMS Tracker, which are manufactured in the 6” process.

Picture from [61].
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Salvador Dali

Radiation damage mechanisms

4.1 Crystallographic properties of silicon

Silicon is a chemical element with the symbol Si and atomic number 14. Silicon and Germanium
crystallize in the diamond lattice structure (Figure 4.1), GaAs, CdTe, and other compound semicon-
ductors in the zinc blende structure or the zinc sulfide structure (hexagonal).

Unlike metals, semiconductors do not form dense sphere packings, so the number of immediate
neighbors per atom is comparatively small, with a typical lattice spacing of about 5.5 A. The diamond
lattice structure can be thought of as two interpenetrating face-centered cubics (fcc) cells arranged
along the diagonal of the cube by one-quarter of the diagonal length. Each atom is covalent bonded
to four neighboring atoms that are equally spaced around it. These bonds are very stable and result
in a high melting and boiling temperature. All atoms are identical, whereas, in the zinc-blende
structure, each one of the fcc cells consists of the other atoms of the compound. The packing density
is only half that of the body-centered cubic lattice (bec). Figure 4.1 shows the unit cell of the
diamond cubic crystal. The cubic crystal structure of silicon also has a vital role in its electronic

Figure 4.1: Unit cell of the diamond cubic crystal structure of silicon and germanium. The lattice
atoms are located at the eight corners; the six cube faces, and at the centers of those four of the eight
octants that are not directly adjacent. In simple words, it is two intersecting, cubic face-centered
structures. Image from [42].

properties, allowing it to be used effectively as a semiconductor material. Silicon is a fundamental
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building block in the semiconductor industry and is used in various applications, including solar cells,
transistors, and integrated circuits.

Necessary for some applications is at which cutting directly through the crystal obtains the densest
packing of atoms at the surface. To describe the crystal orientation, the “Miller indices” represent
lattice planes which define a plane orientation in the crystal by a triplet of numbers. The (111) plane
is the plane with the densest packing of lattice atoms in an fcc lattice [45].

4.2 Microscopic high energy radiation damage mechanisms
in silicon
There are now several ways to classify the effects of radiation on a solid-state detector:

¢ Surface damage vs. bulk damage: Photons (no rest mass, therefore hardly any energy
transfer to heavy atomic nuclei) cause primarily surface damage. Bulk damage, on the other
hand, is induced mainly by hadrons (due to the higher rest mass).

¢ Non-permanent vs. permanent: Many lattice damages, e.g., Frenkel pairs, can heal in
the short term, e.g. by immediate recombination. Lattice excitations (phonons) are also not
permanent lattice damage. Some other types of lattice damage, such as cluster defects, do
not heal immediately and tend to be persistent. However, these can be partially healed by
annealing; see Section 4.4.

o Pattern: Vacancies, Interstitials, Frenkel pairs, see Section 4.2.1.

o “Multiplicity”: This denotes the dimensionality of the lattice damage. One-dimensional would
be point defects, and three-dimensional would be cluster defects. Two-dimensional lattice
damage (e.g., dislocations) is more relevant for considering mechanical effects and is not dealt
with here.

e Causing particles: Charged hadrons typically cause nuclear scattering and EM scattering,
which lead to point and cluster defects. Neutral hadrons usually impart their energy to a
primary knock-on atom, which then causes further lattice damage, see Figure 4.3.

In the case of silicon, two types of radiation damage must be distinguished concerning reduced
detector performance:

o Surface damage, specifically in the oxides and silicon oxide transitions caused by direct and
indirect ionizing radiation. Typically these are charge carrier traps.

o Damage in the bulk material caused by non-ionizing energy loss (NIEL). Typically,
these are crystal lattice defects.

A particle can cause both types of radiation damage in a single pass: For example, a proton can first
damage the surface oxide of the detector by impact ionization (ionizing energy loss) and then knock
a lattice atom in bulk out of its location by inelastic impact (non-ionizing energy loss).

The summation of all energy contributions yields:

loss.total Eloss,ionization + Eloss,displaccmcnt + Eloss,nuclcar (41)

non-ionizing energy loss (NIEL)

4.2.1 Non-ionizing energy loss (NIEL) radiation damage hypothesis

If a particle entering a crystal has sufficient energy and momentum, it can dislodge a lattice atom
from its regular location. This takes place by inelastic collision under energy exchange; the heavier
the incident particle is compared to the lattice atom (energy and momentum relation of inelastic
collisions) The maximum energy transfer can be achieved when the incident particle has the same rest
mass as the crystal atom. Since the minimum energy required to release the atom from the lattice
(20€eV for silicon [40]) is far less than typical energy losses in high energy physics, only inelastic
collisions are relevant here. Below this energy, no dislocation, i.e., crystal lattice damage, takes place,
but the energy is transferred to the crystal as phonons. Phonons, although by definition part of the
NIEL, do not cause damage to the crystal lattice and are dissipated as heat.
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Crystal lattice defects are disturbances in the perfect arrangement of atoms in a crystal. These
defects can also be caused by other factors than radiation, including mechanical stress, thermal
treatment, and other environmental conditions. Some zero dimensional crystal lattice defects (point
defects, see Figure 4.2) are:
Interstitials occur due to gaps or voids in the crystal lattice caused by an uneven arrangement of
atomic nuclei in the lattice or by the introduction of atoms from a foreign substance.
Frenkel defects or more precise, Frenkel pairs [28], are a type of crystal lattice damage caused by
the absence of an atom (vacancy) at its normal position in the crystal lattice. Instead, the atom is
located at a different place in the lattice (interstitial). So it is a combination of an interstitial and a
missing atom.
Center-of-mass defects, also known as translational or displacement defects, are a type of crystal
lattice damage in which a group of atoms is displaced as a unit in the lattice rather than a single
atom at a different location in the lattice, as in Frenkel defects. This results in a shift in the center
of gravity of the affected atoms and, thus, a change in the center of gravity of the overall crystal
lattice. These defects are related to cluster defects, see Figure 4.3.
Nuclear transmutation refers to the transformation of atomic nuclei by nuclear reactions in the
presence of hadron radiation, especially neutron radiation. One possibility is the transformation of
silicon® into other isotopes or phosphorus:

281+ — 98i 4 'n — 3081 4 'n —— 31Gi 22N 3Pt L om 4y 4 1492MeV (4.2)
Here, a silicon atom captures one or more neutrons to eventually become 2'Si, which decays by beta
decay with a half-life of 2.62h to the stable phosphorus isotope 'P.
This circumstance can produce n-doped silicon (neutron transmutation doping) very homogeneously.
For this purpose, silicon is irradiated with neutrons; neutron capture yields *!Si and *'P. The
radiation damage strongly disturbs the crystal lattice, so it is cured in a subsequent annealing step.

Interstitial atom Substitutional larger atom

Q.- 0000
2000 S SO RS

Vacancy Frenkel-pair Substitutional smaller atom

Figure 4.2: Point defects (zero dimensional) in crystals. All these defects contribute to radiation
damage in crystalline solids. Image from .

There are still many multidimensional crystal damages, but they play only a minor role in
radiation hardness considerations regarding semiconductor particle detectors. Crystal lattice damage
can affect both the electronic and mechanical properties of materials, and its effect can vary depending
on the type and density of the defects. A high density of crystal lattice damage can lead to a reduction

a28gj is the most common isotope with ~92 % occurrence, 29Si with ~4.7 %, and 2°Si with ~3.1 %.
2https://wuw.differencebetween.com/difference-between-point-defect-and-line-defect/, accessed 2023-01-
07
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in the strength and hardness of the material. In contrast, a lower density of defects can often have a
positive effect on electronic properties, such as in semiconductors. It is essential to understand how
crystal lattice damage occurs and how it affects the properties of materials, as it plays a critical role
in the development and optimization of materials and devices [45].

Since neutrons do not lose energy through direct ionization in solids, energy transfer through non-
ionizing collisions is the typical radiation damage caused by neutrons. Therefore, studies on bulk
damage caused by neutron irradiation from nuclear reactors or other neutron sources are carried
out. Since the neutron spectrum in nuclear reactors depends on many factors (location in the core,
moderation type, fuel type and enrichment, burn-up) and is given in a vast range (meV to MeV), it
has proven beneficial to normalize the spectrum to an equivalent, mono-energetic neutron radiation
of 1 MeV energy, abbreviated throughout the work with neq [68]. For proton irradiation, the damage
function is also normalized to the equivalent damage of 1 MeV neutrons to create comparability. Since
the fluence ¢ is just normalized to 1 MeV neutrons, each particle must be brought to a mono-energetic,
NIEL-equivalent fluence:

(I)eq = ZK/’L(E’L) . q)z(Ez) (43)
i

where ®;(E;) is the non-normalized fluence of the i-th particle of energy F;, and k;(E;) is the
hardness factor for the i-th particle of energy F;. In other words, x describes the severity of crystal
lattice damage of a given particle at a given energy. Other hadrons, such as pions, are not practicable
for large-scale sensor irradiation studies. Also, the massless photons can cause displacement damage
provided their energy is high enough [31], and additionally through secondary effects, e.g. Compton
scattering [14] and photodisintegration [26].

1 MeV neutrons:

10 MeV protons: 24 GeV protons:
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Figure 4.3: Simulation of crystal lattice defects in a silicon cube of 1m? by particle irradiation
with a fluence of 10'* cm—2 particles. These plots represent a two-dimensional projection of the
distribution of crystal lattice defects for protons with 10 MeV and 24 MeV and neutrons with 1 MeV
kinetic energy. Since 10 MeV protons have a significantly higher displacement damage cross-section
than 24 MeV protons according to Figure 4.4, significantly more lattice defects (~37000 versus
~4000) are observed. Further, neutrons exhibit different behavior than protons, with fewer individual
defects (due to lack of Coulomb interaction), and the defects are clustered more frequently. Image
from [40].

4.2.2 Displacement damage function D(F) and damage function «

The displacement damage function D(F) and the damage function « are both key concepts in the
field of radiation damage in materials, particularly within the context of how energetic particles such
as neutrons, ions, or electrons cause damage to the crystal lattice of a material.

The displacement damage function D(F) describes the amount of damage caused by an incident
particle with energy E. It quantifies the number of displaced atoms (Figure 4.2) created by the
interaction of the energetic particle with the material. This function considers the energy transferred
to atoms in the material and the probability of displacement events. The damage function « is
related to the macroscopic effects of the displacement damage on the material properties. It typically
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describes the relative damage efficiency of different types of radiation or the effect of radiation
on specific material properties, such as electrical conductivity or mechanical strength. D(E) links
fundamentally to « through the process of integrating the microscopic damage events over the energy
spectrum of the incident radiation to predict the macroscopic damage in the material:

Emax
Displacement per atom dpa = / ®(E)-D(E)dE (4.4)

Emin

whereas the Displacement per atom dpa is an auxiliary function, F i, and E.x are the minimum
and maximum energies of the incident particles that can cause displacement damage, ®(E) the fluence
of particles, and D(FE) the displacement damage function [79]. Note that ®(E) is not normalized to
1 MeV [68]. To normalize the fluence, one needs the hardness factor .

Dpoq = - P (4.5)

% in turn can be expressed by the damage function D(E), the fluence ®, and a unit normalization”
by integrating over the energies:

Emax
dpa fEmin ®(E)-D(E)dE (4.6)
 95MeVimb - [P §(E)dE 95 MeVinb - Jo ®(E)dE '

« is then related to the dpa through empirical or semi-empirical relationships. These relationships
can vary depending on the specific property being studied and the material in question. In general,
« can be expressed as a function of dpa: a = f(dpa), where f(dpa) is a function that encapsulates
the dependence of the material property on the number of displacement events. The exact form
of f(dpa), D(E), and « as well as their normalizations often requires experimental calibration [57].
This involves irradiating the material with known spectra and measuring the resulting property
changes to establish the empirical relationship [68]. Figure 4.4 shows D(FE) of silicon for neutrons,
protons, electrons and pions.

b 95 MeVmb is standard for silicon, see https://rd50.web.cern.ch/niel/
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Figure 4.4: Displacement damage cross sections of protons, neutrons, pions and electrons over various
energies in silicon. The displacement damage function D(FE) is normalized to 95 MeV mb. Data from
[54].

4.3 Effects of NIEL damage on electrical characteristics

The micro-scale crystal lattice defects discussed in Section 4.2 also impact the macroscopic properties
of the sensors. Apart from the change in the mechanical properties, which are irrelevant here, the
changes in the electrical properties are interesting. Since this work investigated mainly bulk damage,
this description focuses on it and leaves out surface damage. This chapter will focus on the relevant
mechanisms, the change in effective doping concentration, and the consequent changes in leakage
current and full depletion voltage.

4.3.1 Effective doping concentration N.g, charge carrier mobility p, and
resistivity p

During irradiation, crystal lattice defects that behave like acceptors or donors are created. Both
defects are generated during irradiation, leading to a change in the doping concentration of the silicon
bulk material. It is recommended to introduce the effective doping concentration after irradiation,
Negr, to include the generation of radiation-induced acceptors and donors.

Charge carrier mobility refers to the ability of charge carriers (electrons or holes) to move through a
semiconductor material in response to an electric field. It is a critical parameter affecting electronic
devices’ speed and efficiency. Mobility is influenced by various factors, including the material’s
crystal structure, defects, temperature, and external influences, such as irradiation.

Irradiation introduces defects into the crystal lattice of a semiconductor, which can act as scattering
centers for charge carriers. As charge carriers move through the lattice, they interact with these
defects, causing deviations from their ideal trajectories. This scattering leads to a reduction in the
overall mobility of charge carriers. The greater the concentration of defects introduced by irradiation,
the stronger the scattering effect and, consequently, the lower the mobility.

Resistivity measures a material’s opposition to the flow of electric current, the inverse of conductivity.
The resistivity of a semiconductor is closely related to its charge carrier concentration and mobility.
Irradiation-induced defects have a significant impact on resistivity. As discussed earlier, defects act
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Figure 4.5: Radiation-induced defect levels in the band gap of a semiconductor.

(a) Insertion of additional charge carriers (donors and acceptors) increases the effective doping
concentration. (b) Defective sites can trap electrons or holes, which reduces charge collection
efficiency (CCE) or (c) increase currents since charge carriers can be generated or recombined more
easily. Image from [43].

as scattering centers that hinder the movement of charge carriers. This scattering increases the
resistance charge carriers encounter as they travel through the material, resulting in higher resistivity.
In other words, the presence of defects introduced by irradiation increases the material’s opposition
to current flow.

Resistivity is also influenced by the effective charge carrier concentration, which is altered by
irradiation by generating donors and acceptors in the band gap or changes in doping profiles.
Increased carrier concentration due to donor and acceptor generation can contribute to lower
resistivity, while carrier trapping and recombination at defects can reduce the effective carrier
concentration and increase resistivity. The resistivity is given by:

1

= 4.7
pee- Ne ( )

p

where p is the mobility, e the elementary charge and Neg the effective charge carrier concentration.

4.3.2 Effects on leakage current

Leakage currents are an issue in reverse-biased semiconductors. These currents flow through the
depletion zone despite the reverse direction (without breakdowns). The leakage current is linearly
dependent on voltage as well as on defects. Furthermore, it shows an exponential temperature
dependence due to the Fermi-Dirac statistics (see Equation 2.11).

The reason for the increased leakage currents due to radiation damage is that crystal lattice damage
(NIEL, see Section 4.2.1) leads to additional energy levels in the bandgap, as can be seen in Figure 4.5.
Shallow defects, i.e., defects close to the edge in the forbidden area of the band gap, resulting in
additional donors at the upper edge or acceptors at the lower edge, see Figure 4.5a. Defects closer
to the center of the band gap at the Fermi level are called deep defects. These cause traps for
electrons or holes (Figure 4.5b), which worsen the charge collection efficiency or serve as centers for
generation-recombination processes which increase the leakage current.

The radiation-induced microscopic defects induce macroscopic influences, like an increase of the
effective doping concentration.

The following equation gives the defect and voltage dependence of the change in leakage current:

Al = Liyrad — Lunirrad = Q(Ta t) D neq ° v (48)

Where here I;aq is the current of the irradiated diode, Iunirraq iS the current of the unirradiated
diode, V' is the reverse voltage, ®qq is the fluence normalized to 1 MeV neutrons, and « is the
so-called “damage factor” or in other words, the current related damage rate (see Section 4.2.2). « is
temperature and time dependent, and can lower over time, which means that the sensor’s radiation
damage partially recovers, the so-called “annealing” (see Section 4.4).

41



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4. Radiation damage mechanisms

It is essential in this equation that the currents [j,aq and [Iunirraq are measured at the same
temperature since the leakage current also depends on the temperature, as already mentioned. If
this is impossible, the currents must be scaled to the same temperature using Equation 2.11.
Experimental data reveals that the particle fluence ®,0q and the radiation-induced current change
AT follow a linear relationship over a wide range, as Figure 4.6 illustrates.
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Figure 4.6: In this plot of experimental data, one can see the leakage current density as a function of
neutron fluence for different sensor types and thicknesses. Measurements were made at —20 °C, and
the results were scaled to —30°C using the Boltzmann factor (2.11). The applied bias voltage was
600 V. It can be seen that the leakage currents increase linearly with fluence in this range relevant
to HGCAL, which greatly facilitates the interpolation and extrapolation of measurements. The
linearity represents the NIEL hypothesis. Figure from [1].

4.3.3 Effects on full depletion voltage

The full depletion voltage Ugq is one of the critical parameters for semiconductor particle detectors.
To maximize the detector volume, extending the depletion zone as far as possible to the entire detector
volume is essential. With increasing voltage (reverse bias), the depletion zone grows increasingly
from the electrodes into the detector volume. The point at which the depletion zone reaches the
opposite electrodes, i.e., the depletion zone has spread over the entire volume, is called full depletion
voltage: the sensor completely depletes charge carriers. Now, the slope with which the growth of the
depletion zone depends on the voltage depends on the effective doping concentration N o.
Irradiation using collision products from hadron colliders produces acceptor-like states in the shallow
defects and removes donor-like ones [49]; one could say that the hadron radiation makes the sensor
more and more “p-like”. In the case of n-type bulks, this reduces the effective doping concentration
to zero until an inversion occurs at a certain fluence: The n-type becomes p-type, and the effective
doping concentration increases again (type inversion). However, this also means that the space-charge
region grows from the opposite side, which can be problematic for the sensor bias voltage supply.
In the present work, only p-type sensors are treated experimentally, which do not show this type of
inversion, as they are already “p-type”. However, this also means the effective doping concentration
increases with increasing irradiation. The higher N.g, the more charge carriers work against the
external field, thus the slower the depletion zone grows (see Equation 2.6. Irradiation increases the
effective doping concentration, so the depletion zone grows more slowly, which means that the full
depletion voltage shifts towards higher voltages. A higher voltage means a higher leakage current,
which is already increased by irradiation (see Section 4.3.2).
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From Equation 2.4 we get:
C  Neg-d? (4.9)

Uta =
€€
where e is the elementary charge, € the electrical permittivity, ¢y the vacuum permittivity, Neg the
effective charge carrier concentration and d the active thickness of the detector [53].

4.4 Partial repairing of radiation damages: Annealing

Annealing of radiation damages refers to the process of repairing or mitigating the effects of radiation
damage to a material by heating it to a high temperature. The purpose of annealing is to restore the
material’s crystal structure and properties, which may be damaged by exposure to radiation.
Radiation damage can occur when a material is exposed to high-energy particles such as protons,
neutrons, or even lighter particles as electrons (see Figure 4.4). These types of radiation can ionize
atoms in the material, breaking chemical bonds and creating defects in the material’s structure.
Other damage types are dislocations of atoms or altering them by nuclear reactions. These defects can
also form stable compounds called “clusters”. These can result in various adverse effects, including
changes in the material’s electrical, mechanical, and chemical properties and degradation of its
performance or functionality. Annealing is a common technique used to repair or mitigate the effects
of radiation damage. It involves heating the material to a high temperature, which can help “heal”
defects in the structure and restore its original properties. Nevertheless, not only beneficial annealing
occurs, but the radiation damage can also deteriorate the desired properties (reverse annealing).
Typically, in the case of semiconductors, beneficial annealing occurs first. However, if the annealing
is too long, it changes at a transition point into reverse annealing, where the electrical properties
deteriorate again (see Figure 4.7).
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Figure 4.7: A typical course of an annealing curve. Initially, the effective carrier concentration N og
decreases, resulting in a net improvement of the electrical properties (beneficial annealing). After
about 100 min at 60 °C, this goes into saturation, and the detrimental annealing processes begin to
dominate (reverse annealing). Figure from [54].

In this work, we restrict ourselves to the partial restoration of electrical properties by annealing.
Here, point defects (see Figure 4.2) are essential, generating new energy levels in the bandgap, see
Figure 4.5. Point defects are fundamentally mobile and can migrate or diffuse by thermal motions
following Fick’s diffusion law. This migration rate depends exponentially on temperature, in terms
of the Boltzmann factor, because as the temperature increases, the point defects have more kinetic
energy and thus can more easily and thus more often overcome the energy barrier of the crystal
lattice. Now there are several possibilities for what happens when a point defect in the crystal lattice
migrates:
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e A defect migrates in the crystal lattice and settles at another previously defect-free site.
This migration does not affect the electrical properties, so it is neither beneficial nor reverse
annealing.

o A defect migrates in the crystal lattice and encounters another defect. These defects may form
a stable junction called a cluster defect for energy minimization reasons.

o An interstitial migrates and meets a vacancy, a quasi-particle. Since a vacancy is exactly a
missing interstitial atom and an interstitial is exactly an excessive one, these two defects reunite
at this point to form a perfect crystal. It is the reverse of the formation of a Frenkel pair, the
recombination. This type of annealing is beneficial because it restores the electrical properties.

Although there are phenomenological models, such as the NIEL hypothesis, no existing physical
model from derived first principles describes the quantitative effects of radiation damage in solids.
The reason is that although all the processes involved are each understood on an elementary level,
the multifaceted interaction of these in many-particle systems, such as solids, has not yet proven
modelable.

The longer annealing takes place, the greater the chance that a defect will be annealed or that clusters
will form. The formation and grow of clusters as well as the reintroduction of already annealed
defects is understood to be the main contributor to reverse annealing. The exact temperature and
duration of the optimal annealing process will depend on the type of material and the severity of the
radiation damage [53].

As a best approximation for the relevant time scale of this work, the effective modeling of the damage
function is given by:

A(t.T) = a0(T) +aa(T) - exp (7'(_;’)) ~ B(T)-In (;) (4.10)

constant

long-term annealing short-term annealing

whereas «(t,T) is the damage function, depending on time ¢ and temperature 7', the time constant
7(T) which describes how fast the annealing process happens, and a constant ¢, which is used to
adjust the units. The different contributions of annealing are described by: ag(T"), which describes
the best possible annealing at a given temperature, «;(T") for the long-term annealing contribution
and B(T) for the short-term contribution [53].
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”Simplicity is the ultimate sophistication.”

Leonardo da Vinci

Sensor design

5.1 Basic concept

Geometry is often the crucial element driving design choices. The hexagon is the largest, seamlessly
tileable, regular shape on a circular silicon wafer. As for the HGCAL, the demonstrative feature is
therefore the hexagonal shape. This feature has extensive effects on the whole hierarchy of detector
design and operation and economic considerations. Using a hexagonal shape maximizes the wafer-area
usages, resulting in a reduction of necessary sensor tiles, hence decreases costs. One sensor segments
into smaller cells; each of it has its analog readout channel. Consequently, these active sensing
elements also have a regular, hexagonal shape (see Figure 5.7), except for some irregular cells at the
sensor edges and corners. These edge and corner cells are necessary to fill the otherwise unused area
between the regular pattern and the sensor edges. This is depicted in Figures 5.6a and 5.6b.

To better understand the schematics of this chapter, each design screenshot® depicts a legend with
the different materials and the corresponding color code. One has to note that a passivation layer
(SiO2) covers the whole upper surface of the sensor. Only the areas with a “passivation window”
(which means that there is no passivation layer) provide contact to the underlying metal.

Compensation of diffusion effects

In semiconductor production, during the ion implantation process, the bombardment by high-energy
ions damages the silicon crystal lattice. For repairing this damage, one crucial step is annealing
after ion implantation. Annealing is done at temperatures up to 100 °C for a few seconds. The heat
increases the mobility of the dopants, leading to a lateral spread of the implant (see Figure 5.1). For
the HGCAL sensors, this additional lateral spread is about 1 pm. For mitigation, the photolithography
masks have to be corrected. All structures containing implants have to be shrunk by 1pm to have
the correct physical dimensions at the end of the production process. Table 5.1 shows the difference
between the designed dimensions and actual dimensions. Note that widths have a difference of 2 pm
because the difference adds up on both ends of the structure.

5.2 p-stop designs: common and individual

With n-in-p sensors (analogous to n-in-p, of course), the following problem arises after irradiation:
The oxide covering the sensor (passivation) forms positive charge carriers when irradiated with
ionizing radiation. These charge carriers are formed from electrons knocked out of the oxide, while
the positive atoms rest at their lattice position. Due to the insulating nature of the oxide, these
are immobile. At the oxide-bulk interface, the negative charge carriers in the p-bulk move towards
the excess of positive charges in the oxide. They accumulate in a thin layer close to the interface

aThe software “KLayout” (https://klayout.de), a tool for creating photolithography mask layouts, was used to
construct the sensor design. The design screenshots originate from this software.
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p type bulk

Figure 5.1: This sketch outlines the cross-section of the implant at the beginning of an active sensor
cell. After all processing steps, including thermal annealing, the implant still diffuses outward by
about one pm, resulting in an arc-shaped path. Sizes are not to scale but to better illustrate the
existing structures.

Table 5.1: Intercell dimensions of both p-stop types “common” and “individual” (2021 prototypes)

Parameter p-stop common p-stop individual
real design real design

No. p-stop implants 1 1 2 2
p-stop width 6 pm 4 pm 6 pm 4 pm
Inter p-stop distance 6 pm 8 pm
p-stop to cell implant 37 pm 39 nm 31 pm 33 pm
Interpad distance 80 nm 82 nm 80 pm 82 pm
Metal overhang 12.5 pm 13.5 pm 12.5 pm 13.5pm

(accumulation layer). This forms a conductive channel between the n-implants and short-circuits the
cells/strips, which must be insulated for functioning operation see Figure 5.2a. [78]

The “p-stop” method interrupts this channel: An additional p-implant is inserted between the active n-
implants, which cuts the conductive channel of accumulated p-charges (Figure 5.2a). Another method
is the “p-spray”, where p-type ions are evenly applied to the surface. In the present sensors, only
the “p-stop” method was used in two different geometries: common and individual, see Figure 5.3. [78]

With p-stop common (Figure 5.3a), there is a single, contiguous p-stop implant between the active
cells, which is also connected to the p-stop of the sensor edge. With p-stop individual (Figure 5.3b),
each active cell has its own isolated p-stop implant. At the time this thesis was completed (2024),
the HGCAL collaboration decided to use the p-stop common design for the final production of the
sensors.

5.3 Extensions for guard ring and edge ring

A guard ring in silicon sensors serves several essential purposes, primarily aimed at improving the
performance and reliability of the device. Here are the most critical functions:

Uniform electric field distribution: The guard ring helps create a more uniform electric field
across the sensor’s active area. This uniformity is essential to ensure consistent sensor performance
and accurate measurement over the entire active area. [74]

As a shield, it protects the sensor from high-voltage breakdown at the edges. The guard ring acts
as a guardian, controlling the distribution of the electric field near the edges, preventing premature
breakdown, and enhancing the sensor’s robustness and reliability in high-voltage operations. [74]
Attenuation of surface conditions: The surface of silicon sensors can exhibit conditions that
trap charges and cause instabilities in sensor performance. The Guard ring can help avoid the effects
of these surface states by providing a controlled path for all surface currents, stabilizing the sensor’s
behavior. [74]
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(a) Without a p-stop implant, the electrons of the (b) With a p-stop implant, the negative accumulation
negative accumulation layer connects the n-implants layer is interrupted by a small depletion zone, and
of the sensing elements. the n-implants are insulated.

Figure 5.2: Schematic drawing of the principle of the p-stop. Incident radiation knocks electrons out
of the oxide, leaving positive charges behind. These attract negative charges (electrons) from the
bulk, which form a thin accumulation layer under the oxide and short-circuit the n-implants (a)).
This accumulation layer can be interrupted by a p-stop element (b)), and the n-implants are isolated
again. Figure from [38]
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(a) p-stop common. All p-stop elements of the (b) p-stop individual. Each sensing cell has its own
active sensor area are interconnected. p-stop element.

Figure 5.3: Design of interpad nexus of neighboring cells (2021 prototypes). All values are given in
nm. Be aware of the extra pm of implants given by diffusion processes (see Section 5.1).
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Figure 5.4: Principle of the current flow at the edge region:

Black arrows indicate the current flow. Because of the crystal lattice damage at the cutting edge of
the sensor, the Ohmic resistance is meager (in the range of a few ohms), so there is effectively a
connection between the backside and the edge ring, and they are at the same electrical potential.
This allows, in addition to the high voltage resistance, the edge ring to contact HV instead of the
sensor backside. This can then be placed on a special rubber pad to avoid scratches. Figure from
[61].

These rings are typically made of a highly conductive material, such as aluminum. They are designed
to have a low resistance to ensure that they can effectively dissipate excess current. In this design
prototype, there is a floating outer guard ring and an inner guard ring on ground potential, see
Figure 5.5b. Both rings are from the “Metal overlap’ type, where the surface metal extends laterally
over the underlying guard ring implant, see Figure 5.4.

An edge ring surrounds the whole active sensor region (see Figure 5.5a), serving the following
purpose:
Crucially, the edge ring keeps the depleted zone of the sensor region away from the physical edge of
the sensor. This reduces the field strengths in the edge regions where wafer dicing (see Figure 5.4
and Section 3.3) create many defects in the crystal lattice, fracture edges, and other weaknesses.
Enclosing the active area with an edge ring significantly reduces the elevated leakage current that
typically occurs at the sensor’s edges.

As mentioned in Section 6.3.4, the frontside biasing concept needs dedicated structures to ease
wire bonding for mass production. Trapezoidal extensions of the edge ring were the chosen shape
(see Figure 5.5a). We chose the same angles (30°) as in the corners of the full sensor to avoid sharp
corners, as they may lead to regions with high electric fields. Since it is known from experience
with the sensor corners that this small curvature does not lead to any measurable influence on the
electrical performance. When designing the geometry, care was taken to balance minimizing the
required area on the one hand (to keep the active sensor area as large as possible) and creating
enough space to contact two pogo pins per position.

The contact pads of the guard ring (see Figure 5.5b) are designed according to the same geometric
concept as the high voltage pads. While the high-voltage pads are only used for test purposes (i.e.,
frontside biasing), the guard ring pads are also suitable for regular sensor operation.

5.4 Low-density (198 channel) and High-density (444 channel)
design

For the 200 pm and 300 pm thick sensors, the CMS collaboration has chosen the so-called “Low-
density” (LD) design with 198 full-size channels, see Figure 5.6a. The vendor will produce these
sensors in a float-zone process. Note the hexagonal shape of the main cells, the irregular shapes of the
corner and edge cells. One full hexagonal cell has an active area of approximately 126 mm?. Table 5.2
shows an overview of essential differences between the Low-density and High-density designs.
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(b) Guard ring extension. The purple pad, embedded in the guard ring, is at ground potential.

Figure 5.5: Screenshots of the edge- and guard rings designs (2021 prototypes). All dimensions are in
micrometers. In these pictures, it is easy to see that there is no isolated metallization on the surface.
An isolated floating piece of metal could negatively affect the high voltage stability. Therefore, the
author put a special focus on metallization during the design.

5.5 Selection of processing techniques

For the selection of processing methods (see Section 3.3.1), several methods were considered: Epitaxial
(epi), Float Zone (FZ), and Magnetic Czochralski (MCz).

The HGCAL Collaboration selected thin (120 um), epitaxially grown substrates (epi) for the areas of
highest radiation exposure due to their outstanding radiation hardness [24]. MCz was also considered
initially, as it can be enriched with more oxygen than FZ [66]. However, it was impossible to
determine with certainty whether the vendor could also produce a sufficient number of wafers in
MCz. FZ processing was chosen for all other areas with lower radiation hardness requirements, as
this material is widely used in high-energy physics, with which there is much understanding [30].
The vendor has many years of experience processing large quantities. The HGCAL Collaboration

bThe calculated values of the active areas are measured up to the edge of the p-stop common, which is considered
the best approximation.
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Table 5.2: Specifications of the sensor types LD and HD. Here only values are shown which differ
between the sensor types.

Parameter Low-density (LD) High-density (HD)

Total number of cells 198 444
No. cells excluding calibration cells 192 432
Number of calibration cells 6 12
Number of edge cells 33 51
Number of corner cells 12 18
Total activesensor area 23258 mm? 23249 mm?
Active area of one full-size cell 126 mm? 56.1 mm?
Active area of one calibration cell 29.2 mm? 13.1 mm?

| p+implant I contact
[ZZ]n+ implant L metal
p-stop implant - passivation window

[ p+ implant B contact
n+ implant | metal
p-stop implant - passivation window

(a) Low-density design with 198 active channels. (b) High-density design with 444 active channels.

Figure 5.6: Design of the full sensor prototypes (2021 prototypes). Larger images can be found in
Appendix A.2 and A.3.
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Figure 5.7: Screenshot of the design file (2021 prototypes) of the sensor design. Depicted is a single
cell of the high-density sensor. The violet sectors at the corners are contact areas where it is possible
to contact and apply a bias voltage to the cell. The circle in the center means no metal, which allows
testing the sensing element by a laser. The small orange circles are contact holes, which connect the
metal layer to the underlying silicon. The lower rectangle is a placeholder for cell labels, which are
visible in the full sensor design.

determined that the requirements of areas with low radiation doses can also be sufficiently met with
FZ. Therefore, there was no compelling reason to use the superior MCz processing. Nevertheless,
two prototypes of this material were produced, and one was available for our experiments.

5.6 Design of the test structures

Experience with previous CMS sensors showed that test structures are a valuable tool for comple-
menting prototype sensor tests. One does not always want to do electrical measurements on full
8-inch sensors for various reasons. The large capacitance of sensors means that one has large charging
currents between voltage steps, leading to longer waiting times. Test structures are also part of
the so-called Process Quality Control (PQC) strategy, which defines complementary actions during
the series production process. They comprise specialized structures like metal-oxide-semiconductor
(MOS) elements, van-der-Pauw contacts, and gate-controlled diodes (GCD), see Figure 5.8. One
can find a detailed overview of the PQC strategy and its elements in [38]. During series production,
they help to monitor production, spot deviations from specifications. They provide the ability to
test more wafers compared to other quality assurance processes. Besides series production, PQC
offers various advantages for the prototype phase: It makes it possible to observe parameters that
would not be as easy to investigate using full-size sensor prototypes. Furthermore, these small test
structures are easier to handle and therefore have a more negligible risk to break.

As mentioned before, the CMS Tracker utilizes semiconductors manufactured in the 6-inch process,
whereas the HGCAL uses 8-inch. Both wafer layouts use the same set of test structures (except the
Ministrip-Sensors, see Section 5.7). This standardization is effective in spotting differences between
these processes, as well as the implications for radiation hardness. The placement of these test
structures is in the areas between the hexagonal sensor and the edge of the circular wafer.

5.7 Design of the Ministrip sensors
The wafers for HGCAL include two additional types of test structures, designed in the shape of
strip sensors: Regarding the design choicees, one as close as possible to the CMS Tracker strips

(“TrackerStrip”, or “Microstrip”), and one like the HGCAL (“HGCALStrip”, or “Ministrip”). The
choice for the TrackerStrip (Figure 5.9b) is its geometrical similarity to the full-scale Tracker, featuring
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Figure 5.8: Test structures from Process Quality Control (PQC) as they are placed in the lower right
and upper left area outside the large main sensor. For a detailed description, please refer to [38].

similar interstrip geometry and dimensions as of the PS-s Tracker sensor [7]. This requirement leads
to the fact that the TrackerStrip features only the p-stop individual type. For the HGCALStrip
(Figure 5.9a), the intention was to use strips because it eases contacting the neighbor strips of one
test strip. If one wants to test one strip, only the two neighboring strips must set to ground potential.
This geometry made it possible to study interpad/interstrip properties without employing full-size
sensors. In a hexagonal pattern, one must contact six adjacent cells, increasing the number of contact
needles, effort, and time expenditure.

The small physical size of the Ministrip sensors gives an additional advantage for irradiation. Many
research reactors feature just small irradiation ports, not suitable for 8-inch sensors. Using Ministrip
sensors also allow the application in smaller irradiation ports, accelerating the irradiation campaign.
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(a) HGCAL Ministrip, HGCALStrip. This Ministrip sensor inherits the interpad dimensions from the
HGCAL. As for the corresponding full sensor, the Ministrip has both p-stop common and p-stop individual
versions. The strip pitch is 950 um, the active area of a strip is 0.212 cm?.
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(b) Tracker Microstrip, TrackerStrip. This Ministrip sensor inherits the interstrip dimensions from the
PS-s Tracker sensor [7]. The TrackerStrip features only the p-stop individual type, strip pitch is 100 pm.

Figure 5.9: Design of the Ministrip/Microstrip sensors
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”What we observe is not nature itself, but nature exposed to our
method of questioning.”

Werner Heisenberg

Physical measurements and methods

6.1 Sensor qualification

This chapter describes the test setups at the Institute of High Energy Physics (HEPHY). A distinction
is made between measurements on full sensors (LD and HD design, see Section 5.4) and measurements
on test structures (see Section 5.6). Only electrical measurements (current-voltage characteristics
and capacitance measurements) and microscopy were performed on full sensors. At the same time,
the test structures, according to their name, offer a wider range of measurement possibilities.
Figure 6.1 depicts the overall process control and assurance strategy of HGCAL: The vendor produces
the sensors and test structures. There is already a first step of quality control on the vendor side.
CERN takes over the distribution, and the individual HGCAL institutes test about 10 % of the
entire sensors in the sensor quality control (SQC) in batches. At the same time, the institutes test
around 10 % of the test structures using process quality control (PQC) for the manufacturer’s process
quality. Table 6.1 gives an overview of the relevant parameters and qualification criteria.

Table 6.1: Quality criteria of the unirradiated HGCAL sensors. These criteria define the overall
performance of the CMS experiment and are therefore essential for vendor selection. “Scaling” in
this context means a transformation of the current from —30°C to 20 °C by the Boltzmann factor,
see Equation 2.11.

Parameter HGCAL quality specification

Thickness (active/physical) dac/dpn  120/300, 200/200, 300/300 pm
Thickness tolerance =+ 10pm
Full depletion voltage Uyg 120pm: < 70V
200 pm: < 160V
300 pm: < 370V
Breakdown voltage Upq > 800V
Cell current at 600V Igoy < 100nA
Cell current at 800V Iggg < 2.5 X Igoo
Total current at 600V, scaled to 20°C Igpo,tor < 100 pA
Total current at 800V, scaled to 20°C Igpotot < 2.5 X L600,t0t
Bulk resistivity p > 3kQcm
Intercell resistance at 20°C and U¢g + 50V Ry > 100 M€
Intercell capacitance at 20°C and U¢g + 50V Cine < 1.5pFcm™!
Number of faulty cells < 8 per sensor
Clustering of faulty cells < 2 adjacent

It is noticeable that some of the quality criteria refer to currents, either related to individual cells
or the sensor as a whole. These are deliberately set low and do not allow an excessive number of

54



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 6. Physical measurements and methods

“hot” cells, i.e., cells that break down early due to material defects or areas with too high current
consumption. The current is restricted by two fundamental limitations for the silicon sensors in the
finished HGCAL:

1. The electrical power input is ultimately converted into heat, which the HGCAL cooling system
must dissipate to maintain the operating point at —30°C. The leakage currents increase
significantly with increasing particle fluence. The innermost HGCAL sensors are expected to
draw up to 4mA at 800V bias voltage per sensor, but most will draw about 4 mA current [1].

2. The electrical power of the detectors must be maintained by the power supply, which takes up
space and generates waste heat. The total power consumption of the HGCAL (sensors and
electronic signal chain) is 110 kW per endcap, with the cooling system designed for 300 kW or
150kW per endcap. Thus, during normal operation, the cooling system runs at approximately
75 % of its cooling capacity [1].

In order to find the optimum processing method for the silicon sensors on the part of the
manufacturer, numerous process variations were made for the different batches. Process variations
embrace

e Active sensor thickness: 120 pm, 200 pm and 300 pm

o Silicon crystal growth technique: One 300 pm in Magnetic Czochralski, all other Float-Zone
(200 pm and 300 um) and epitaxial (120 pm), see Section 5.5

¢ Oxide type: Referred® as “Standard” and “Type A” to “Type E”
o Flatband voltage: —2V and —5V, see [3§]
¢ p-stop geometry: Common and individual, see Section 5.1

o p-stop doping concentration: “Standard”, 0.5 fold, 2.5 fold, and 5 fold, see Section 6.2

6.2 Complementary methods for quality assurance

6.2.1 Spreading resistance profiling (SRP)

Spreading Resistance Profiling (SRP) is a semiconductor characterization technique that determines
electrical properties, particularly resistance and charge carrier concentration. It is a destructive
method for obtaining depth profiles of dopant concentrations and understanding the doping distribu-
tion within a semiconductor sample in the sub-micrometer range. Figure 6.2 illustrates this method:
The semiconductor specimen is cut at an oblique angle to project the surface onto a large area. Two
electrodes with metal tips are contacted to this cut surface, and a small voltage is applied between
them. The current flow is then measured. This measurement is repeated at several points over the
surface so that the resistance of the semiconductor can be determined throughout the beveled cut
surface, from which the local doping concentration can be calculated. This provides a profile of the
doping concentration over the depth profile.

By measuring the spreading resistance as a function of the position of the probe tips, one can construct
a depth profile of the charge carrier concentration along a cross-section of the semiconductor material.
This provides information about the dopant distribution and allows for evaluating dopant diffusion,
activation, and other process-related effects. It is essential to note that SRP is a contact-based
technique, and the results can be influenced by the probe geometry and the semiconductor’s surface
condition.

For the study of HGCAL sensors, SRP is suitable as a qualitative and quantitative analysis in
terms of the penetration depth of doping profiles, as shown in Figure 6.3. To some extent, the
values obtained are suitable for comparison with other microscopic (SEM, see Section 6.2.3) and
macroscopic, electrical (see Section 6.4.2) investigations, as well as verification of the validity of the
CMS specifications, see Appendix A.4.

One of the key values for assessing the production quality is the effective charge carrier concentration
Neg of the bulk material. In this SRP measurement, a value of 1.36 £+ 0.04 x 102 cm—3 P was
determined.

aHamamatsu did not provide detailed information about the process variations regarding oxide types
bThe uncertainty is the standard deviation, the measurement series ranges from depths of 0.25 to 3.4 pm.
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Figure 6.1: Flow chart of the sensor quality assurance strategy of HEPHY sensors and test structures.
The exact values for the splitting have yet to be decided (as of 2021). Each sensor will be electrically
tested by the vendor Hamamatsu before being delivered to the distribution center at CERN. The
participating institutes will test approximately 3000 sensors (equivalent to 10 %) to qualify each
sensor in batches. Around 6000 test structure sets (equal to 20 %) will also be tested to investigate
and qualify the stability of the production process. All sensors or batches found to be in order are
ultimately fed into module production. Approximately 30 sensors (corresponding to 0.1 %) and 300
test structures (corresponding to 1 %) are irradiated in parallel [38].
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Figure 6.2: Operating principle of SRP. Two metal probe tips are brought into contact with the
sharply beveled surface of the specimen. A small voltage is applied between the probe tips, creating
a current flow through the semiconductor specimen. The probe tips are then scanned across the
surface, and the current is continuously monitored. As the bevel is moved, the spreading resistance
of the semiconductor material beneath the probe changes, and this variation in resistance provides
information about the local doping concentration. Picture from [29].

6.2.2 Secondary ion mass spectrometry (SIMS)

Secondary Ion Mass Spectrometry (SIMS) is an analytical technique used in materials science, surface
chemistry, and other scientific fields to determine solid materials’ elemental and isotopic composition
at high sensitivity and spatial resolution.

SIMS, at its core, involves shooting a solid sample with a beam of high-energy primary ions (here
cesium at 15 keV) to sputter secondary ions from the surface. These secondary ions are then extracted,
accelerated, and focused into a mass spectrometer for analysis. The mass spectrometer separates
the ions based on their mass-to-charge ratios (m/q), and a detector records the number of ions at
each m/q value. This data provides information about the elemental and isotopic composition of the
sample.

For the HGCAL sample examined, the SIMS method discovered no increased concentration of
dopants such as boron, phosphorus, or arsenic in the bulk material outside the detection limits of
(see Figure 6.4).

6.2.3 Scanning electron microscopy (SEM)

A scanning electron microscope (SEM) is an electron microscope in which an electron beam is passed
(rasterized scanning) in a specific pattern over the object to be magnified, and interactions of the
electrons with the object are used to produce an image of the object. The images typically produced
by a scanning electron microscope are images of the object’s surfaces and have a high depth of field.
(SEM) allows the surface structure and composition of samples to be studied at high resolution and
provides a wealth of information about the sample’s spatial structure, layer thickness, porosity, and
other properties.

For the investigation of the HGCAL prototypes, an SEM from the supplier Fresenius [29] in Dresden,
Germany, was used, so the samples were examined there. The particle energy of the electrons
was 2.5eV and 5eV. In preparation, the samples were cut vertically so that a measurement of the
structures in cross-section could be made, see Figure 6.5. Various etching processes can be used
to modify the solid structure specifically. Not only do different compositions react differently, but
also regions with crystal lattice defects. This makes it possible for the areas where implants are
located (relatively high crystal lattice defect density) to obtain a certain contrast, as can be seen in
Figure 6.6.

6.2.4 Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) is an imaging technique used to produce high-resolution
surface images of samples. Unlike conventional microscopy methods, CLSM enables layer-by-layer
image acquisition through a coherent laser beam that shines on the sample point-by-point and picks
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Figure 6.3: Results from the SRP measurements. The resistance R between the needles is measured.
We can deduce the resistivity (Figure A.4) from the known distance between the needles. More
meaningful, however, is the microscopic size of the effective charge carrier concentration, which
derives from the resistivity and is plotted here. Looking at the concentration depth of the p-stop
- implant, we see that this reaches about 1 to 1.5nm deep. This is in good agreement with the
SEM images of the etched material, Figure 6.6, in which the p-stop was measured at 0.6 pum. The
discrepancy is explained by the fact that only the highest concentrations can be made visible by
etching. Of course, for the bulk radiation damage measurement, it is interesting to compare the bulk
with the concentrations of the unirradiated bulk material, which is at 1.36 £ 0.04 x 102 cm ™3 © was
determined.. In addition, the location of how deep the pad implant penetrates the bulk according
to SEM measurements is marked; see Section 6.2.3. The actual penetration depth, however, is
significantly deeper, although with an approximately exponential decay.
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Figure 6.4: SIMS image of the bulk structure near the surface. With the exception of surface
contamination, which is carried into the depths by the sputtering process during SIMS, none of the
dopants mentioned can be detected in the examined structure within the detection limits of B and P
of 10'* ¢cm™3 and for As of 10 cm™3. This test result is therefore interpreted as negative in terms
of the achievable accuracy.

up light reflected from the sample. Special optics, the confocal aperture, block light originating
outside the focal plane, allowing higher resolution and depth of field. The resulting data is processed
to produce a three dimensional image that provides a detailed understanding of the spatial structure
of the sample. CLSM is a valuable tool in research and diagnostics because the technique is
fundamentally non-destructive and enables high image resolution [48].

Since the processing of the silicon detectors creates differences in height due to the principle,
electrically active structures (for example, metallizations) can be detected. Auxiliary layers added
during processing can even detect where underlying bulk regions have been equipped with implants,
for instance, the n+ implant of the active zone or the p-stops. For silicon detectors with silicon
oxide surface passivation, a limitation arises because SiO2 (glass) is transparent in the visible light
range and therefore imaging this layer is not necessarily unproblematic. For the detection of the
passivation layer, this method is, therefore, only suitable to a limited extent.

The CLCM is a valuable tool to complement the light microscopic incoming inspection of the sensors.
In the case of the HGCAL prototypes, we used the Leica DCMS8Y primarily to determine and assess
surface damage from transport, handling, and electrical flashover, as well as for checking the implant
geometries and dimensions (see Section 6.3.5). Figure 6.7a shows an example of the intercell geometry
at the nexus of three cells of a HGCAL full sensor.

6.3 Test station for large area silicon sensors

The institutes® participating in HGCAL sensor tests maintain test stations for sensor quality checks
during series production. For the prototype phase, these working groups are constantly improving
it. Table 6.1 gives an overview of the qualification specifications. For acceptance by HGCAL, all
sensors, irradiated or not, must fulfill these quality criteria.

In general, irradiation tests are time-consuming and require adequate infrastructure, and measuring
the irradiated sensors is more complex and challenging and requires a specially designed test station.
Therefore, only some prototypes were subjected to irradiation tests, and a much more significant
proportion was irradiated with the test structures (see Section 6.4).

dhttps://www.leica-microsystems.com/products/digital-microscopes/p/leica-dcm8/
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Figure 6.5: Scanning electron microscope image of the surface structure of a test structure of a 6-inch
HGCAL prototype wafer (2019 version). The sample was cross-sectioned to obtain a cross-sectional
image of the surface structures. The measured layer thicknesses are drawn in the image. In this
context, it may be useful to compare this image with Figure 5.1 in Chapter 5. It must be added that
the processing of 6-inch wafers can differ significantly compared to 8-inch wafers, and therefore the
results cannot be transferred 1:1 to the new 8-inch HGCAL. Picture from [29].
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Figure 6.6: Scanning electron microscope image of the same part, but now prepared with etchants
to reveal substructures. Now the altered crystal structure of the silicon is revealed where the n™
implant was introduced. Thus, the implant’s thickness can be measured at approximately 620 nm.
The arc-shaped termination at the lateral end of the implant is also clearly visible.
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Figure 6.7: Confocal laser microscopy images of sensor prototypes (2019 prototype run), with added
descriptions of visible structures. These images are an export from the Software “Leica Mountain
View”.

The HGCAL institutes rely on custom-made test stations for fast, reproducible, safe, and automated
measurements. These test stations must be automated as much as possible to meet the requirements
of the large quantities of (~ 3000) sensors used for quality control.

An essential component of the HGCAL test station (Figure 6.9) at HEPHY consists of a cold chuck,
which is responsible for temperature control (see Section 6.3.2) of the HGCAL sensor and uses a
vacuum system to secure the sensor against slipping. The cold chuck is mounted on a movable stage,
which allows the sensor to be positioned and pressed against the probecard, see Chapter 6.3.1. A
dedicated positioner can be used to contact additional contact areas. This additional contact option
was used several times during prototype design since specialized probecards were unavailable for
some prototype iterations. The changes very often affected the edge and guard regions of the sensor
(see Section 5.3). This setup is in a dry air box where dry air is constantly blown in for irradiated
sensors to keep the dew point well below the sensor temperature to prevent condensation and ice
formation. A microscope is used to inspect the sensor surface for any surface damage and accurately
position the probecard over the sensor for contacting. The dry air box, in turn, is located together
with the microscope in a light-tight black box to prevent photon-induced currents, see Figure 6.8.

6.3.1 Probecard system

To measure the large-area sensors quickly, reproducibly, and automaticallyy, HGCAL institutes use a
probecard system [20] the so-called “ARRAY” (switching mAtRix pRobecArd sYstem) system [8],
see Figure 6.10. It is a switching matrix connected to the measuring instruments, with exchangeable
probecards adapted to the respective sensor. To contact a sensor, the height-adjustable chuck is
moved upwards against the probecard until the spring-loaded pins (called “pogo pins”, see Figure 6.12)
press on the corresponding contact regions of the sensor.

Figure 6.11 provides an overview of the electrical wiring of the switching system. The switchcard
consists of three levels of 8-to-1 semiconductor multiplexers (MAX328), which switch the channels
to the measuring devices. The three levels of multiplexers allow in total 8 = 512 channels. An
additional multiplexer is used to switch between IV and CV measurements. The multiplexers
MAX328 were chosen because they have an acceptable series resistance of 1.5kQ2 and a leakage
current of only a few pA. One 10 k{2 resistor is connected in series as standard in the original design

°Brown University, University of California, Fermi National Accelerator Laboratory, Florida State University, and
Texas Tech University in the US; CERN in Switzerland; Karlsruhe Institute of Technology in Germany; and the
Institute of High Energy Physics (HEPHY) in Austria.
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Figure 6.8: HGCAL test setup at HEPHY for full sensor tests. The main components are the cooled
chuck with the sensor on top and the probecard system, located in a light-tight black box. Outside,

the measuring instruments and control computer

are connected.

(a) An overview of the inside of the test station. The
HGCAL sensor itself is located in a dry air box into
which dried air is constantly blown to prevent con-
densation on the cooled sensor. Both the sensor stage
(joystick on the right) and the microscope (joystick
on the left) can be moved in three degrees of freedom.
The vacuum system sucks the sensors at the cold
chuck to prevent them from slipping. The control
switches for this can be switched between different
sensor sizes (e.g. full sensor and Ministrip).

(b) The probecard system consists of a holding plate
that can be moved (back and forth) on a movable
carriage to position the probecard over the sensor.
Fine positioning is performed via the sensor stage.
Below the holding plate, the probecard is screwed
with the pogo pins, against which the HGCAL sensor
is pressed to establish contact. Above the holding
plate the switchcard is fixed, which is connected to the
probecard, and also to the measuring devices outside
the black box.

Figure 6.9: Photos of the inside of the black box of the HGCAL test station at HEPHY.
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Figure 6.10: A CAD drawing of the probecard system [20]. One can spot the contacts of the
switchcard, which connect to measurement devices outside the black box (Figure 6.8). On the
bottom, this sketch depicts the pogo pin contacts (Figure 6.12).

to protect the multiplexer from higher currents. In the process of this work, we reduced this value
to 1k for measurements of irradiated sensors to limit the voltage drop over this resistor. The
probecard system is designed to switch the cells to ground potential by default via the switching
matrix, so there are never floating cells. All cells are, therefore, always switched to ground via 1k2
or 10k( resistors or connected to the respective measuring device. This serves the uniform field
distribution in bulk to prevent unwanted currents (“punch through”) across several cells.

Each channel can be shorted to ground potential using ADG1414 switches to ensure a stable
ground potential for all cells not under measurement. The switchcard connects to the measurement
devices with five coaxial BNC connectors and one Triax connector. A DAQ computer controls these
instruments, the switchcard, and the cooling system [8][20][62].

6.3.2 Cooling system

One of the significant challenges of the HGCAL system is cooling. This applies not only to the
finished calorimeter but also to the test station for the irradiated sensors. Before the test station at
HEPHY was certified for HGCAL, the cooling system was designed for a temperature of —20°C,
which was considered sufficient for sensor tests. Over the years, it became apparent that this
specification was not strict enough, as the currents of the irradiated sensors require a temperature of
—30°C.

The cooling system for HEPHY’s test station includes the following main components (see Fig-
ure 6.13):

e The cold chuck with the cooling plate on which the sensor is placed. This contains resistance-
based temperature sensors to measure and consequently control the temperature.

o Under the cold plate are three Peltier elements that serve two purposes: First, they provide
a temperature gradient of AT up to 30K to avoid running the chiller’s cooling lines below
freezing. This could lead to short electrical circuits due to condensation. Second, the Peltier
elements are capable of fast and accurate temperature control.

o Underneath the Peltier elements is the heat exchanger to which the chiller’s cooling lines are
connected. The cooling capacity and the waste heat of the Peltier elements are dissipated via
this heat exchanger.

o The chiller works with an alcohol-based cooling liquid and dissipates the waste heat to the
environment.

4LCR: inductance (L), capacitance (C) and resistance (R) measuring device
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Figure 6.11: Circuit diagram of the switching matrix of the ARRAY system [8][20].

There are two modes to operate the probecard: In the IV measurement mode, the amperemeter
(“A”) is connected to the measuring cell. The amperemeter (“A”) is connected to the measuring cell
in IV measurement mode. In CV measurement mode, the cell under test is switched to ground via a
10 MQ resistor to decouple the LCRY meter to high impedance, i.e., to achieve a pull-down effect of
the potential. In addition, the test leads are decoupled via capacitors (1 pF) to prevent the LCR
meter from high voltage DC forwarding. The LCR meter is rated only for small bias voltages.

T .

Switch Card

(a) Pogo pin pair contacting the guard ring. This (b) Pogo pin pair contacting the high voltage extension
makes a separate contact needle unnecessary. (Only for front side biasing).

Figure 6.12: Photos of pogo pins of the probecard, pressed on the sensor. For redundancy, these
pins are duplicated per contact position.
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o All active systems are centrally managed by a micro controller, connected to the same DAQ
computer that controls the electrical sensor tests.

HGCAL blackbox

sensor

-20°C = microcontroller

-10to 10°C Peltier PSUs
................. Toellner TOE 7621 |

chiller
Huber Ministat 240

Figure 6.13: The cooling system at HEPHY. The sensor is on a cooling plate, cooled to the target
temperature utilizing Peltier elements. The chiller dissipates the heat from the Peltier elements using
a heat exchanger. The coolant lines are colored in gray, the voltage supply cables are in black, and
the data lines are in dashed green.

To be able to reach the —30 °C mentioned at the beginning of the section, tweaks of the system
were tried:

a) Cooling of the injected dry air

The injected dry air has room temperature, which means a considerable heat load on the cold chuck.
A simple and inexpensive solution is a vortex tube (Ranque-Hilsch tube [39]), which separates the
air flow of a compressed gas into a hot and cold stream due to enthalpy conservation. Only the
cold air was extracted from the vortex tube and blown into the housing. The experiments showed a
cooling of the air stream by about 10 K but on the cost of a substantially reduced air mass flow. This
system would have require a much higher mass flow, higher pressures, and sufficiently dimensioned
supply lines to bring this system to a reasonable temperature. Due to the effort required, this idea
was therefore rejected.

b) Improving the effectiveness of the cooling system
Another approach tried is multi-staged:

1. The heat input of the Peltier elements is reduced. This can only be achieved if the Peltier
elements have to dissipate a lower heat flow since Ohmic losses are lower at lower heat load:

Pt'rans =l and Pwaste = RIZ (61)

where Pjrqns is the heat transported through the Peltier element, P, 45t the Ohmic losses,
m the Peltier coefficient R the Ohmic resistance and I the electrical current through the
Peltier element. Less thermal load means less temperature difference. Another effect is the
transportation of heat back from the hot side to the cold side, which of course increases with
higher temperature difference. Thus the power loss decreases the smaller the temperature
difference between the hot and cold sides of the Peltier elements.

2. Consequently, the temperature of the heat exchanger must be lowered. However, this also
means that the chiller must dissipate a higher temperature difference and thus a more increased
heat flow. The problem is shifted away from the Peltier elements to the chiller.

3. Now, however, the chiller’s cooling capacity depends on the temperature difference of the
cooling liquid to the environment, as Figure 6.14 shows. Therefore the ambient temperature
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must be lowered.

The approach of lowering the ambient temperature was tried by reducing the temperature
setting of the clean room air conditioner by 5K: No stable behavior was observed at —20°C chiller
temperature and —22 °C ambient temperature, while 17°C ambient temperature resulted in settling
to a stable point at —30 °C chuck temperature.

Chiller's cooling capacity in dependency of target temperature

600

550 4 ® . Equation y=a+b*x

500 o S o a (W) 817 + 53.7633
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<400 - L2 Adj R-Square 096277
S 350 4 ~_ o
S 300 ] -
2300 -
© 1 ~
=250 -
= ]
= 200 ~.
o 4
S 150 -

100 ~

50 - NP

0 T T T T T T T T T T T T T T T T T T T 1

15 20 25 30 35 40 45 50 55 60 65
temperature difference (K)

Figure 6.14: This graph plots the chiller’s cooling capacity depending on the temperature difference
(environment - chiller). One can see that the cooling capacity decreases rapidly as the temperature
difference increases. This behavior led to the attempt to lower the room temperature to achieve the
desired chiller temperature of —30 °C with the help of the thermoelectric coupling.

Why were these tweaks not implemented? Although the second approach of lowering the room
temperature led to a stable —30 °C, this method was not established for sensor testing. One reason is
that when the sample station is opened, there is inevitably a heat input, and this quickly overloads
the cooling system, which is operated close to the limit, which in turn results in long cooling times,
which would have significantly lengthened the entire measurement time, and reduced the number
of possible measurement points to about three per day. Another reason is that lowering the room
temperature by 5K is also not a suitable permanent solution, leading to an uncomfortable working
environment. Thus, all measurements of irradiated sensors were performed at —20 °C, which made it
impossible to measure the large-area full sensors using the probecard system.

6.3.3 Current and capacitance measurements of unirradiated sensors

Only unirradiated full sensors of the 2019 prototypes were electrically tested at HEPHY. This was
due to the under-design of the cooling system (see Section 6.3.2) combined with the difficulties
of measuring high currents with the probecard system (see Section 6.3.1). Nevertheless, these
measurements provided valuable feedback for improving the manufacturing process. At higher
currents (up to 1mA), the original series resistor of 10k (see Section 6.3.1) becomes non-negligible.
It leads to a drop in the voltage applied to the sensor. According to the voltage divider rule, the
following voltage is now present at the sensor:

Usensor =U-1- Rseries (62)

whereas Ugensor 1S the resulting voltage on the sensor, U is the supplied voltage, I the current through
series resistor and sensor, and Rgeries iS the series resistor.

Because the HEPHY has lowered the series resistor from 10k(2 to 1k, at a maximum current of
1mA allowed for the multiplexers, the voltage drop is now at 1V instead of 10V volt. It follows that
the error at the first applied bias voltage (25V) is at most 4 % instead of 40 %. This error decreases
from 1% (10k2 series resistor) to 0.1 % (1k{ series resistor) at higher applied bias voltages up to
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1000V and is thus negligible in these ranges. Nevertheless, the author has chosen to factor out this
known systematic error and report only voltages corrected for the voltage drop across the series
resistor.

Optical, sanity and contact checks before measurements

As an incoming inspection, each sensor was first examined under an optical microscope for visually
apparent damage to the surface. Typical damage includes scratches, chipping, craters, and etching
defects, and these do not necessarily result in electrical defects, especially if they occur in the outer
edge region (see Figure 6.15). However, the investigation of surface damage has shown a correlation
with early breakdowns [61]. These findings can be explained by field spike effects at the fracture sites:
Cracks typically have sharp, angular edge regions where electric fields become very large according
to E o< r~2. These field extrema then provide electrical paths for early breakdowns. So, if there is a
bottleneck in sensor inspection during production, those sensors that show minimal damage after
optical inspection should be electrically tested first.

Before the automated measurement programs were started, the total current through the sensor
was measured manually in reverse bias and then in the forward direction as a sanity check. In the
reverse direction, a few volts should not yet lead to a significant current increase, while in the forward
direction, it should already increase in the range of about one volt.

First automated electrical tests were performed for each sensor under the probecard to qualify the
basic functionality, trustworthiness, and repeatability of the measurements. These were to ensure
that the pogo pins were pressed sufficiently and centered on the contact surfaces. Similar to the
manual sanity checks, the sensor was switched into forward bias of one volt, see Figure 6.16.

(a) Light microscope image of excavation on an alu- (b) Confocal laser microscopy (Section 6.3.3) of the
minum contact pad at the cell boundary. The struc- sensor Z3415_06. This is the chipping of a corner,
ture of the damage identifies a faulty sensor handling which is visible by the fracture edges. Utmost care
tool. This sensor (Z3415_11) suffered from a very is required when handling the sensors to avoid such
early electrical breakdown at 200 V. damage.

Figure 6.15: Examples of damage found on surfaces. This batch Z3415 of 2019 prototypes suffered
considerable processing and transport damages and correspondingly poor electrical performance.

Current measurements of unirradiated full sensors

After completion of the optical pre-controls and the preparatory measurements, the cell currents of
the full sensors (see Figure 6.18), as well as their total currents (Figure 6.19) and guard ring currents
(Figure 6.20), were measured. The guard ring current is subject to the same quality criteria as a
single cell, namely <100nA at a voltage <600 V. All measured currents were scaled to 20 °C because
the quality criteria (Table 6.1) are valid only for this temperature.

The measurements revealed noticeable differences in quality between the individual sensor prototypes:
According to the HGCAL quality criteria, four of the 11 sensors tested met all specifications, which
corresponds to a yield of 36 %. Table 6.2 summarizes the results of these quality criteria.
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Figure 6.16: Test results on pogo pin contacting, specimen 1013 (300 pm, float-zone, individual
p-stop, standard p-stop concentration, and standard oxide). Testing in the forward direction ensures
that all cells have good electrical contact with the switchcard via the pogo pins. Each cell’s forward
current (nA) is measured at a voltage of 1 V. All cells had sufficient contact in this sample, and
there were no breakdowns in the forward direction. It should be added that this measurement does
not provide any conclusions about any defective cells in the reverse direction.

Table 6.2: This table presents an overview of the tested sensor prototypes (2019 batch). The quality
criteria, according to Table 6.1, are applied. The table cell is colored green or red depending on a
pass or fail. The last two columns are not hard quality criteria, so there is no limit for the number
of cells. According to the HGCAL quality criteria, out of 11 sensors, only four passed completely
(yield 36 %), while six failed (reject 54 %). One sensor was just above two criteria, which gave it
a “partially passed”. All sensors had standard oxide type. The max bias voltage was determined
without voltage correction and unscaled, where I, < 1 mA. The total current at 600V, Igg, was
scaled to 20 °C.

v no. p- dac Ugp, p- proc. max total total cells cells > 2 cells cells
grad- stop st bias Igoo <| Isoo Is00 where neigh. Igoo >| Ie00
ing geo con. 100uA | 1600 > Ig00 bad 10 nA >1nA
<25 100nA | Te600

> 2.5

max 8

cells

@m)| (V) W | ma)

failed 1005| ind. 300 -5 2.5 FZ 100
failed 1006| ind. 300 -5 0 FZ 50
passed 1013| ind. 300 -2 1.0 FZ 1000 0.21 1.57 0 0 0 1 191
passed 1014| ind. 300 -5 1.0 MCz 1000 0.32 1.25 0 0 0 GR 172
failed 1105| com 300 5 1.0 FZ 500
failed 1106 com. 300 -5 2.5 FZ 500
failed 1107| com.|[ 300 -5 5.0 FZ 75
failed 1114 com.| 300 -2 1.0 FZ 800 407 1.47 85 0 failed 194 194
passed 2004 ind. 200 -5 1.0 FZ 1000 0.59 1.50 0 0 0 GR 196+GR
partially| 2105 com.| 200 -5 1.0 FZ 900 2.14 2.88 3 12 0 184+GR| 198+GR
passed 2114| com.| 200 -2 1.0 FZ 1000 0.34 1.49 0 0 0 GR 196+GR
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Figure 6.18: Curve plot of all cell currents of sensor 2105, 20°C. This sensor was qualified as
“partially passed” because it only slightly overlaps two quality criteria (see Table 6.1). From this
set of curves, the careful observer can see that while the majority of cells are below the <100nA
criterion, one cell is clearly above it, and two cells very slightly exceed the limit. One of the cells
that passes the <100nA limit at 600V fails at the second limit, where the current at 800 V may be
no more than 2.5 times the current at 600 V. The currents of the defect-free cells split into bands
because not all cells have the same size: The full cells in the center have the largest area (and
therefore the largest current), and the cells at the edge and in the corners are smaller, therefore,
have a smaller current. B-splines interpolate the areas between the measurement points for more
convenient viewing of the curves. Two examples of other IV-curve arrays are in the Appendix A.5
and A.6.
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Figure 6.19: Results of all measured total sensor currents of the prototypes (design of 2019) over
increasing bias voltage, scaled to 20 °C. Nominal voltage was applied to the sensors up to 1000V,
and according to Equation 6.2, the nominal voltage was corrected by the voltage drop across the
series resistor to obtain the actual voltage applied to the sensor. 300 pm (1000-series, large symbols)
and 200 pm (2000-series, small symbols) thick sensors were measured. Sensors with common p-
stop geometry are shown in solid lines, and those with individual p-stop with dashed lines. —2V
flatband voltage is indicated with blue symbols, —5V with red symbol. The standard p-stop doping
concentration is shown with black lines and the others (2.0 and 5.0) with pink lines. There is one
sensor that was not manufactured in Float-Zone processing (FZ, Section 3.3.1), but in Magnetic
Czochralski (MCz, Section 3.3.1). This sensor is shown with a brown line and a star symbol. The
quality criterion for total sensor current is maximum 100 pA up to 600V bias voltage, indicated by
the horizontal red dashed line. This limit was exceeded by all sensors with increased p-stop doping
concentration (1005, 1006, 1007, 1106) and by two sensors with standard concentration (1105 due
early breakdown, and 1114). All other sensors passed this test, but some failed other extended
quality criteria. The results are summarized in Table 6.2.
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Figure 6.20: Results of all measured guard ring currents of the prototypes (design of 2019) over
increasing bias voltage, equivalent to the measurement of the total currents in Figure 6.19. All
currents are scaled to 20 °C Nominal voltage was applied to the sensors up to 1000V, and according
to Equation 6.2, the nominal voltage was corrected by the voltage drop across the series resistor
to obtain the actual voltage applied to the sensor. 300 pm (1000-series, large symbols) and 200 pm
(2000-series, small symbols) thick sensors were measured. Sensors with common p-stop geometry are
shown in solid lines, and those with individual p-stop with dashed lines. —2V flatband voltage is
indicated with blue symbols, —5V with red symbols. The standard p-stop doping concentration is
shown with black lines and the others (2.0 and 5.0) with pink lines. There is one sensor that was
not manufactured in Float-Zone processing (FZ, Section 3.3.1), but in Magnetic Czochralski (MCz,
Section 3.3.1). This sensor is shown with a brown line and a star symbol. The quality criterion for
guard ring current is maximum 100nA up to 600V bias voltage, indicated by the horizontal red
dashed line. This limit was again exceeded by all sensors with increased p-stop doping concentration
(1005, 1006, 1007, 1106) and by two sensors with standard concentration (1105, 1114). All other
sensors passed this test, but some failed other extended quality criteria. The results are summarized
in Table 6.2.
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The IV measurements showed a similar, apparent pattern of cells breaking down prematurely
on four sensors shortly before the typical large-area voltage breakdown (see Figure 6.21). All these
sensors are 300 pm thick; otherwise, they differ in processing. These observations indicate a common
cause in a process step, discussed with the supplier according to the Sensor Quality Control scheme
(SQC, see Section 6.1), and contribute to improving sensor quality.

100 100
=
80 80
60 60
40 40
20 20
Values for U =900V 0 Values for U = 300V 0
(a) p-stop individual at 1.0x concentration, (b) p-stop common at 1.0x concentration,
flatband —5V, MCz, breakdown >1000V, flatband —5V, FZ, breakdown approx. 500V,
SQC passed SQC failed
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flatband —5V, FZ, breakdown approx. 500V, flatband —2 V, FZ, breakdown approx. 800V,
SQC failed SQC failed

Figure 6.21: This collection of plots of four full sensors at different bias voltages shows a similar
pattern on cells with high currents. This pattern can be observed particularly well on plots (a) and
(b), but on closer inspection, the careful observer will also find it on plots (¢) and (d). All these
sensors are 300 um thick but were otherwise manufactured with different processing variants.

Of these sensors, only one (number 1014, MCz) passed all quality criteria. This pattern may
also be observed on other sensors but is not perceptible in these measurements. The reason for this
is that the applied voltage steps for the sensors are 50 V or 100 V, but this premature appearance
of the characteristic pattern could occur between these steps and fade into the background noise
of the large-area breakdown of the sensor at the next higher voltage step: One can see the typical
development of a large-area breakdown in Figure 6.17. It would have been possible to select smaller
voltage steps, but this would significantly increase the measurement time required for a sensor.
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6.3.4 Sensor backside protection

The backside of the sensors with the thin p++ implantation (see Figure 3.5) is sensitive to scratches,
as shown in [61]. For this reason, HEPHY assembled a Teflon chuck (see Figure 6.22a), which also
provides the possibility to hold a protective rubber mat. It is also possible to place sensors that have
not yet been diced directly on the chuck together with the dicing frame; see Figure 6.22b. However,
these insulating materials make biasing via the backside impossible. Therefore, the author developed
and tested [61] a frontside biasing concept, see Section 5.3. There were no discrepancies regarding
electrical properties between backside and frontside biasing, so the author views the concept as
qualified.

Figure 6.22: Teflon chuck and dicing frame on the HGCAL test station at HEPHY.

6.3.5 High voltage stability

In an earlier irradiation study (2019, for the later one see Section 6.5) there was a full sensor (number
73415_06, 300 pm, p-stop common) that was irradiated at the RINSC with a fluence almost 2.5
times higher than planned: 1.23 x 10'® em~2 instead of 5 x 10'* cm™2. It was annealed for about
one week (approx. 170h) at room temperature 22 °C.

This fluence overshoot was used to test the high-voltage resistance. At this high fluence and annealing
time in the reverse annealing region, the full depletion voltage Uy was expected to be more than
1.3kV. The tests showed a creeping breakdown at 1.2kV when the power supply went into compliance
at 50 mA.

The sensor was then biased again and now showed the 50 mA compliance already at 500 V. The
reduced breakdown voltage was the first indication of permanent damage caused by a high-voltage
breakdown. The examinations under the confocal laser microscope® showed burn marks on several
regions:

e From the sensor edge to the edge ring, see Figure 6.23a
e From the edge ring to the guard ring, see Figure 6.23b
e From the guard ring to the cells 9, 28, and 190, see Figures 6.23c and 6.23d

These findings suggest a multi-stage breakdown, from the sensor edge via the edge ring onto the
guard ring and from these on to the individual cells, which corresponds precisely to the course of the
high voltage on the sensor edge to the cells at ground potential. Based on this experience, the sensor
design for the next prototype was improved to eliminate these weak points affecting high voltage
stability.

¢Leica DCM8
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dicing street

(a) Burn mark from the sensor edge (chuck) to the
edge ring

(c) Burn mark from the guard ring to cell 28 (d) Burn mark from the guard ring to cell 190

Figure 6.23: Burn marks on different sensor regions. Burn marks on different sensor regions caused
by a high voltage breakdown at 1.2kV. The sensor number is Z3415_06 (early prototype), 300 nm,
p-stop common irradiated by 1.23 x 10'® cm~2 and annealed for approx. 170h. Images taken by
Leica DCMS [48] confocal laser microscope.
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6.4 Test structures

6.4.1 Ministrip sensor concept

The Ministrip test structures provide an idealized test environment for electrical measurements.
Their size makes them easy to handle, fit into all irradiation equipment used, and the low currents
resulting from their tiny dimensions make measurements less complicated compared to the large-area,
full HGCAL sensors on 8-inch wafers.

Electrical measurements were made in the form of current-voltage sizes, capacitance-voltage measure-
ments, and interstrip measurements (capacitance and resistance). The direct quantities mentioned
above were analyzed, but also derived quantities such as the damage function (see Section 4.2.1, full
depletion voltage, electrical fields, effective doping concentrations, charge carrier mobilities, and bulk
resistivities.

For a complete list of all 76 Ministrip sensors measured (unirradiated and irradiated), refer to the
Annex A.1.

®
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sl ] 2
DUT DUT . i 1.LER - l
L 1= =
(a) Single strip current measurements. (b) Single strip capacitance measurements.

An electrometer (denoted as “A”) measures the cur- A LCR® meter measures the capacitance of a single
rent through a single strip. The current measurements strip. The LCR meter is decoupled from high voltage
are more robust than the capacitance measurements. by a decouple box (red square in the middle).

Figure 6.24: Schematics of the setups for single strip measurements of the Ministrip sensors. The
Ministrip sensor is denoted as “DUT”, ©. A SMU' supplies the bias voltage. Both neighboring strips
to the measured strip, as well as the guard ring, are directly connected to ground potential.

6.4.2 Electrical characterization of unirradiated Ministrip sensors

Before and parallel to the irradiation studies, the Ministrip sensors were also tested without irradia-
tion. On the one hand, this is important to establish comparability with the irradiated Ministrip
sensors. On the other hand, it is significantly faster to measure the non-irradiated sensors because
cooling is not necessary, see Section 6.3.2. Therefore, a total of 76 sensors could be measured; for
a list of their properties, see Appendix A.1. Current-voltage characteristics (IV, see Figure 6.24a),
capacitance-voltage characteristics (CV, see Figure 6.24b), and the interstrip properties (see Fig-
ure 6.26) were measured at random.

The focus of this paper is on IV and CV measurements. For the IV measurements, the author used
the CMS specifications (see Table 6.1), the author defined a maximum permissible current density
1= %, with ¢ the current density, [, the maximum permissible cell current of 100nA, Asp
the area of an SD cell, and ds3pg the thickness of the 300 pm sensors. This choice of parameters
results in an upper bound for the current density. To simplify the evaluation, the author has defined
here that no Sensor may exceed this current.

Figure 6.27 shows a set of curves of the strip currents of three exemplary Ministrip sensors. Qualita-
tively, those with higher currents show the typical diode characteristic in the reverse direction. One

¢DUT: device under test
fSMU: source measurement unit
8LCR: inductance (L), capacitance (C) and resistance (R) measuring device
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Figure 6.25: To determine the optimum frequency at which the capacitance determination of the
Ministrip sensors should take place, we measured C-2/U curves of sensor 3106 at various frequencies.
As shown in this figure, we decided to use 1kHz for the following measurements since the effects of
the propagation of the full depletion zone were most clearly visible here. This resulted in the most

reliable determination of full depletion.
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(a) Interstrip resistance measurements. Three adja-
cent strips, as well as the guard ring, are connected to
ground potential. An additional voltage is applied to
the middle strip via an SMU, resulting in a current
to the neighboring strips. A second SMU supplies the
bias voltage.
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(b) Interstrip capacitance measurements.

Four adjacent strips, as well as the guard ring, are
connected to ground potential. The two middle strips
are connected to an LCR® meter, which is protected
by resistors R1 and R2. An SMU' supplies the bias
voltage.

Figure 6.26: Schematics of the setups for interstrip measurements of the Ministrip sensors. The

Ministrip sensor is denoted as “DUT”¢,
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sensor has quite low strip currents in the lower pA range, which is close to the achievable accuracy
of the measurement setup. Therefore, This measurement is quite noisy initially but then shows a
qualitatively cleaner curve towards higher bias voltages. The currents are about one or more orders
of magnitude below the limit the author defines.

In contrast to the full sensors, the maximum tolerable limit for the currents of the full sensors is not
defined for the Ministrip sensors due to their different geometry. The corresponding plot is found in
the Annex A.7.
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Figure 6.27: Sample of single strip currents of the unirradiated Ministrip sensors. The three dashed
red lines for the maximum strip currents are derived from the CMS specifications via the maximum
tolerable current density and are not binding. They are only used to estimate the quality of the
respective sensors. The currents at low voltages appear noisy because, on the one hand, the system
settles slowly (rapid and extensive changes in the electrical field configuration take place in the lower
voltage range). At low sensor currents in the lower pA range, the lower limit of the accuracy of the
electrical measurement setup becomes visible. The only decisive factor here is that there are several
orders of magnitude below the maximum tolerable strip currents.

The bulk capacitance measurements of the non-irradiated Ministrip sensors showed some anomalies
in five specimens (1007, 1108, 2006, 2108, 2109), see Figure 6.28. Some sensors did not follow the
expected steady drop in capacitance with the point of highest curvature at full depletion voltage (for
description, see Section 2.2.1, for expected values, see Annex A.6), these were numbers 1007 and
2109. The sensors 2006 and 2108 reached the full depletion voltage too late, while 1108 with 3.8 pF
had a significantly higher final capacitance than the other 300 pm sensors, which are on average at
2.15pF. This final capacitance is 1.8 times higher. The properties of the five peculiar sensors are:

e 1007: 300 pm, p-stop individual, —5V Uy, standard p-stop conc., oxide Type A
e 1108: 300 pm, p-stop common, —5V Uy, standard p-stop conc., oxide Type A
e 2006: 200 um, p-stop individual, =5V Usg,, p-stop conc., standard oxide

e 2108: 200 pm, p-stop common, —5V Uy,, standard p-stop conc., oxide Type A

e 2109: 200 um, p-stop common, —5V Uy, standard p-stop conc., oxide
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Figure 6.28: Capacitance of unirradiated Ministrip sensors. This plot graphs the inverse square
capacitance (see Equation 2.6) because the capacitance increase up to the full depletion voltage can
be traced as a linear increase. For most sensors that can be evaluated, even the thicker ones, the full
depletion voltage is below 70V, which is within the specification of CMS. However, as can be seen
here, the qualitative progressions of the curves do not always follow the increase with subsequent
constant region after the full depletion voltage expected from theory. For such sensors, the full
depletion voltage cannot be determined without doubt using this method. The frequency used for
measuring the capacitance was 10 kHz.
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According to Equation 2.4, for a given sensor, Uy is approximately proportional to effective
space charge Neg, according to:
_ Q‘Neﬁ“dQ

Utq
263160

(6.3)
whereas d is the sensor thickness, ¢ is the elementary charge, eg; is the relative permittivity of
silicon, and ¢j is the vacuum permittivity, values from Table 6.3. By converting the equation to the
effective space charge N, this can be approximated from the full depletion voltage U¢q. For a more
sophisticated and more precise model, refer to [4], but the approximation above only differs by less
than 0.05 % in the relevant temperature range of —30 to 30°C.

Table 6.3: Parameters for the calculation of the effective doping concentration Neg. All parameters
and calculations were done in SI units.

Parameter symbol value

elementary charge q 1.602 x 10~ C
vacuum permittivity €0 8.854 x 1072 Fm™!
relative permittivity of silicon €si 11.68

Figure 6.29 shows the results of the calculated effective doping concentrations Neg split down by
active sensor thickness and processing. It shows a large scatter of results in a range of 5.74 x 10! to
4.27 x 10'2 cm ™3, with only the median of 200 pm Ministrip sensors with 1.45 x 102 cm™2 close to
the SRP measurements (Section 6.2.1) of 1.38 £ 0.02 x 102 cm™3 (Figure 6.3). The author trusts
the SRP more since determining the full depletion voltage employing a two straight lines fit is not
always successful, and many CV curves show an anomalous course. They are, therefore, not included
in the calculation. Furthermore, with this measurement method, it is difficult to assess whether the
space charge region remains limited to the strip under investigation or whether it expands into the
neighboring regions or punches through.

Four of the five conspicuous Ministrip sensors also show irregularities:

The interstrip measurements (capacitance vs. bias voltage and resistance vs. bias voltage) are eligible
for finding early problems with individual process variations, especially concerning the oxide layers
(see Section 6.1). These process variations should influence the interpad properties. However, no
correlation could be found through these measurements, as almost all sensors behaved similarly,
regardless of their process variation, and there were only a few outliers. These, in turn, could not be
systematically assigned to a specific process variation. The corresponding plots are in the Annex
under Figure A.10 and Figure A.13. Further studies on the interpad/interstrip properties are required
to optimize these process parameters, with separate irradiation studies on the oxide layers. However,
the same four Ministrip sensors (1007, 1108, 2006, 2108) show peculiarities in both measurement
methods.

6.5 Annealing studies of irradiated Ministrip sensors

Parallel to the irradiations of the full sensors, the Ministrip sensors were also irradiated. Concerning
the irradiations with neutrons in the reactor, the Ministrip sensors also have advantages for the
measuring apparatus (see the following paragraph). Another practical advantage: The small
dimensions. While the 8-inch sensors could only be irradiated at the RINSC reactor®, as this was
the only one with an irradiation tube large enough for these sensors, the Ministrip sensors can also
be irradiated in other reactors, such as the TRIGA reactors’. This shortens the transport distances,
thus making it easier to ensure proper cooling of the irradiated sensors, and is, of course, also a cost
factor.

The irradiated Ministrip sensors were used for the annealing studies because their current
consumption was decisively lower than the large-area full sensors (see Section 5.7). Also, their

hRhode Tsland Nuclear Science Center reactor [65], 2 MW thermal power, Rhode Island, USA
ITRIGA Mark II, 250 kW thermal power, from the Atominstitut [77] of the Vienna University of Technology and
the Institute “Jozef Stefan” [72] in Ljubljana, Slovenia.
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Figure 6.29: N g determined from full depletion voltage Uq of the unirradiated Ministrip sensors.
This boxplot illustrates the results for the respective processings (epi and FZ) and active sensor
thicknesses (120 pm, 200 pm, and 300 pm). The data points are the black diamonds. The beige box
indicates the percentiles 25 to 75 %, the whiskers the minima and maxima. The green line expresses
the median, and the small white box with a dot stands for the arithmetic mean. In addition, weighted
moving average fits are placed over the distributions, indicated by the vertical dashed lines. For
comparison, the result of the SRP measurement of the bulk is visible as a dashed, horizontal, red
line at 1.38 £ 0.02 x 10'2 cm 3. The uncertainty is the standard deviation, the measurement series
ranges from depths of 0.25 to 3.4 um. One can see that only the 200 pm FZ Ministrips with a median
of 1.45 x 10'2 cm ™3 are close to the value determined using SRP, the 300 pm FZ are already slightly
below it. The fact that the 120 pm epi sensors have a significantly higher doping concentration with
a median of 1.36 £ 0.04 x 10'2 cm™2 can be explained by the different processing (higher doping!)
of the epitaxial process used. This plot only shows the Ministrip sensors that show a typical 1/C?
curve and where the fit of the two-straight line method worked. The author declared all others as
not determinable by this measurement method.
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Table 6.4: Properties of Ministrip sensors used in annealing studies. It is important to note that not
all sensors reached the full depletion voltage at all annealing times. In addition, in some cases, the
measured data was too noisy or showed irregular behavior. These inconclusive data were excluded.

1D thickness process oxide flatband  p-stop p-stop  target fluence ®
(pm) type voltage type conc. (Neq cm™?)

1003 300 FZ STD -2V individual ~ STD 1.0 x 10"

1013 300 FZ STD -2V individual ~ STD 6.5 x 10"

1114 300 FZ STD -2V common STD 6.5 x 10

2003 200 FZ STD -2V individual ~ STD 1.0 x 10"

2103 200 FZ STD -2V common  STD 1.0 x 10"

2105 200 FZ STD -5V common  STD 1.0 x 10"

3103 120 epi STD -2V common STD 1.0 x 1016

3107 120 epi STD -2V common STD 2.5 x 10%°

susceptibility to effective manufacturing defects is lower because of the smaller surface area. This
allowed reproducible and extrapolated measurements without accessing the probecard system
(“ARRAY” system, see Section 6.3.1). When the data was taken (2020), the electronics of the
probecard system were not suitable for the high total sensor currents up to the mA range that
occurs at —20°C. As described in Section 6.3.2; it was not yet reliably possible to achieve lower
temperatures so as not to overload the ARRAY’s electronics.

Annealing was performed by removing each irradiated Ministrip sensor from the cooling compartment
and placing it in a climate chamber at 60°C for a defined time. The sensors were measured
electrically between the heating periods: current-voltage and capacitance-voltage. Annealing steps
were performed, each at 60 °C at intervals of 10 or 20 min, up to 160 min. One sensor, number 2103,
was measured only at 0 min (unannealed), 80 min, and 160 min.

A second series of measurements was started after my time at HEPHY and included 180 minutes of
annealing, 200 min, and 2000 min. These data were not recorded by the author but are included in
this thesis to show the further course of the annealing.

Due to the intermediate steps (taking out of the cooling compartment, transport to the measuring
station, and return transport) and the resulting heating and cooling times, there is an uncertainty in
the determination of the exact annealing time, estimated at 1 min.

The phenomenon of annealing (Chapter 4) was quantified and analyzed in four ways during the
measurements:

1. Development of total sensor currents at fixed voltage over the annealing duration.
2. Shift of the full depletion voltage over the annealing duration.
3. Interstrip resistance (one strip to the neighboring two) over the annealing duration.

4. Interstrip capacitance (one strip to the neighboring two) over the annealing duration.

Of all the irradiated Ministrip sensors, annealing studies were performed only on selected ones.
The full range of irradiated sensors was not available (because most of them were located at other
institutes), and there would not have been time for all of them. An annealing series for a single
sensor takes about three days. Table 6.4 gives an overview of all annealed Ministrip sensors and
their crucial properties.

6.5.1 Ministrip sensor currents during annealing

The first step to quantify the radiation damage at the crystal lattice (see Chapter 4.2.1) by neutron
radiation was the measurement of the Ministrip currents. For this purpose, as shown in Figure 6.24a,
the measured strip, its two neighbors, and the guard ring were switched to ground potential, and the
sensor backside was connected to the bias voltage. The current through the central stripe, as well as
the total current, was measured. Only the strip current was used for the analysis since it represents
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Table 6.5: Parameters of the annealing model at relevant annealing times. There is a distinction
between the constant annealing parameter «g, the parameter for long-term annealing «;, and the
parameter for short-term annealing 5. The constant ¢ is a fit parameter to calibrate the time to the
unit minutes [53].

T oo (%1 B T tO
(°C) (Acm™1) (Acm™1) (Acm™1) (min) (min)
21 7.07x 10717 1.23x 10717 3.29 x 10718 14000 1
60 487 x 10717 126 x 10717  3.16 x 10718 94 1
80 423 x 10717 1.13x 10717 283 x 10718 9 1

a defined system due to the grounding of its two neighbors. Figures 6.30e to 6.30b show the results
over several annealing times (dark red to yellow). As known from the literature, the sensor current
decreased steadily over the annealing duration.

For further analysis, a defined point, in this case, 800V, is selected, and the current density
(current /volume) is determined. Figure 6.31 shows the results of this normalization, with all measured
annealing steps.

Now we want to determine the damage function a. For this, we consider Equation 6.4, which
describes the proportionality between bulk damage, the equivalent neutron fluence, and the current
density:

aéneqv =Al = Tirrad — Tunirrad = Tirrad with Tirraa >> Tunirrad
Iirrad (64)
o ——
DeqV

whereas Iynirraa is the leakage current before, Iiyraq the leakage current after irradiation, ®,cq the
1 MeV neutron equivalent fluence, V' the active detector volume, and « the damage factor, which
describes the proportionality between fluence and current increase. Since I, . is larger than I . .
by a factor of about 100, the error made by equating AI' &~ I, . is only about one percent, which is
considered negligible for the present work.

The damage function is defined in the publication of M. Moll [54] at 21 °C, but the irradiated sensors
were measured at —20°C. This means that the measured currents must be scaled back to 21°C
according to Equation 2.11 in order to compare them to the literature values. Conversely, therefore,
to quantify and assess the effects of radiation damage on the final sensors in the CMS experiment,
again, the data has to be scaled to the operating temperature of —30°C there. Conveniently, the
ambient temperature in the cavern of the CMS experiment is also 21 £ 1°C [58]; therefore, the
comparison with the scaled measurement results is possible at a glance.

As described in more detail in Section 4.4, the damage function is given by using the experimentally
determined parameters from Table 6.5:

a(t,T) = ap(T) + a1 (T) - exp (7_(;1)> —B8(T)-1In (;) (6.5)
In the literature [1][46][53] a standard annealing step of 80 min at 60 °C is usually chosen. The
Ministrip data is also available after this annealing step in this work. This results in a value of the
damage function o of 2.60 +0.29 x 107!? Aem ™!, see Figure 6.32. This is consistent with literature
values that are in the range of 2.34 £ 0.06 x 107" Acm ™! and 2.763 x 1079 Acm™!, see Figure 4.6.
Determining the damage function alpha fits qualitatively well to the model of M. Moll [53] in the
range of beneficial annealing, scaled to 21 °C. The 200 pm sensor fits the prediction best (about 7%
deviation), the 120 pm sensors are about 18 % above, the 300 pm sensors about 18 % below. For the
quantitative difference in the beneficial annealing region, the uncertainty of the fluence could play a
role and explain the discrepancies. The inaccuracy of the determination of fluence may result from
the following uncertainties:

1. The residence time of the sensors in the reactor (ATI [77], Ljubljana [72], RINSC [65]) or
the opening and closing times of the shutter.
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(a) Ministrip sensor number 1013:
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(c) Ministrip sensor number 2103:

200 pm active thickness, float zone processing, —2 V
flatband voltage, p-stop common.

Irradiated with 1.0 x 10'° Neq Neutrons.
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(e) Ministrip sensor number 3103:

120 pm active thickness, epitaxial processing, —2V
flatband voltage, p-stop common.

Irradiated with 1.0 x 10'% neq neutrons.
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(b) Ministrip sensor number 1114:
300 pm active thickness, float zone processing, —2V
flatband voltage, p-stop common.
Irradiated with 6.5 x 10'* Neq Neutrons.
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(d) Ministrip sensor number 2105:

200 pm active thickness, float zone processing, —5V
flatband voltage, p-stop common.

Irradiated with 1.0 x 10'° Neq Neutrons.
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(f) Ministrip sensor number 3107:

120 pm active thickness, epitaxial processing, —2V
flatband voltage, p-stop common.

Irradiated with 2.5 x 10*° neq neutrons.

Figure 6.30: The IV curves between the annealing steps of the irradiated Ministrip sensors. The
measured annealing steps range between 0 min (no annealing) and 160 min. The respective Ministrip
sensors with the same active thickness are in the same row and have the same current scale. All the
sensors feature standard oxide and standard p-stop concentration.
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Figure 6.31: Leakage current densities (current per detector volume) of all annealed Ministrip sensors
over the respective annealing times. It should be clear that higher fluences lead to higher leakage
current densities, according to the NIEL hypothesis (Section 4.3). One can observe how the bulk
current density decreases with increasing annealing time. These data feed to calculating the damage
function «, see Equation 6.4 and Figure 6.33.
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Figure 6.32: Linearity of the Ministrip sensor current density Aj (difference of irradiated to
unirradiated sensors) to the neutron fluence normalized to 1MeV. In contrast to Figure A.15,
only data with a standard annealing step (80 min at 60 °C) were included in this plot to provide
comparability with literature values [46][54]. Because annealing studies of not all but six 2019
prototype series Ministrips were performed at HEPHY (see Table 6.4), this dataset constrains in
contrast to Figure A.15. The large circles represent the 300 pm thick Ministrip sensors, the medium
ones represent the 200 pm, and the small ones represent the 120 pm.
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2. The position of the sensors in the irradiation tube. In the case of lateral irradiation tubes ,
the neutron flux through the irradiation tube is not homogeneous and can lead to a location-
dependent neutron fluence.

3. A foil dosimeter measured the dose during irradiation. The dose is proportional to neutron
fluence at constant reactor power. This dosimeter is subject to some uncertainty.

4. Annealing during irradiation. Although dry ice cooled the sensors during irradiation
and an enclosed temperature sensor logged the temperature, it cannot be ruled out with
absolute certainty that there were local hot spots. Nevertheless, the author considers this point
somewhat hypothetical, given the high-temperature difference between the boiling point of dry
ice and the necessary temperatures that would lead to significant annealing.

Points 1 to 3 would lead to a vertical shift of the annealing curves and point 4 to a horizontal shift.

As can be seen in Figure 6.33, the value of the damage function a decreases with increasing
annealing time, up to a point at 40 + 20 min. Then, the damage function decreases faster than before.
This behavior corresponds qualitatively to the results from the literature of Moll [53], but there,
this kink would only occur at about 2000 min. Therefore the new 8” sensors may show significantly
better annealing behavior regarding the current.
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Figure 6.33: Damage function o, temperature scaled to 21 °C at 800 V. The definition of the damage
function o (see Equation 4.10) determines a normalization of the sensor current densities to the
neutron fluence ®. Therefore, in contrast to Figure 6.31, the values of the sensors move closer
together and form a common band. Within the distribution of this band is the prediction of the
radiation damage model of Moll [53] with a deviation of about +40 %, at least until the range of
about 100 min. After that, the measured sensors show significantly better beneficial annealing than
Moll’s prediction. One can also observe that a kink in the annealing curves of the measured sensors
occurs at about 40 £+ 20 min. According to the model assumption, this kink should occur much later,
at about 2000 min (green dashed curve).

6.5.2 Ministrip capacitance and full depletion voltage during annealing

To determine the full depletion voltage, it is useful to take the quadratic inverse of the capacitance,
since the increase of the capacitance up to the full depletion voltage is then ideally linear, which
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results from the Equation 2.6 already derived in Chapter 2.2:

% =K1 + KoV (66)
which shows the proportionality between é and V.

Using this transformation, the full depletion voltage can be determined by using following methods:
The method of maximum curvature and the method of the intersection of straight lines.
The maximum curvature method takes advantage of the fact that at the full depletion voltage,
the growing depletion region “bumps” against the inner end of the bulk of the semiconductor. This
means that the change in capacitance slows down. Therefore, the full-depletion voltage can be found
by finding the maximum of the first derivative, that is, by setting the second derivative to zero.
The disadvantage of this theoretically ideal finding method is that the measured data is discrete
and noisy, so it requires filtering and interpolation functions, which has a negative effect on the
robustness of the method in general and the fitting in particular.

Due to the geometry of the ideal capacitance/voltage curve, this point can also be found by fitting a
straight line into the rising part (U < Ugq) where the depletion zone grows towards the other pole,
and the constant region where the depletion zone has its maximum extension, and thus, the capacity
does not decrease any further, independent of additional increase in voltage (U > Ugq), respectively
(see Appendix A.16). The intersection point of these two consecutive lines then lies in the area of
the full depletion voltage. This intersection method was used for the following results because it
does not require an interpolation function and is robust.

Now the full depletion voltage after each annealing step was determined (see Figure 6.34) and plotted
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Figure 6.34: Transformed (1/C?) CV curves of a Ministrip sensor over consecutive annealing times:
A CV curve was measured at each annealing step. One can see that the capacitance decreases
rapidly (increasing from 1/C?) until a maximum is reached. This is the point of full depletion voltage.
As annealing time increases, the full depletion voltage decreases, indicating beneficial annealing
through partial repair of crystal structure damage. The parameters of the Ministrip sensor 2105
are: 200 pm active thickness, float zone processing, —5V flatband voltage, p-stop common, standard
p-stop concentration, and it was irradiated with 10'° n., neutrons.

in an annealing (time-vs-voltage) plot, see Figure 6.35. Of course, the fitting method introduces
errors that are accounted for in the plot. In the time dimension, errors result from the warm-up and
cool-down times and from the transport of the Ministrip sensors from the freezer to the measurement
station. These errors were also taken into account in the plot. The minimum of the full depletion
voltage is found in the range of 100 &+ 10 min (see Figure 6.35), which is in good agreement with
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Figure 6.35: This plot shows the extraction of the full depletion voltage Ugq from the CV curves. An
entire CV curve was measured at each annealing time. The full depletion voltage was determined as
the intersection of two straight lines into the rising part and the constant region (see Figure 6.34
and Appendix A.16). The measurement error in the time dimension is determined by the sensors’
transport, heating, and cooling times.

comparative measurements of the past, see PhD theses by Axel Konig [46] and Michael Moll [53].
Since the plot of the full depletion voltage already shows the minimum at 100 + 10 min minutes, it
is interesting to take a look at the microscopic variables derived from the data. The full depletion
voltage Uyq is a macroscopic quantity, i.e., it depends on external parameters such as the active
thickness of the sensors. To resolve this dependence, the next step is to determine the electric field
strength of the full depletion by simply dividing by the active sensor thicknesses. The result can
be seen in Figure A.17. Now it can be seen that the annealing function (electric field versus time)
follows the same function, only with a constant additive factor.

Now it must be taken into account that the sensors were not all irradiated with the same fluence.
Further, the full depletion electrical field Fyq is divided by the fluence ® for normalization. The
basic assumption here is that the fluence is linearly related to the increase in full depletion voltage
to a first approximation. The result can be viewed in Figure A.8. Now it can be seen that the
annealing curves split into three bands, each band groups into a sensor thickness. The sensors with
the highest active thickness (300 pm) show the highest normalized electric field Eggq/®, whereas the
lowest active thickness (120 pm) need the lowest normalized electric field to reach full depletion. This
is an indication that thinner sensors generally have increased radiation hardness. For comparison,
the SRP measurements of the unirradiated sensors resulted in an effective doping concentration of
1.38 £0.02 x 10" cm 3, so the neutron irradiation increased it by 1 to 1.5 orders of magnitude.
Now, analogous to Section 6.4.2, we can again determine the effective charge carrier concentration
Neg from the full depletion voltage Etq according to Equation 6.3. The results are plotted in
Figure 6.36. The careful observer sees that the effective doping concentration N.g of the bulk
increases with the neutron fluence, visualized in Figure 6.37. This linearity between N.g and neutron
fluence ® is one of the predictions of the NIEL hypothesis (see Section 4.2.1) and this constant
increase is compatible with the fact that these are p-type sensors (no type inversion).

6.5.3 Interstrip resistance during annealing

The resistance is an essential parameter of the interpad/interstrip/intercell region. This resistance
should be as high as possible so that these elements are well insulated. So the next step for the
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Figure 6.36: The effective doping concentration of irradiated Ministrip sensors plotted against
annealing time. The effective doping concentration is one of the most meaningful parameters, as
it directly quantifies microscopic effects such as the accumulation of crystal lattice damage and its
healing. Since it is a p-type detector, the effective doping concentration increases with radiation
damage caused by hadronic radiation.
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Figure 6.37: The effective doping concentration N.g of irradiated Ministrip sensors plotted against
neutron fluence ®. The data was taken from the corresponding minimum of Figure 6.36. We see
a linearity between fluence and effective doping concentration, one of the predictions of the NIEL
hypothesis. The SRP measurements of the unirradiated sensors resulted in an effective doping
concentration of 1.38 4 0.02 x 10'2 cm ™3, so the neutron irradiation increased it by 1 to 1.5 orders
of magnitude.
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Figure 6.38: Bulk resistivity of the Ministrip sensors over annealing time. The resistivity can be

calculated from the full depletion voltage, mobility, and active thickness of the Ministrip sensors [4].

As can be seen, the resistivity increases with the annealing time to reach a maximum at the reversal
point between beneficial and reverse annealing (100 & 10 min). This then drops again significantly in
the reverse annealing region. Furthermore, it can be observed that four bands are formed, one for
each applied fluence. The higher the fluence, the lower the resistivity. This is consistent with the
microscopic theory that NIEL radiation damage increases conductivity or decreases resistivity by
introducing additional crystal lattice defects.
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annealing studies was to investigate the changes between the active cells. Interstrip measurements
were specifically performed on the Ministrip sensors. The first type of measurement was the insulation
of the strips from each other, or in other words, interstrip resistances. For this, three adjacent strips
and the guard ring were connected to ground potential (see Figure 6.26a). Now a small voltage
against ground potential was applied to the middle strip, in the range of 0 to 5 volts, and the
measured differential current was recorded. This was repeated at various bias voltages, typically in
the range of 10 to 490 V.

Three methods were tried to ultimately determine the resistance:

1. A straight line was fitted into the IV curve. This method proved not too robust and was
subject to large fluctuations, especially since the fitting was very sensitive to outliers.

2. The differential of the current, i.e., the increase of the current regarding the voltage, represents
the resistance. The numerical differentiation was problematic since the step size of 0.5V was
too large due to the measurement times. So this method was also discarded as not robust.

3. It was realized that simply dividing the interstrip voltage by the interstrip current to obtain the
resistance gave a very stable result. This was repeated for all voltage steps and arithmetically
averaged within each bias voltage step. Figure 6.39 shows the result for sensor 1013. The
author still tried to find a suitable and physically arguable algebraic expression for the function
Rint(Vpias) but did not find any.

The next step was to extract a single resistance value from the set of curves. To ensure that the
Ministrip sensors reached the full depletion voltage, the highest applied bias voltage was used for the
evaluation in each case, namely 490 V. Thus, the averaged resistance value at 490V bias voltage was
taken in each case and evaluated for all measured annealing times for each sensor. Figure A.11 is an
example for one sensor, and Figure 6.39 shows the aggregated results for all analyzed sensors. As
readily seen, the interstrip resistance increases with increasing annealing time, which is a desired
effect. After all, the strips should be insulated from each other as well as possible. A bend in the
curve can also be observed: From about 100 4+ 10 min, the effect of annealing increases sharply. In
contrast to the annealing studies on bulk capacitance (see Chapter 6.5.2), this, therefore, does not
represent the maximum of beneficial annealing, but only a point from which annealing becomes only
the more effective for interstrip resistance.

In all cases, the interstrip resistance was in a range between 0.4 k{2 cm and 65 k{2 cm, which is
about 1-2 orders of magnitude below the CMS criterion of 100 k€2 cm for non-irradiated sensors, see
Table 6.1. With longer annealing times, the author expects significant increases in the interstrip
resistance, making future annealing studies attractive. As seen in Figure A.12, similar to the CV
curves, we normalized to fluence to work out systematics. Again, analogous to the normalization
in Figure A.8, we see that the measured interstrip resistances group into bands, depending on the
active thickness of the sensors. The 300 pm sensors (numbers 1013 and 1114) irradiated with the
same fluence are close (<3 % deviation). Number 1013 has a p-stop individual, and number 1114
has a p-stop common; otherwise, their properties are identical. The 120 pm sensors (numbers 3103
and 3107) are further apart (<24 %) but got different fluences, which may indicate a non-linearity
concerning resistance and neutron fluence. Their properties are otherwise identical. However, the
200 um sensors (numbers 2103 and 2105) show an enormous discrepancy of a factor of up to 4.6.
Sensor number 2103 has a flatband voltage of —2V, number 2105 one of —5V, the only one of the
annealed Ministrip sensors. Nevertheless, the author considers number 2103 an exceptional case since
the rest of the sensors show scaling with thickness and fluence. Number 2105 is between the 120 pm
sensors and the 300 pm sensors in both fluence and thickness, and 2103 is not. Hence, attributing
this discrepancy to the different flatband voltages would be a premature conclusion.

6.5.4 Interstrip capacitance during annealing

The interstrip capacitance measurements were analogous to the bulk capacitance measurements (see
Figure 6.26b). Here, however, four adjacent strips were biased. The two outer ones were connected
directly to ground potential, and the two inner ones were connected to the LCR meter with a series
resistor each as over-voltage protection. Several measurement frequencies were tried, as in the bulk
capacitance measurements, in a range from 500 Hz to 1 MHz. The finding was that the frequency of
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Figure 6.39: Calculated interstrip resistances of the Ministrip sensors at a bias voltage of 490V
at different annealing times. This voltage was the highest bias voltage applied to all sensors. It
can be seen that the interstrip resistance also increases with increasing annealing time, indicating
positive effects due to annealing. It is equally noteworthy that in the range around 100 + 10 min,
the effectiveness of annealing increases sharply. The temporal location of the inflection point is the
same as for the bulk CV curves. The careful observer also can see that the interstrip resistance
becomes smaller with increasing fluence, which meets the expectation since radiation damage also
occurs in the oxide and the region between the strip implants, affecting the interstrip insulation.
This motivates normalization to fluence, as in Figure A.12. One can see that in the range of the
measured annealing time of up to 2000 min, the interstrip resistance is, in any case, about 1-2 orders
of magnitude below the CMS specification of >108 Q cm, which, however, applies to non-irradiated
sensors. This is, therefore, not an exclusion criterion per se.
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100 kHz shows the most stable results.

Figure 6.40 summarizes the results of the interstrip capacitance measurements. Interestingly, the
capacitances split quantitatively into two bands: One is within the CMS specification of <3.53 pF
with values of about 1.8 pF to 2.6 pF. The other band is well above this with values of around 44 pF
to 47 pF. These bands show slight variation over the entire annealing time. The author concludes
that this is not a random fluctuation but is subject to systematics. The author cannot recognize any
correlation between processing split, neutron fluence, active thickness, and affiliation to one of these
bands.

As with the previous bulk capacitance measurements, a trend reversal occurs in the range 100 4+ 10 min,
see Annex A.20: The full depletion voltage shows a maximum after it drops again more or less
sharply, so the qualitative trend is the same. Of course, the full depletion voltage is much lower in
absolute terms than for bulk capacitance because the geometry is different. Now, again analogous to
the bulk capacitance measurements, one can normalize the full depletion voltage to the thickness
and to fluence, see Annex A.21. Again, the curves split into three bands containing sensors of equal
thickness.
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Figure 6.40: Interstrip capacitances over annealing. The final capacitance that the system had at
the last voltage point of 490 V was plotted. Interestingly, the data split into two bands, one of which
is well within the CMS specification of <3.53 pF, the other well above. The author can find neither
a connection nor systematics of these two bands about the processing differences. The interstrip
capacitance remains stable over the annealing time. This property is primarily due to the geometric
configuration of the strips (their width, spacing, and length) and the dielectric properties of the
material between the strips, as shown in [64]. Irradiation and subsequent annealing do not alter the
physical layout or spacing of the strips, which are primary factors in defining the capacitance. This
stability ensures the reliability of our semiconductor wafers in various conditions.
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”Physics is like sex: sure, it may give some practical results, but
that’s not why we do it.”

Richard Feynman

Summary and outlook

The current Run 3 of the LHC is expected to operate until the end of 2025 [37]. After that, the
installation of the High-Luminosity LHC will begin [1] during the Long Shutdown 3, starting in 2026.
Parallel to the upgrade of the LHC, the upgrade of experiments such as the CMS [19] are planned
to meet the requirements of the 10 fold increased spontaneous luminosity. This upgrade is called
CMS Phase-2 upgrade and mainly concerns the Inner and Outer Tracker [21] and the calorimeter
HGCAL [20]. This upgrade is necessary because the current installations will be at the projected
end of their material life time in 2025 and cannot continue to be operated without a significant loss
of efficiency. The High-Luminosity upgrade also poses new requirements, namely unprecedented
cumulative fluences up to 10° ngqem™ and 2MGy of absorbed doses. The increased luminosity
environment will result in pileups of up to 200, which demands higher spatial and temporal resolution.
As a result of these demands, the entire detector volume of the calorimeter will be rebuilt and new
technologies will be established in high-energy physics. One such technology is the use of 8-inch
wafer material for the silicon sensors. The purpose of this thesis is to establish the feasibility and
quality of this new semiconductor process.

Sensor design

To ensure that the sensor geometry meets the requirements of the HGCAL upgrade, the author
developed the sensor design for the prototypes based on previous work [64]. The sensor’s basic shape
is hexagonal, which means the least material loss on the circular wafers. The sensor elements, called
“cells”, are therefore also hexagonal. The p-stop architecture separates these from each other and the
periphery. There are two basic designs: “common” and “individual”. Depending on the required
beam hardness and spatial resolution, there are two design choices concerning the number of active
sensing elements: The “Low-density” with 198 cells per sensor and the “High-density” with 444 cells
per sensor.

A guard ring surrounds the sensor periphery ring, which is contacted separately at several points.
The guard ring conforms the electric field on the one hand and diverts currents in the event of
overvoltage or breakdown on the other. This structure is, in turn, surrounded by an edge ring,
which keeps the depleted zone away from the physical edge of the sensor in order to reduce the field
strengths in the edge region.

The design features distinctive test structures located on the wafer’s remaining regions for quality
and process controls and studies on material properties such as annealing behavior. In particular,
the Ministrip sensors can be used flexibly in irradiation studies due to their small size. They also
have only a few contacts and draw low currents, simplifying and accelerating testing. The Ministrip
sensors played an outstanding role in the annealing studies of this thesis.

96



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 7. Summary and outlook

Test station

The already existing test station and testing concept, without which the measurements and quality
controls would not have been feasible, was improved in essential points, such as developing the
frontside biasing concept. Complementary to the frontside biasing, there were tweaks like applying a
chuck design with a protective mat to not damage the sensitive back of the sensors. Furthermore, the
cooling system and the ventilation with dry air were optimized. The author enhanced the electrical
measurement system as complementary measures to improve precision and signal-to-noise ratio and
wrote and optimized associated measurement scripts.

In addition to the previously mentioned measurements, optical input checks were made by microscopy
and electrically by forward biasing at low voltages to test the contact quality. Each sensor was
subjected to a complete series of measurements before irradiation to investigate the same parameters
studied after irradiation. Specialized measurement series were made, among others, to calibrate the
measurement system, which was especially relevant for the capacitance-voltage measurements, to find
the optimal imposed frequency. The test station setup was very flexible for measuring full sensors
and using needles on positioners for the specially designed Ministrip sensors. Nevertheless, the
complete measurement of an irradiated Ministrip sensor, namely current-voltage, capacitance-voltage,
and inter-strip measurements, took about half a working day. Including annealing steps, it could
take several days. The continuous cooling times and the removal of sometimes occurring icing are
time-consuming and require careful handling to prevent damaging the sensors by voltage flash-overs.
Possible debugging was an additional time-consuming factor in the case of a full sensor, where all
cells have to be switched sequentially, about twice the time is to be expected.

Quality control and auxiliary measurements

The quality controls were extended by complementary methods, such as scanning electron microscope
imaging (performed by an external company) and confocal laser microscopy, to check the geometry
of the sensors, both laterally and in-depth. Due to the unsuitability of the test station for cooled
full sensors at the time of the measurements (2020 and 2021), it was only feasible to measure the
unirradiated full sensors. However, this was sufficient to verify the Sensor Quality Control (SQC)
scheme and to test eleven of the first sensors of the 2019 prototype. The following observations were
made: Of the eleven sensors, four passed all HGCAL quality criteria (yield 36 %), and one sensor
was so close to the criteria that it was classified as “partially passed”. All sensors with higher p-stop
concentrations (2.5x and 5.0x) were found to have significantly lower breakdown voltages, between
75V and about 500 V. Only one of the sensors with standard p-stop concentration failed the SQC
(breakdown at about 500V), all others had breakdowns ranging from 800V to above 1000V, see
Table 6.2. Therefore, the author concludes that a lower p-stop concentration for full sensors leads to
higher breakdown voltages and is advantageous. The author suspects that the conductivity of high
p-stop concentration (2.5x and 5.0x) is too high, and therefore, the insulation of the cells from each
other and the guard ring is no longer sufficient. This would explain the observation of premature
breakdowns. Furthermore, a characteristic pattern appeared on four sensors in the voltage range
shortly before the breakdown voltage, which affected the same cells in these sensors. This indicates
a common cause in a manufacturer’s processing step.

Annealing studies

The main goal of this thesis, to study the effects of radiation damage on the silicon bulk and
the insulation between the cells, was carried out and achieved using the Ministrip sensors. For
the bulk currents, a point of rapid improvement is observed at around 40 #+ 20 min, from which
the damage function improves at an accelerated rate. This contrasts M. Moll’s model used for
comparison, in which this point is expected around 2000 min. Consequently, the present sensors show
a significantly better annealing behavior concerning bulk currents than predicted by the literature
models. The author regards this improvement as being due to more suitable processing methods from
the sensor manufacturer. The author found that the observed effects of radiation damage, precisely
the current-related alpha factor of 2.60 £ 0.29 x 107 Acm™! (see Figure 6.32) is well within the
range of the comparative values found in the literature. Over the annealing duration, the alpha
factor initially behaves quantitatively and qualitatively like M. Moll’s model. However, there is a
kink in the function at about 40 4+ 20 min, where the damage function drops significantly faster than
before. According to M. Moll, however, this kink should occur much later, at around 2000 min, see
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Figure 6.33. From this, the new 8” sensors indicate a significantly more advantageous annealing
behavior than predicted by the model. However, the author points out that this behavior, although
identical for all sensors, is based on only five series of measurements. Further studies are needed to
verify and quantify this observation and pinpoint the cause of this improvement.

The measured full-depletion voltages range from low annealing times of up to 730V, then show a
rapid improvement with increasing annealing until the minimum is reached at around 100 4 10 min.
The full depletion voltage then increases again, which can be seen as reverse annealing concerning
this variable, as a lower full depletion voltage means less sensor current and less heat dissipation.
The effective doping concentrations Neg derived from the full depletion voltage show an increase (in
the range 10'3 cm—2) compared to the non-irradiated sensors, which are at around 1.36 x 10'2 cm ™3
(Figure 6.3), proportional to the neutron fluence (see Figure 6.37). This is consistent with the
predictions of the NIEL hypothesis.

The interstrip resistances show, qualitatively similar to the bulk currents, a steady improvement over
the entire annealing time. There is again a distinct point at 100 4+ 10 min, from which the resistances
increase disproportionately quickly as annealing progresses, i.e., the properties concerning interstrip
resistance improve significantly. Nevertheless, the resistances over the measured annealing time of
up to 2000 min are about 1 to 2 orders of magnitude below the CMS specification of >10% Qcm for
non-irradiated sensors. Reduced interstrip or intercell resistances can lead to increased cross talk.
With the interstrip capacitances, it indicates that the inflection point of the curves is again at
about 100 4+ 10 min, analogous to the measurements of the full depletion voltage of the bulk material
(Figure 6.40). The interstrip capacitances split into two bands. Four of the Ministrip sensors are
about a factor of 10 above the CMS specification for non-irradiated sensors, but three are significantly
below.

In summary, the determined sensor parameters and their behavior after annealing are comparable
to already established silicon semiconductor sensor technologies in high energy physics (e.g., 6-inch
and n-type) but with improvements in annealing behavior. The logical step for future studies is to
optimize the process parameters concerning material properties such as bulk doping and implant
concentration. The geometry may also be optimized; for example, it cannot be determined from the
data of this work whether the common p-stop or individual p-stop is more suitable. Further studies
specifically designed for this purpose are therefore recommended.

Bigger picture and outlook

What do these annealing studies mean for the planned HGCAL upgrade of the CMS experiment?
The CO4 cooling system will keep the sensors at —30 °C during operation. The desired effect is to
keep the leakage current low, which puts less strain on the power supply, inherently requiring less
cooling power. However, we have seen that the annealing is “frozen” at a temperature of —30°C; in
other words, it does not effectively occur during the relevant timescale. Now, it is to be noted that
the temperature in the cavern where CMS is located is 21 £ 1°C [58]. When the cooling system is
not operating, the transition point between beneficial annealing and reverse annealing regarding full
depletion voltage is therefore reached after around 10 days (1.4 x 10* min, see Table 6.5) for already
irradiated but uncooled sensors. Therefore, the short maintenance intervals of the CMS experiment
of a few days are advantageous, as on the one hand, they reduce the full depletion voltage of the
irradiated silicon sensors (which enables smaller bias voltage and thus lower leakage current), but on
the other hand, directly reduces the leakage current. After these 10 days, at least the full depletion
voltage turns to reverse annealing while the pure leakage current continues to anneal positively.
According to the model assumption [53], at CMS cavern conditions, this reverse annealing of the full
depletion voltage approaches saturation after around 617 days (10% min). This thesis demonstrated
the suitability of the sensors for the increased radiation exposure of the HL-LHC using the Ministrip
sensors. The author recommends using the Ministrip concept for future irradiation studies due to
the aforementioned flexibility.
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(a) For protons, the energy of the MIP is about 2 to 3 GeV, corresponding to 2 to 3 times the proton’s rest
mass. The shell electrons of the silicon target dominate the stopping power in this range.
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(b) For electrons, the energy of the MIP is about 1 to 1.5 MeV, corresponding to 2 to 3 times the electron’s
rest mass. In this region, deceleration is dominant due to collisions with the shell electrons. At higher
energies, radiative losses due to bremsstrahlung and pair production dominate.

Figure A.1: Mass stopping power % of charged particles in silicon. The energy range shown here
goes from 1keV to 10 GeV and includes the respective point of energy of a minimum ionizing particle
(MIP). Data from [55].

109



density sensor design.

indow
of the Low-

ivation w
)

™
friw]
]
E

pass
January 2021

(

-~
v
©

e
c
(o]
v

ign file
5.4

p+ implant

n+ implant
-stop implant
ion in Section

P
is a screenshot from the des
ipt

: Thi

is
One can find a detailed descr

Figure A.2

aylolgig ualp ML 1e wid ul ajge|reAe si SISayl [eI10100p SIyl Jo uoisiaA [eulblio pasoidde ay
“regBnian 3aylolqig Ualp\ NL Jap ue 1SI uoneuassiq J1asalp uoisiaAfeulbliQ aponipab ausiqoidde aiq

qny aSpajimouy inop YEREN

Srayzonqie (il

110



sign.

de

of the High-density sensor

)

passivation window
y 2021

metal

I contact
(J

p+ implant
n+ implant
p-stop implant

gl iy
~F 9%

shot from the design file (Januar

an find a detailed description in Section 5.4.

Figure A.3: This is a screen:

One ¢

‘jay1ol|qig usipn N.L 1e uud ul a|ge|ieAe si sIsay) [B10100p SIY) JO UoISIaA [eulblio panoidde ayl
“regBnian 3aylolqig Ualp\ NL Jap ue 1SI uoneuassiq J1asalp uoisiaAfeulbliQ aponipab ausiqoidde aiq

qny aSpajimouy inop YEREN
Sayolqie E

111



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

10k

CMS specification

? X

1k 4
—_ 3 kQ*cm for bulk |
5 {
x 100 4
= !
c
S p-stop (p+) f
a I
s 4
.; 1 /‘
@ z
-g edge (p++) i
= 100m A

10m ) aat”
| | | | | ! 1
0.0 0.5 1.0 1.5 2.0 2.5

depth d (um)

Figure A.4: Results from the SRP measurements. The resistance R between the needles is measured.
By knowing the distance between the needles, we can deduce the resistivity, which is plotted. The
measured bulk resistivity is well above the minimal CMS specification of 3k cm

Table A.1: Properties of all measured Ministrip sensors

ID  thickn. process  oxide flatband  p-stop p-stop target fluence ®
(nm) type voltage type conc. (Deq cm?)

1002 300 FZ STD -2V ind. STD 1.0 x 101°

1004 300 FZ STD -5V ind. STD 1.0 x 1015

1005 300 FZ STD -5V ind. STD*2.5 1.0 x 1015

1006 300 FZ STD -5V ind.  STD*5.0 1.0 x 10%°

1007 300 FZ Type A -5V ind. STD

1008 300 FZ -5V ind. STD

1009 300 FZ -5V ind. STD

1010 300 FZ -5V ind. STD

1011 300 FZ -5V ind. STD

1013 300 FZ STD -2V ind. STD 6.5 x 10

1104 300 FzZ STD -2V com. STD

1105 300 FZ STD -5V com. STD 1.0 x 1015

1106 300 FZ STD -5V com. STD*2.5 1.0 x 1015

1107 300 FZ STD -5V com. STD*5.0 1.0 x 1015

1108 300 FZ Type A -5V com. STD

1109 300 FZ -5V com. STD

1110 300 FzZ -5V com. STD

1111 300 14 -5V com. STD

1112 300 FZ -5V com. STD

1114 300 FZ STD -2V com. STD 6.5 x 1014

2003 200 FZ STD -2V ind. STD 1.0 x 10%°

2004 200 FZ STD -5V ind. STD 1.0 x 101°

2005 200 FZ STD -5V ind. STD*2.5 1.0 x 10%°
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Table A.1: Properties of all measured Ministrip sensors

ID  thickn. process  oxide flatband  p-stop p-stop target fluence ®
(pm) type voltage  type conc. (Deq cm™?)

2006 200 FZ STD -5V ind. 1.0 x 10%°

2007 200 FZ Type A -5V ind. STD

2008 200 FZ -5V ind. STD

2009 200 FZ -5V ind. STD

2010 200 FZ -5V ind. STD

2011 200 FZ -5V ind. STD

2012 200 FZ STD -2V ind. STD 2.5 x 10%°

2013 200 FZ STD 2V ind. STD 1.5 x 101°

2014 200 MCZ STD -5V ind. STD

2103 200 FZ STD -2V com. STD 1.0 x 10%°

2104 200 FZ STD -2V com. STD

2105 200 FZ STD -5V com. STD 1.0 x 10%°

2106 200 FZ STD -5V com. 1.0 x 10%°

2107 200 FZ STD -5V com. 1.0 x 101°

2108 200 FZ Type A -5V com. STD

2109 200 FZ -5V com. STD

2110 200 FZ -5V com. STD

2111 200 FZ -5V com. STD

2112 200 FZ -5V com. STD

2113 200 FZ STD -2V com. STD 2.5 x 101°

2114 200 FZ STD -2V com. STD 1.5 x 10%°

3001 120 epi STD -5V ind. STD 1.0 x 1016

3002 120 epi STD -2V ind. 1.0 x 1016

3003 120 epi STD -2V ind. STD 1.0 x 10'6

3004 120 epi STD -5V ind. STD

3005 120 epi STD -2V ind.

3006 120 epi STD -2V ind. 2.5 x 10%°

3007 120 epi STD -2V ind. STD 2.5 x 10%°

3008 120 epi STD -2V ind. STD 1.5 x 10%°

3009 120 epi STD -2V ind. STD

3010 120 epi STD -2V ind. STD

3011 120 epi STD -2V ind. STD

3012 120 epi STD -2V ind. STD

3013 120 epi STD -2V ind. STD

3014 120 epi STD -2V ind. STD

3015 120 epi STD -2V ind. STD

3016 120 epi STD -2V ind. STD

3101 120 epi STD -5V com. STD 1.0 x 1016

3102 120 epi STD -2V com. 1.0 x 10'6

3103 120 epi STD -2V com. STD 1.0 x 1016

3104 120 epi STD -5V com. STD

3105 120 epi STD -2V com.

3106 120 epi STD -2V com. 2.5 x 10%°

3107 120 epi STD -2V com. STD 2.5 x 1015

3108 120 epi STD -2V com. STD 1.5 x 10'°

3109 120 epi STD -2V com. STD

3110 120 epi STD -2V com. STD

3111 120 epi STD -2V com. STD

3112 120 epi STD -2V com. STD

3113 120 epi STD -2V com. STD

3114 120 epi STD -2V com. STD

3115 120 epi STD -2V com. STD

3116 120 epi STD -2V com. STD
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Figure A.5: Curve arrays of the cell currents of the unirradiated sensor 1114. This sensor did not
pass the quality control (see Table 6.1) because, on the one hand, the total current is too high
(407 1A at 600V, the limit is 100 pA). Furthermore, as can be seen on this set of curves, there are
too many currents above the limit of 100 nA in the number 84.
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Figure A.6: Cell currents of the unirradiated sensor 2114. This sensor passed the quality control; it
is characterized by extraordinarily low currents, 1.5 orders of magnitude of ten below the limit.
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Figure A.7: Total sensor currents of the unirradiated Ministrip sensors. The three dashed red lines for
the maximum sensor currents are derived from the CMS specifications via the maximum permissible
current density and are not binding. They are only used to estimate the quality of the respective
sensors.
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Figure A.8: If we normalize the electric field E by division to the fluence ®, the annealing curves
split into bands, one for each sensor thickness (120 pm, 200 pm, 300 pm). This is an indication of the
higher radiation hardness of thinner sensors.
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Figure A.9: Charge carrier mobility of the Ministrip sensors over annealing time. The effective charge
carrier mobility can be calculated from the Ministrip sensors’ full depletion voltage, temperature, and
active thickness [4]. It is worth noting that the mobility remains constant over the entire annealing
time and splits into bands corresponding to the applied fluences. However, the differences between
the bands are marginal and range in differences of £0.03 %.
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Figure A.10: Normalized to page length interstrip resistance of the unirradiated Ministrip sensors
over the bias voltage curve. The specification of CMS is >100 M2 per cell for HD and LD sensors,
which corresponds to >2.18 M2 normalized to the side length. Almost all measured Ministrip sensors
conform to this specification, above specification at every bias voltage. One 300 pmsensor, 1108,
does not meet this specification at any bias voltage. Two 200 pm sensors, 2006 and 2108, reach this
specification only at too high a bias voltage. The 300 pm sensor 1007 passed this test by achieving
the necessary interstrip resistance at 340V, but the specification only applies at 420V and above.
These four peculiar sensors also show odd behavior with interstrip capacitance (see Figure A.13).
It notes that the noise of the measured values above about 1 G2 is caused by minimal measured
currents. Therefore, the noise of the measurement setup takes a dominant part of the measured
value.
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Figure A.11: A plot of the interstrip resistance behavior of the Ministrip sensor number 1013.

Its key data are 300 pm active thickness, individual p-stop, 2V flatband voltage, irradiated with
an equivalent neutron fluence of 6.5 x 10'* cm™2. One can see that the interstrip resistance also
increases with increasing annealing time, indicating positive effects due to annealing. The author
examined the curves, also for the other measured sensors, for suitable modeling but found none.
Thus, for the further analysis (Figures 6.39 and A.12), the voltage at 490 V was used since this was
closer to the full depletion voltage (Figure 6.35), giving a result closer to the operating point used in
the final CMS experiment.
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Figure A.12: This plot represents the electrical resistance between the Ministrip strips at a bias
voltage of 490 V. Unlike the CV curves, it has been normalized to the electrical fluence by multiplying
on it (at higher fluence, the resistance decreases, hence the multiplication). The attentive observer
may see that the measured values again split into bands with same thicknesses, with Ministrip 2103
as the outlier, far from the expected band where 2105 lies. The author has not found an explanation

for this behavior.
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Figure A.13: Interstrip capacitance of the unirradiated Ministrip sensors over the bias voltage curve.
The specification of CMS is <1.5pF per cell for HD and LD sensors, which corresponds to <3.25pF
for the side length of the Ministrips (3.53 cm). Nearly all measured Ministrip sensors conform to
this specification, yet they are below specification at every bias voltage. One 300 pm sensors, 1007,
is out of specification at the beginning but then falls below the bias voltage threshold of 420V for
300 pm sensors in time. The other peculiar 300 pm Ministrip sensor, 1108, approaches the limit
approximately asymptotically and is declared as passed. One 200 pm sensor, 2006, reaches this
specification at a bias voltage of 150 V, which puts it within specification. Another 200 pm sensor,
2108, falls very just short of the specification, reaching it only at 215V instead of 210 V. These four
conspicuous sensors also show an unusual behavior at the interstrip resistance (Figure A.10). The
frequency used for measuring the capacitance was 10 kHz.
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Figure A.14: Family of total currents of all 32 irradiated Ministrip sensors. These total current
IV curves serve as a sanity check to determine if the values are trustworthy, in respect to early
breakdowns and other irregularities. Note that the current of the Ministrips in this form is not
subject to the HGCAL quality specification (Table 6.1), since the geometry of the Ministrip sensors
is different from that of the hexagonal sensors.
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Figure A.15: Comparison of Ministrip sensor current density Aj (difference from unirradiated sensors)
to neutron fluence normalized to 1 MeV. The current at 600 V was taken because here the sensors
all exceeded the full depletion voltage, see Figure A.14. The currents are scaled to a temperature
of —30°C. Strikingly, although the different sensor types are normalized to the same volumetric
current density (A cm™), the sensor current densities split into three bands, with the 120 pm thick
epitaxially processed sensors (thin dots) as the highest current increase, twice as much as those
with 300 pm (thick dots) and float-zone processing. However, this splitting into bands is indeed
qualitatively consistent with other measurements, such as the full-depletion E-field (Figure A.8),
and derived quantities such as the bulk charge carrier mobility (Figure A.9) and the bulk resistivity
(Figure 6.38). No MCz Ministrip was tested in the irradiation studies. The author assumes based on
existing literature that the oxide configurations (measurable by flatband voltage) and the p-stop
properties (doping concentration and geometry common vs. individual) do not significantly affect
the bulk currents. Therefore, all sensor types with the same thickness were combined and fitted,
independent of their oxide and p-stop configuration.
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Figure A.16: This is an example of the fit method using two intersecting straight lines to determine
the full depletion voltage of a CV curve. The reciprocal of the capacitance C squared is plotted
against the bias voltage. The sensor has number 3107, and is processed in 120 um, epitaxial, standard
oxide, —2 'V flat band voltage, p-stop common, standard p-stop concentration, irradiated at a fluence
of 2.5 x 10'° neq em™. The relevant point is located at x3, y3, which indicates the full depletion
voltage and the full depletion capacitance. The results of this fit method are plotted on Figure 6.35
in the annealing studies.
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Figure A.17: This plot shows the same data as Figure 6.35, but by dividing by the thickness of
the sensor, the electric field strength at full depletion Egq is plotted. This partially resolves the
relationship between the individual sensors, which needs to be clarified at first glance. Now we see
that the sensors, independent of fluence and thickness, follow approximately the same function over
the annealing time, only with a vertical shift.
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Figure A.18: If we now normalize by division to the fluence ®, the annealing curves split into bands,

one for each sensor thickness (120 jm, 200 pum, 300 um). This is an indication for the higher radiation
hardness of thinner sensors.
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Figure A.19: This is an example of the fit method using two intersecting straight lines to determine
the full depletion voltage of an interpad CV curve. The reciprocal of the capacitance C squared is
plotted against the bias voltage.

The sensor is 1114, 300 nm, float-zone, standard oxide, —2V flat band voltage, p-stop common,
standard p-stop concentration, irradiated at a fluence of 6.5 x 10* neq cm™. The relevant point is
located at x3, y3, which indicates the full depletion voltage and the full depletion capacitance.
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Figure A.20: Plot of the interstrip capacitance full depletion voltage of the Ministrip sensors over the
annealing time. One can see that the inflection point of the curves is again at about 100 £ 10 min,
analogous to the measurements of the full depletion voltage of the bulk material (Figure A.8).
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Figure A.21: Interstrip capacitance Ugq of the Ministrip sensors over annealing time, normalized to
fluence ® and thickness d of the sensor. Note that the division by the sensor thickness, although the
same physical dimension as in Figure A.17, does NOT result in an electric field strength here, but is
a normalization by the area of the imaginary plate capacitor. It was omitted to divide by the side
length as well, since this was the same for all Ministrip sensors.
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